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Abstract

ROLES FOR BILE TRANSPORTERS IN THE PATHOGENESIS AND TREATMENT

OF LIVER AND INTESTINAL DISEASES

By Jennifer K. Truong

The detergent properties of bile acids (BAs) are essential to facilitate dietary fat digestion and
absorption. However, BAs are also important for cholesterol homeostasis, hepatic bile formation,
biliary lipid excretion,  and as signaling molecules to regulate  lipid and glucose metabolism.
Disruption of BA enterohepatic  cycling and signaling is  associated with the pathogenesis or
progression  of  liver,  gastrointestinal  and  metabolic  diseases.  Conversely,  novel  treatments
targeting BA transport and signaling represent new therapeutic opportunities for those disorders.
In the studies that follow we used cell-based and knockout mouse models to investigate the
relationship of BA hydrophobicity and BA-associated injury, and to elucidate the therapeutic
mechanism of actions of the cholehepatic drug  norUrsodeoxycholic acid (norUDCA) and BA
enterohepatic circulation blockers. The BA pool is more hydrophilic and cytoprotective in mice
versus humans, partially limiting translational of findings in mouse model to hydrophobic BA-
associated injury in  patients.  We generated mice lacking  Cyp2c70,  the murine liver  enzyme
responsible for the synthesis of 6-hydroxylated hydrophilic BAs. We show that  Cyp2c70 KO
mice have a more human-like hydrophobic BA pool composition and develop cholestatic liver
disease. The liver disease in  Cyp2c70 KO mice can be effectively treated using an ileal apical
sodium-dependent BA transporter inhibitor, which reduced the total hepatic BA burden. The bile
acid analog, norUrsodeoxycholic acid (norUDCA) is in late-stage clinical development to treat
liver disease. However, the molecular mechanisms responsible for its potent therapeutic ability to
induce  a  protective  bicarbonate-rich bile  flow (hypercholeresis)  had not  been identified.  We
show that  norUDCA-stimulation of bile flow does not require the major BA transporters, and
norUDCA  directly  stimulates  the  Ca2+-activated  Cl- channel  TMEM16A  to  induce  biliary
bicarbonate secretion.  The hepatocellular damage by cytotoxic BAs is a primary contributor to
the pathogenesis of cholestatic liver injury. However, less is known about the response of other
tissues to cytotoxic BAs. We explored the consequences of BA accumulation in an  Ost KO
mouse model of intestinal BA stasis and used BA-based therapies to investigate the mechanisms
of ileal injury. These studies collectively provide additional mechanistic understanding of BA’s
role in the pathogenesis and treatment of hepatobiliary and gastrointestinal disease.
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Chapter 1: Introduction to Bile Acid Metabolism and Scope of Dissertation

This chapter is adapted from below with permission from Elsevier Science:

Truong, J. K., & Dawson, P.A. (2021) Bile Acid Metabolism. In N. Ridgway & R. McLeod

(Eds). Biochemistry of Lipids, Lipoproteins and Membranes (pp. 395-428). Elsevier Science. 



2

Abbreviations

ASBT: Apical sodium-dependent bile acid transporter

ABC: ATP binding cassette

AKR1C2: Aldo-keto reductase 1C2 (AKR1C2; 3α-hydroxysteroid dehydrogenase)

AKR1C4: Aldo-keto reductase 1C4 (AKR1C4; 3α-hydroxysteroid dehydrogenase)

AKR1D1: Aldo-keto reductase 1D1 (AKR1D1; Δ4-3-oxosteroid 5β-reductase)

BAAT: Bile acid: amino acid N-acyltransferase

BSEP: Bile salt export pump

CAR: Constitutive androsterone receptor

CMC: Critical micellar concentration

CREB: cAMP response element-binding protein

CTX: Cerebrotendinous xanthomatosis

CYP27A1: Sterol 27-hydroxylase

CYP46A1: Cholesterol 24-hydroxylase

CYP7A1: Cholesterol 7α-hydroxylase

CYP7B1: Oxysterol 7α-hydroxylase

CYP8B1: Sterol 12α-hydroxylase
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NTCP: Na+-taurocholate-cotransporting polypeptide

OATP: Organic anion transporting polypeptide

OST: Organic solute transporter

PXR: Pregnane X receptor

VDR: Vitamin D receptor
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Introduction

Bile acids have long captured the interest of chemists and biochemists. Over the past 200 years,

much has been learnt regarding the structure, physical properties, metabolism and function of

these  essential  detergents  and  signalling  molecules.  Bile  acids  are  stable  and  indigestible

molecules that perform a variety of indispensable functions in the liver and gastrointestinal tract.

Although best known for their ability to form micelles and facilitate absorption of lipids in the

gut, the physiological functions of bile acids extend well beyond their role as simple detergents.

The major functions of bile acids include: (1) inducing bile flow and hepatic secretion of biliary

lipids (phospholipid and cholesterol); (2) digestion and absorption of dietary fats, cholesterol and

fat-soluble vitamins; (3) regulation of cholesterol homoeostasis; (4) signaling via nuclear and G-

protein-coupled receptors to regulate bile acid, lipid and energy homeostasis; and (5) regulating

the composition of the gut microbiome. 

Bile  acids  are  amphipathic  compounds  possessing  a  characteristic  four-ring

perhydrocyclopentanophenanthrene  nucleus  and  a  carbon  side  chain  attached  to  the  D  ring

(Figure  1).  Synthesis  of  bile  acid from cholesterol  is  an evolutionarily  conserved biological

process in vertebrates and functions to convert cholesterol, a hydrophobic membrane lipid into

water-soluble derivatives that are excreted into bile (1). As a group, these molecules are called

‘bile  salts’  or  ‘bile  acids’  and are included in the ST category (sterol  lipids:  bile  acids and

derivatives)  in  the  LIPID  MAPS  Lipid  comprehensive  classification  system

(http://www.lipidmaps.org/). In nature, bile salts consist mainly of sulphate conjugates of bile

alcohols  and  of  taurine  (or  glycine)  amino-acyl  amidated  conjugates  of  bile  acids  (2,  3).

Conjugation with these hydrophilic moieties yields molecules that are membrane-impermeable,

an essential  property that allows bile salts to be concentrated in bile and maintained at  high
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concentration in the lumen of the small intestine. Most bile salts can be assigned to one of three

general classes, based on the type of terminal polar group (alcohol vs acid) and the length of their

side chain (27-carbon vs 24-carbon). The three major classes are 27-carbon (C-27) bile alcohols,

C-27 bile acids and 24-carbon (C-24) bile acids. The general structure of their steroid nucleus,

side chain and position of their hydroxyl groups are shown in Figure 1. This chapter focuses on

C-24 bile acids (with a five carbon side chain and carboxyl group at the C-24 position), which

are the predominant form of bile salts in humans and most mammals (4).
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Figure 1. Major classes of bile acids.

Cholesterol is converted to C-27 bile alcohols (shown as the sulphate conjugate), C-27 bile acids

(shown as  the taurine conjugate)  and C-24 bile  acids (shown as  the taurine conjugate).  The

default structure is shown with 3α- and 7α-hydroxyl groups for all three classes.
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Bile Acid Structure and Physical Properties

Cholesterol is a C-27 sterol with a hydroxyl group at the C-3 position, a double bond at the C-5/6

position, and a steroid nucleus consisting of four fused carbon rings (designated A, B, C and D).

During its conversion to bile acids, cholesterol undergoes changes that include hydroxylation at

the C-7 position, shortening of the 8-carbon isooctane side chain to a 5-carbon isopentanoic acid

side chain, epimerization of the C-3 hydroxyl group to a 3α conformation, and reduction of the

double bond to yield a structure in which the A and B rings are oriented in a cis configuration

almost perpendicular to one another. The products, typically called 5β bile acids, are the major

bile acid species in mammals. However, C-24 bile acids with their A and B rings in a trans

configuration (called 5α, allo or planar bile acids) have been identified in lower vertebrates,

some mammalian species, and in humans during fetal/neonatal development and certain disease

states.  A comparison of the structure of cholesterol and a  common bile acid,  cholic acid,  is

shown in Figure 2 (5, 6). For bile acids, the carboxyl group at the C-24 position and hydroxyl

groups on the steroid rings often reside on the same side of the molecule, thereby forming a

hydrophilic surface that opposes the hydrophobic face. As a result, bile acids are amphipathic

molecules and may have potent detergent properties.



8

Figure 2. Structural comparison of cholesterol and C-24 bile acids.

(Left) In the pathway for bile acid synthesis, the stereo-configuration of the cholesterol steroid 

ring structure is altered, and the side chain is shortened. (Right) Space-filling models of 

cholesterol and cholic acid are shown, with carbon atoms indicated in grey, hydrogen atoms in 

white and oxygen atoms in red.
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Bile  acids  are  amphipathic  molecules  with  the  hydroxyl  groups  aligning  to  form  a

hydrophilic surface opposing the hydrophobic face of the carbon steroid nucleus  (2, 3). The

names, position of the hydroxyl groups and relative hydrophilicity/hydrophobicity of the major

bile acids commonly found in mammals are shown in Figure 3. In Chapter 2, we discuss in more

detail the differences in bile acid composition in murine species compared to humans and their

influence on translational research. 
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Figure 3.  Structure and relative hydrophobicity of the common bile acids in humans and

mice. 

Hydroxyl groups that are oriented in the α-orientation are located below the steroid nucleus and

are axial to the plane of the steroid nucleus. Hydroxyl groups that are in the  -orientation are

located above the steroid nucleus and are equatorial to the plane of the steroid nucleus.
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The  molecular  structure  of  an  individual  bile  acid  species  determines  its  physical

properties, metabolism, signaling potential and function. For example, the aqueous solubility of a

bile  acid  is  influenced  by  the  position,  orientation,  and  number  of  hydroxyl  groups.  Their

hydrophilicity decreases (hydrophobicity increases) as the structures progress from trihydroxy

bile acids, such as cholic acid and muricholic acid, to the monohydroxy bile acid lithocholic acid.

The side chain of bile acids is typically linked by a covalent bond to an amino acid, taurine or

glycine.  Amino  acyl  conjugation  affects  the  aqueous  solubility  of  bile  acids,  with  taurine

conjugates being more soluble than glycine conjugates,  which in turn are more soluble than

unconjugated bile acids  (7). The solubility of bile acids will depend on their ionization state,

which is a function of their pKa (acid dissociation constant;  degree of ionization), and their

aggregation state. The pKa values for bile acids range from ∼5 for unconjugated bile acids to

∼3.8 for glycine conjugates, and less than 2 for taurine conjugates.

As a result, a significant fraction of unconjugated bile acids is protonated and insoluble

under  the  pH  conditions  present  in  the  small  intestine  during  digestion  (pH  values  of

approximately 6–7), whereas most conjugated bile acids will be ionized and present in aqueous

solution as sodium salts. The critical micellar concentration (CMC) is the threshold in aqueous

solution bile acid molecules will stack to form macromolecular aggregates or micelles. In vivo,

bile acids complex preferentially with other polar lipids to form mixed micelles. As with aqueous

solubility, bile acid structure affects the CMC, size of the micelle that forms, and number of bile

acid molecules per micelle. In this regard, the hydrophobic nature of the human bile acid pool

composition  (predominantly  CA  and  CDCA)  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 increases resistance to body weight gain with high fat diets (8). In fact, the
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capacity of the bile acid-containing micelle to incorporate other lipids varies directly with bile

acid hydrophobicity, such that micelles containing hydrophobic bile acids, are able to incorporate

more  cholesterol  than  micelles  containing  hydrophilic  bile  acids,  which  are  relatively  poor

detergents.

Hydrophobicity is not only an indicator of lipid solubility, but it is also a predictor of

cytotoxicity. More hydrophobic bile acids such as DCA and LCA have been linked to many

cytotoxic diseases (9-11). While hydrophilic bile acids like UDCA promote bile flow and efflux

and are used for therapeutic purposes, hydrophobic bile acids tend to cause ER stress, DNA

damage, and oxidative stress (12-15). Hydrophobicity is also a marker for bile acid cell signaling

and dictates bile acid interaction with and activation of receptors (16).  Beyond their micelle and

signaling roles, bile acids also have antimicrobial properties and serve to protect the gut mucosa

(16, 17) and maintain the intestinal barrier (16, 18).    

Biosynthesis of Bile Acids

Hepatic bile acid synthesis is the major pathway for cholesterol catabolism. In species

such as humans and hamsters, only a minor fraction of newly synthesized cholesterol is used

directly for hepatic bile acid synthesis (2, 19-21). Most is drawn from the large hepatic pool that

includes lipoprotein-derived cholesterol, thereby linking the pathways for hepatic metabolism of

lipoproteins and cholesterol with bile acid biosynthesis. In a 70-kg human, approximately 0.5 g

of cholesterol is converted to bile acids each day (∼7 mg per day per kg body weight) to balance

the loss of bile acids in the feces  (22). This accounts for more than 90% of the catabolism of

cholesterol (vs approximately 10% for steroid biosynthesis), and fecal loss of bile acids accounts

for almost half of all the cholesterol eliminated from the body each day. In mice, approximately
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1.25 mg of cholesterol is converted to bile acids each day (∼50 mg per day per kg body weight),

and accounts for a similar fraction of the daily whole body loss of cholesterol.

Biosynthetic Pathway

Bile acids synthesized by the hepatocyte are called primary bile acids to distinguish them

from secondary bile acids, which are metabolic products formed through a variety of reactions

carried out by the gut microbiota. Bile acid synthesis is a complex process requiring 17 distinct

enzymatic reactions and movement of intermediates between multiple compartments of the cell,

including the cytosol,  endoplasmic reticulum (ER),  mitochondria and peroxisomes.  Cytosolic

carrier proteins and membrane transporters are thought to mediate the movement of biosynthetic

intermediates through these cell compartments. For example, the ATP-binding cassette (ABC)

transporter ABCD3 transports C-27 bile acid intermediates into the peroxisome for subsequent

side chain shortening. However, with a few such exceptions, the mechanisms responsible for

intracellular transport of bile acid biosynthetic intermediates remain largely uncharacterized. It

was  originally  thought  that  bile  acids  were  synthesized  by  one  major  pathway,  called  the

‘classical’ or neutral (CYP7A1) pathway that favors biosynthesis of the primary bile acid cholic

acid (23). However, subsequent studies culminated in the discovery of an ‘alternative’ or acidic

(CYP27A1) pathway that favors biosynthesis of the primary bile acid chenodeoxycholic acid in

humans and 6-hydroxylated bile acid species such as muricholic acid and hyocholic acid in mice

and  rats.  Two  additional  pathways  have  also  been  delineated,  the  Yamasaki  and  25-

hydroxylation pathways, although their contribution to bile acid synthesis in healthy adults is

thought  to  be  minor  (24).  The  major  steps  and  chemical  modifications  in  the  classical  and
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alternative  pathways for  bile  acid  biosynthesis  in  humans are  summarized  in  Figure  4.  The

biosynthetic enzymes that carry out those reactions are listed in Table 1.
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Figure 4. Major pathways for bile acid synthesis in humans.

The major classical (also called neutral) pathway for bile acid synthesis begins with cholesterol

7α-hydroxylase (CYP7A1). Bile acid intermediates synthesized via this pathway are substrates

for the sterol 12α-hydroxylase (CYP8B1), the rate-determining step in production of cholic acid.

In the minor alternative (also called acidic) pathway for bile acid synthesis, cholesterol is first

hydroxylated on its side chain by sterol 27-hydroxylase (CYP27A1), sterol 25-hydroxylase or

sterol 24-hydroxylase (CYP46A1). Subsequent hydroxylation of the steroid nucleus is catalyzed

by  oxysterol  7α-hydroxylase  (CYP7B1)  or  to  a  lesser  extent  by  the  distinct  oxysterol  7α-

hydroxylase, CYP39A1. The classical and alternative pathways converge at the enzymatic step
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for  isomerization  of  the  steroid  ring.  The  alternative  pathway  preferentially  produces

chenodeoxycholic  acid.  After  side  chain  oxidation  and cleavage,  bile  acids  are  amino acyl-

amidated to taurine or glycine. (Inset) In murine species, the cytochrome P450 Cyp2c70 converts

chenodeoxycholic acid to α-muricholic acid, ursodeoxycholic acid, and β-muricholic acid.  
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Table 1.  Enzymes of the Classical (Neutral)  and Alternative (Acidic) Pathways for Bile

Acid Synthesis

Enzyme Symbol MW Tissue Organelle Human

Disease

Mouse

KO

1 Cholesterol 7α-

hydroxylase

CYP7A1 57,660 Liver ER Yes Yes

2 Sterol 27-

hydroxylase

CYP27A1 56,900 Many Mito Yes Yes

3 Cholesterol 24-

hydroxylase

CYP46A1 56,821 Brain-

enriched

ER No Yes

4 Cholesterol 25-

hydroxylase

CH25H 31,700 Many ER No Yes

5 Oxysterol 7α-

hydroxylase

CYP7B1 58,255 Liver-

enriched

ER Yes Yes

6 Oxysterol 7α-

hydroxylase

CYP39A1 54,129 Many ER No No

7 3β-Hydroxy-Δ5-

C27 steroid 

oxidoreductase

HSD3B7 40,929 Many ER Yes Yes

8 Sterol 12α- CYP8B1 58,078 Liver ER No Yes
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hydroxylase

9 Δ4-3-oxosteroid 

5β-reductase

AKR1D1 37,377 Many Cytosol Yes No

10 3α-

hydroxysteroid 

dehydrogenase

AKR1C4 37,095 Many Cytosol No No

11 Cytochrome 

P450 2C70

Cyp2c70 56,157 Liver ER NA Yes

12 Very long chain 

acyl CoA 

synthetase; 

VLCS

SLC27A2 70,312 Liver,

gut

Perox No Yes

13 Bile acid CoA 

synthetase; 

FATP5; BACS

SLC27A5 70,312 Liver PM/ER/Perox Yes Yes

14 α-Methylacyl-

CoA racemase; 

peroxisomal 

multifunctional 

enzyme 2

AMACR 42,359 Liver,

kidney

Perox/Mito Yes Yes

15 Enoyl-CoA EHHADH 79,494 Many Perox/Mito Yes Yes
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hydratase/3-

hydroxy CoA 

dehydrogenase

;

16 Branched-chain 

acyl CoA 

oxidase

ACOX2 76,826 Many Perox Yes No

17 D-bifunctional 

protein; 17β-

hydroxysteroid 

dehydrogenase 

IV

HSD17B4 78,686 Many Perox Yes Yes

18 Thiolase sterol 

carrier protein 2

SCP2 58,993 Liver-

enriched

Perox Yes Yes

19 Bile acid CoA: 

Amino acid N-

acyltransferase

BAAT 46,296 Liver Perox, Cyto Yes No

20 Cytochrome 

P450 2A12

Cyp2a12 56,179 Liver ER NA Yes

Cyto,  cytosol;  ER,  endoplasmic  reticulum;  KO,  knockout;  Mito,  mitochondria;  NA,  not

applicable; PM, plasma membrane; Perox, peroxisome.
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In the classical pathway, modification of the steroid rings precedes side chain cleavage

and is initiated by the hepatic enzyme cholesterol 7α-hydroxylase (CYP7A1). In the alternative

pathway, the side chain of cholesterol is modified before the steroid ring structure is altered. The

first step in the alternative pathway involves hydroxylation of the cholesterol side chain by one

of several different enzymes that are present in liver and extra-hepatic tissues, such as the brain

and lungs (Figure 4). After hydroxylation of the cholesterol side chain by C-24, C-25 or C-27

sterol  hydroxylases,  the  products  undergo  C-7  hydroxylation  by  distinct  oxysterol  7α-

hydroxylases,  including  CYP7B1  and  to  a  lesser  extent  CYP39A1.  Of  these  alternative

hydroxylation pathways, C-27 hydroxylation carried out by mitochondrial sterol 27-hydroxylase

(CYP27A1) is quantitatively most important for bile acid synthesis. CYP27A1 is ubiquitously

expressed, and 27-hydroxylation may be a general mechanism for removal of cholesterol from

cells such as macrophages. Although the 24-hydroxylation pathway is only a minor contributor

to bile acid synthesis, conversion of cholesterol to 24S-hydroxycholesterol by the brain-specific

cholesterol 24-hydroxylase (CYP46A1) is the major mechanism for cholesterol elimination from

the  brain.  In  that  pathway,  cholesterol  is  converted  to  an  oxysterol  product  (24S-

hydroxycholesterol)  capable  of  crossing  the  blood–brain  barrier  and  entering  the  systemic

circulation, where it is carried on lipoprotein particles to the liver for catabolism to bile acids. It

should also be noted that the substrate specificity of CYP46A1 is not limited to cholesterol, and

the  enzyme may  also  function  in  metabolism of  neurosteroids  or  even  drugs  in  the  central

nervous system (25).

In the classical pathway, CYP7A1, an ER-bound microsomal cytochrome P450 enzyme,

is rate limiting for bile acid synthesis. The 7α-hydroxylation of cholesterol by human CYP7A1 is

one of the fastest reactions known for a mammalian P450. Although cholesterol is the major
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in vivo substrate, in vitro studies have shown that CYP7A1 can bind and hydroxylate cholesterol,

cholest-4-en-3-one  and  oxysterols  such  as  25-hydroxycholesterol  and  27-hydroxycholesterol.

Insight to the catalytic mechanism and substrate specificity of CYP7A1, and other cytochrome

P450 sterol  hydroxylases,  comes from resolution of  the  human CYP7A1 structure by X-ray

crystallography (26). The structure revealed a typical mammalian P450 fold with the sequence

organized into four  β-pleated sheets and 12  α-helices, which form the core around the haem

prosthetic group. With regard to enzyme mechanism, analysis of the ligand bound structures

indicated that the hydrophobic side chain of the sterol substrate enters the active site first. Based

on these analyses, the authors propose a model by which CYP7A1 is embedded in the outer

leaflet of the ER membrane with its active site facing toward the inner leaflet. The cholesterol

substrate sits in the inner leaflet of the membrane with its 3β-hydroxy group facing the ER lumen

and its side chain extending toward the outer leaflet. Following changes in the membrane lipid

composition or protein conformation, cholesterol enters the substrate access channel of CYP7A1

and moves into close proximity of the heme group in the active site. In the cytochrome P450

structures solved to date,  this  cholesterol orientation (side chain near the heme) is a general

feature  of  the  mammalian  P450  enzymes  that  hydroxylate  sterol  substrates  (CYP11A1,

CYP46A1, CYP7A1).

Following 7α-hydroxylation, the next step for bile acid biosynthesis in the classical pathway

is catalyzed by the enzyme 3β-hydroxy-Δ5-C27-steroid oxidoreductase (HSD3B7). This reaction

converts  7α-hydroxycholesterol  to  7α-hydroxy-4-cholestene-3-one  (often  abbreviated  as  C4),

which is a common precursor for cholic acid and chenodeoxycholic acid and is measured as a

biomarker of hepatic bile acid synthesis. In the subsequent step, 7α-hydroxy-4-cholestene-3-one

can  be  hydroxylated  by  the  microsomal  cytochrome  P450  enzyme  sterol  12α-hydroxylase



22

(CYP8B1) or proceed directly to steroid ring isomerization/saturation, which is catalyzed by Δ4-

3-oxosteroid  5β-reductase  (aldo-keto  reductase  1D1;  AKR1D1),  and  reduction  of  the  3-oxo

group to a 3α-alcohol by 3α-hydroxysteroid dehydrogenase (aldo-keto reductase 1C4; AKR1C4).

These are the final steps of the steroid ring structure modifications. If 7α-hydroxy-4-cholestene-

3-one  is  first  hydroxylated  by  CYP8B1,  the  7α,12α-hydroxy-4-cholestene-3-one  product  is

converted in subsequent steps to a trihydroxy bile acid (cholic acid). In contrast, bypassing the

step catalyzed by CYP8B1 leads to formation of a dihydroxy bile acid. Indeed, CYP8B1 is a

major determinant of the ratio of cholic acid to chenodeoxycholic acid in the bile acid pool of

humans.  In  murine  species  (Figure  4,  insert),  CYP8B1  controls  the  ratio  of  cholic  acid  to

muricholic acid, because chenodeoxycholic acid is further metabolized to muricholic acid by a

distinct 6-hydroxylation reaction. In this fashion, CYP8B1 plays a critical role in determining the

chemical and functional properties of the bile acid pool. Cytochrome P450 Cyp2c70 was recently

identified as the enzyme responsible for synthesis of murine primary 6-hydroxylated bile acids,

as a result,  hydrophilic and less injurious muricholates (MCAs) constitute almost half of the

circulating BA pool  in  mice  (27-30).  Cyp2c70 functions  as  both a  6β-hydroxylase  and C-7

epimerase  to  convert  chenodeoxycholic  acid  to  β-muricholic  acid.  In  the  major  pathway,

Cyp2c70 first 6-hydroxylates chenodeoxycholic acid (3α,7α hydroxy) to yield α-muricholic acid

(3α, 6β, 7α hydroxy) as an intermediate and then epimerizing the hydroxyl group at the C-7

position to produce the major murine primary bile acid β-muricholic acid (3α, 6β,7β hydroxy).

As  a  minor  pathway,  Cyp2c70 can  also  convert  chenodeoxycholic  acid  (3α,7α hydroxy)  to

ursodeoxycholic acid (3α,7β hydroxy) as an intermediate before hydroxylating the 6 position to

yield β-muricholic acid (3α, 6β,7β hydroxy) (31). In contrast, MCAs are not present in the BA

pool of humans, who lack  Cyp2c70 or a gene that performs a similar enzymatic function. In
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Chapter 2, we characterize a  Cyp2c70 KO mouse model which develops features of neonatal

cholestasis as a result of the more injurious, human-like BA composition. In our studies, we

tested whether blocking bile acid return to the liver to interrupt the enterohepatic circulation

would be protective in  Cyp2c70 KO mice and investigated the predicted cytotoxicity  of  the

humanized BA pool composition.

The classical and alternative biosynthetic pathways converge at the isomerization step

catalysed by HSD3B7, converting the 7α-hydroxylated intermediates to their 3-oxo,  Δ4 forms.

Although  oxysterol  products  of  the  alternative  pathway’s  early  hydroxylation  reactions  are

substrates  for  CYP8B1,  these  precursors  preferentially  bypass  sterol  12α-hydroxylation  and

proceed directly to the steroid ring isomerisation and saturation reactions in vivo. As such, the

alternative pathway favours synthesis of chenodeoxycholic acid or its 6-hydroxylated products

over cholic acid. Following the steroid ring modifications, β-oxidation and shortening of the side

chain  by  three  carbon  atoms  occurs  in  peroxisomes  (Figure  4).  The  di-  and

trihydroxycoprostanoic  acid  derivatives  formed  from  cholesterol  are  activated  to  their

corresponding  CoA-thioesters  by  very-long-chain  acyl-CoA  synthetase  (VLCS;  SLC27A2;

FATP2)  and  bile  acid  CoA  synthase  (BACS;  SLC27A5;  FATP5).  After  transport  into

peroxisomes by ABCD3, these CoA-thioester intermediates are converted to  their  respective

(25S)-isomers  by  α-methylacyl-CoA racemase  (AMACR) or  enoyl-CoA hydratase/3-hydroxy

CoA dehydrogenase (EHHADH; L-Bifunctional protein; peroxisomal multifunctional enzyme-

1).  This  is  an  indispensable  step  for  bile  acid  synthesis  because  the  subsequent  enzyme,

branched-chain  acyl-CoA  oxidase  (ACOX2),  accepts  only  (S)-isomers  as  substrates.  D-

bifunctional protein (HSD17B4) then catalyses the subsequent hydration and dehydrogenation

reactions prior to side chain cleavage by thiolase 2/sterol carrier protein 2. Finally, the CoA-
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thioester bile acids are conjugated to glycine or taurine in a reaction catalysed by bile acid-

CoA:amino acid  N-acyltransferase (BAAT).  There are multiple  enzymes with bile  acid-CoA

ligase activity capable of producing bile acid CoA-thioesters (32). During bile acid biosynthesis,

there  appears  to  be  redundancy  where  the  C-27  bile  acid-CoA  thioester  intermediate  is

synthesized by very-long-chain acyl-CoA synthetase (VLCS; SLC27A2) and/or bile acid CoA

synthase (BACS; SLC27A5). In contrast, VLCS (SLC27A2) does not recognize the C-24 bile

acids and only BACS (SLC27A5) is used to generate CoA-thioesters of the unconjugated C-24

bile acids returning to the liver in the enterohepatic circulation. Regardless of the source of the

bile  acid-CoA  thioester,  this  step  is  considered  rate  limiting  in  bile  acid  amidation.  The

subsequent conjugation step mediated by BAAT is remarkably efficient, as more than 98% of

bile  acids  secreted  by  the  liver  into  bile  are  amidated  to  taurine  or  glycine.  For  bile  acid

conjugation, the vertebrate genome encodes multiple genes, BAAT and BAATP1, which arose

by tandem duplication and subsequent reciprocal gene loss. As a result, most species including

humans  retain  only  a  single  functional  gene  with  bile  acid  coenzyme  A:  amino  acid  N-

acyltransferase  activity  (33).  In  most  species,  taurine  is  the  amino  acid  primarily  used  for

conjugation.  However  in  mammals,  bile  acids  may  also  be  amino  acylated  with  glycine  in

addition to taurine (34). In humans, the ratio of glycine to taurine-conjugated bile acid in the bile

acid  pool  is  approximately  three-to-one,  whereas  in  mice,  bile  acids  are  almost  exclusively

conjugated  to  taurine.  Indeed,  the  taurine/glycine  conjugation  pattern  varies  considerably

between different mammalian species, ranging from almost exclusively taurine in the rat, mouse,

sheep and dog, to glycine greater than taurine in the pig, hamster, guinea pig, and human, to

exclusively glycine in the rabbit. This specificity is controlled by the BAAT enzyme and, to a

lesser degree, availability of the taurine precursor. As noted above, taurine conjugated bile acids
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have a lower pKa than their respective glycine conjugates and are more likely to remain ionised,

soluble and membrane-impermeant. However, both the glycine and taurine amide linkages are

relatively resistant to cleavage by the pancreatic carboxypeptidases that would be encountered by

bile acids in the digestive process, as compared to other amino acids. As such, the evolutionary

and functional significance underlying selection of taurine or glycine as the amino acid used for

conjugation is unknown. Regardless of the bile acid amino acid conjugation, the physiological

consequence  of  conjugation  is  decreased  passive  diffusion across  cell  membranes,  increased

water-solubility at acidic pH, and increased resistance to precipitation in the presence of high

concentrations of calcium as compared to unconjugated bile acid species. These properties are

critical for maintaining the high concentration of bile acids required to facilitate lipid digestion

and absorption.

Although humans typically synthesize approximately 0.5 g of bile acids per day to maintain

the bile acid pool, the maximal rate of bile acid synthesis can reach 4–6 g per day. With regard to

the source of these bile acids, the classical (CYP7A1) pathway accounts for the bulk of the bile

acids  made  by  the  liver  in  rodents  and  humans.  These  estimates  are  derived  from  in vivo

biochemical  tracer  studies  using  labelled  precursors  selective  for  the  individual  biosynthetic

pathways and are strongly supported by evidence from human subjects with inborn errors in bile

acid biosynthesis and from genetically modified mouse models. In mice, the classical pathway

accounts  for  ∼70% of  total  bile  acid synthesis  in  adults  and is  the predominant  pathway in

neonates. In humans, biochemical tracer studies suggested that the classical pathway accounts for

more than 90% of bile acid synthesis. That estimate is in good agreement with the finding that

fecal  levels  of  bile  acids  were  reduced  more  than  90% in  an  adult  human  subject  with  an

inherited  CYP7A1 deficiency. In  contrast  to mice,  the alternative pathway appears  to be the
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predominant biosynthetic pathway in human neonates  (35). Indeed,  CYP7A1 activity is low or

absent in newborns. As such, infants with inherited  CYP7B1 defects are unable to synthesize

mature bile acids and present with severe life-threatening liver disease.

Inherited Defects in Bile Acid Synthesis

Although inherited defects in bile acid biosynthesis are rare, the study of these disorders has

played an important role in advancing our understanding of bile acid metabolism. The findings

have also been key for determining the human relevance of experimental observations from mice

engineered  to  knock  out  bile  acid  biosynthesis  genes.  The  severe  phenotype  that  is  often

associated with these inborn errors, which includes liver failure and death in early childhood,

illustrates the importance of bile acids for hepatic and intestinal function. The pathophysiological

effects include reduction of bile acid pool size, loss of bile acid-dependent bile flow, decreased

biliary excretion of cholesterol and xenobiotics, reduced intestinal absorption of cholesterol and

fat-soluble vitamins, and accumulation of cytotoxic bile acid biosynthetic intermediates. Disease-

associated mutations in humans have been identified in ten of the 18 enzymes involved in bile

acid biosynthesis (Table 1). Many of these genes have also been knocked out in mice. The list of

genes with inborn errors includes; cholesterol 7α-hydroxylase (CYP7A1), sterol 27-hydroxylase

(CYP27A1),  oxysterol  7α-hydroxylase  (CYP7B1),  3β-hydroxy-Δ5-C27-steroid  oxidoreductase

(HSD3B7),  Δ4-3-oxosteroid  5β-reductase  (AKR1D1),  α-methylacyl-coenzyme  A  racemase

(AMACR), D-bifunctional protein (HSD17B4), branched-chain acyl CoA oxidase (ACOX2), bile

acid-CoA ligase  (SLC27A5),  and  BAAT (24).  In  addition,  disorders  that  disrupt  peroxisome

biogenesis  such as  Zellweger  syndrome,  neonatal  adrenoleucodystropy and infantile  Refsum

disease also affect bile acid synthesis. These defects in genes required for peroxisome formation
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indirectly affect the expression and activity of peroxisomal enzymes, including those involved in

the final enzymatic side chain cleavage steps of bile acid biosynthesis. As such, patients with

peroxisome biogenesis disorders accumulate atypical mono-, di- and tri-hydroxy C-27 bile acids.

A single enzyme defect  is not generally sufficient  to eliminate production of all  bile

acids, because multiple biosynthetic pathways exist and the intermediates are often substrates for

more than one enzyme. However, the result is often a severe reduction in the levels of normal

primary bile acids and the appearance of bile acid biosynthetic intermediates and abnormal bile

acid  species,  which  can  be  detected  in  serum  or  urine  by  methods  such  as  fast  atom

bombardment  ionisation-mass  spectrometry  and  gas  chromatography-mass  spectrometry.

Depending on the step in the biosynthetic pathway and the nature of the mutation (i.e. missense

vs nonsense mutation or deletion), the clinical consequences of enzyme defects are varied, with

the most severe producing neonatal cholestatic liver disease or neurological disease later in life.

The effects of inherited defects in CYP7A1 and CYP7B1 on bile acid synthesis were introduced

earlier. Only a few human subjects homozygous for a  CYP7A1 deficiency have been reported

and the natural course of that disorder has not been described. Adult CYP7A1-deficient patients

presented  with  an  HMG-CoA reductase  inhibitor  (statin)-resistant  hyperlipidaemia  but  were

otherwise  asymptomatic.  Despite  the  absence  of  detectable  CYP7A1 protein,  a  low level  of

cholesterol 7α-hydroxylase activity could still be detected in the liver biopsy from an affected

subject, suggesting additional enzyme(s) may be partially compensating in humans. Inactivation

of CYP7A1 in mice has a more significant effect on bile acid biosynthesis. However, loss of both

CYP7A1 and CYP27A1, even in mice, is not sufficient to block the formation of primary bile

acids,  albeit  at  a  significantly diminished level (Rizzolo et  al.,  2019).  CYP7B1 deficiency is

associated with a serious and often fatal neonatal liver disease. It should be noted that mutations



28

in  CYP7B1 are  also  a  rare  cause  of  spastic  paraplegia  (spastic  paraplegia-5A,  SPG5A),  a

recessive neurological disorder. The pathogenesis of this progressive motor-neuron degenerative

disease is likely due to loss of CYP7B1-dependent metabolism of cholesterol and neurosteroids

in the central nervous system rather than alterations in bile acid synthesis.

The  most  commonly  reported  inherited  defect  in  bile  acid  synthesis  is  HSD3B7-

deficiency,  which  affects  both  the  classical  and alternative  pathways.  HSD3B7-deficiency is

characterized  by  progressive  intrahepatic  cholestasis,  and  the  clinical  manifestations  include

unconjugated bilirubinemia, jaundice, elevated serum aminotransferase levels, steatorrhea, fat-

soluble vitamin deficiency, pruritus, and poor growth. For inherited defects in AKR1D1, patients

present with neonatal cholestasis, low or absent primary bile acids, and elevated levels of bile

acid  biosynthetic  intermediates.  Cerebrotendinous  xanthomatosis  (CTX)  is  a  rare,  inherited

disease caused by mutations in the mitochondrial enzyme CYP27A1. In CTX, bile acid synthesis

via the alternative pathway is greatly reduced, and synthesis via the classical pathway is rerouted

such  that  primary  bile  acid  production  is  diminished  but  not  eliminated.  Although  CTX is

associated  with  a  period  of  neonatal  cholestasis,  its  pathophysiology  is  mainly  related  to

deposition of cholesterol and oxysterols, such as cholestanol, in tendons and brain. As a result,

the major clinical manifestations typically do not present until the second or third decade of life

and  are  characterized  by  a  slow  progressive  neurological  dysfunction,  cerebellar  ataxia,

premature atherosclerosis, cataracts and tendinous xanthomas. Finally, defects in the enzymes

responsible for bile acid conjugation, bile acid CoA: amino acid N-acyltransferase (BAAT) and

bile  acid  CoA synthetase  (BACS,  also  called  BACL;  SLC27A5),  have  been  identified  and

characterized. Patients with these BAAT defects present with high serum levels of unconjugated

bile acids and malabsorption of dietary fat and fat-soluble vitamins, illustrating the importance of
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conjugation to maintain the high intraluminal concentrations of bile acids required for efficient

lipid  digestion  and  absorption.  Early  bile  acid  replacement  therapy  with  cholic  acid,

chenodeoxycholic  acid  or  their  conjugates  in  the  case  of  bile  acid  conjugation  defects  can

suppress or even reverse the biochemical abnormalities associated with many of the inherited

bile acid biosynthetic defects and may be lifesaving. The basis for this therapeutic approach is

two-fold. First, administration of exogenous primary bile acids partially restores the endogenous

bile  acid  pool  to  drive  hepatic  bile  flow  and  facilitate  intestinal  lipid  absorption.  Second,

administration of exogenous cholic acid or chenodeoxycholic acid inhibits endogenous bile acid

synthesis  through  feedback  mechanisms  described  earlier.  This  blocks  production  and

accumulation of the cytotoxic biosynthetic intermediates and abnormal bile acid species that are

involved in the disease pathogenesis or progression.

Regulation of Bile Acid Biosynthesis

The  biosynthesis  of  bile  acids  is  tightly  controlled  and  regulated  by  bile  acids,  oxysterols,

cytokines,  nutrients,  growth factors,  diurnal rhythm and hormones such as thyroid hormone,

glucocorticoids  and  insulin  (36).  These  various  factors  operate  primarily  by  controlling

expression of CYP7A1, the rate-limiting step in bile acid biosynthesis. This section will focus on

the negative feedback regulation of  CYP7A1 by bile acids, a major physiological pathway for

maintaining bile acid homoeostasis. Studies dating from the 1960s showed that CYP7A1 activity

and hepatic bile acid biosynthesis increased when bile acid return to the liver was blocked by

administration of bile acid sequestrants or by biliary diversion. Conversely, feeding bile acids

would suppress CYP7A1 activity and endogenous bile acid biosynthesis. This negative feedback

regulation of CYP7A1 was later shown to be transcriptional and involve the bile acid-activated
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nuclear receptor, farnesoid X-receptor (FXR, gene symbol: NR1H4). Initially, it was thought that

the end-product regulation of  CYP7A1 expression involved a pathway by which activation of

FXR  in  hepatocytes  increased  transcription  of  the  atypical  orphan  nuclear  receptor,  small

heterodimer partner (SHP, gene symbol: NR0B2). SHP then antagonized the actions of positive-

acting  transcription  factors  important  for  CYP7A1 gene  expression,  such  as  liver  receptor

homologue-1 (LRH-1, gene symbol:  NR5A2) and hepatocyte nuclear factor-4α (HNF4α, gene

symbol:  NR2A1)  (37,  38).  However,  this  model  could  not  explain  a  series  of  puzzling

experimental findings,  including the observations that intravenous infusion of bile acids into

bile-fistula  rats  was  ineffective  at  downregulating  hepatic  CYP7A1 expression  compared  to

intraduodenal  infusion  of  bile  acids,  and  that  bile  acids  only  weakly  suppressed  CYP7A1

expression when added directly to isolated hepatocytes in culture (39).

Further investigation determined that the major pathway for feedback regulation of bile

acid  synthesis  under  normal  physiological  conditions  involves  intestinal  FXR and  gut-liver

signaling via  the polypeptide hormone fibroblast  growth factor-19 (FGF19; mouse ortholog:

FGF15)  (40).  In  that  pathway,  summarized  in  Figure  5,  bile  acids  activate  FXR  in  ileal

enterocytes to induce synthesis of FGF15/19. After its release by the enterocyte, FGF15/19 is

carried  in  the  portal  circulation  to  the  hepatocyte,  where  it  signals  through  its  cell  surface

receptor, a complex of the βKlotho protein and fibroblast growth factor receptor-4 (FGFR4), to

repress  CYP7A1 expression and bile acid synthesis. The dominant role of this pathway as the

major physiological mechanism responsible for feedback repression of  CYP7A1 expression is

strongly  supported  by  results  obtained  using  knockout  mouse  models,  including  FGFR4,

βKlotho, FGF15, and tissue-specific FXR and βklotho knockout mice. There is also compelling
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evidence that this pathway is operative in humans, where circulating FGF19 levels inversely

correlate with markers of hepatic bile acid synthesis. 
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Figure 5. Mechanisms for feedback negative regulation of hepatic bile acid synthesis.

In the major physiological pathway, intestinal bile acids are taken up by the ASBT and activate

the nuclear receptor FXR to induce FGF15/19 expression in ileal enterocytes. The basolateral

secretion of FGF15/19 protein may be facilitated by the endosomal membrane glycoprotein,

Diet1. FGF15/19 is then carried in the portal circulation to the liver, where it binds to its cell-

surface receptor, a complex of the receptor tyrosine kinase, FGFR4, and the associated protein

βklotho.  FGFR4/βKlotho  then  signals  through  the  docking  protein  FRS2α and  the  tyrosine

phosphatase Shp2 to stimulate ERK1/2 phosphorylation and block activation of CYP7A1 gene

expression by the nuclear factors HNF4α and LRH1. In a direct pathway that may be more

significant under pathophysiological conditions, bile acids can activate FXR in hepatocytes to

induce expression of SHP, an atypical orphan nuclear receptor. SHP interacts with LRH-1 and

HNF4α to block their activation of CYP7A1 transcription.
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After  binding  FGF15/19,  the  FGFR4/βKlotho  complex  signals  through  the  docking

protein fibroblast  growth factor  substrate 2 (FRS2α) and the tyrosine phosphatase known as

tyrosine-protein phosphatase non-receptor type 11 (Shp2; gene symbol:  PTPN11) to stimulate

extracellular-signal-regulated kinase (ERK1/2) activity and block the activation of CYP7A1 gene

expression  by  HNF4α, LRH-1,  and  transcription  factor  EB  (TFEB).  The  transcriptional

repression also involves SHP, because FGF15/19-mediated regulation of CYP7A1 is blunted in

SHP  knockout  mice.  However,  details  of  exactly  how  these  factors  and  phosphorylation

pathways  are  integrated  to  repress  CYP7A1 transcription  are  still  being  clarified.  CYP7A1

expression is also regulated by bile acids at the post-transcriptional level. In this pathway, bile

acids act via FXR to increase expression of the RNA binding protein ZFP36L1, which binds to

the CYP7A1 mRNA and promotes its rapid turnover.

While  CYP7A1 is  the  rate-limiting  enzyme  for  bile  acid  synthesis,  CYP8B1 activity

determines  the  amount  of  cholic  acid  versus  chenodeoxycholic  acid  (or  muricholic  acid)

synthesized. Thus, it is not surprising that hepatic CYP8B1 expression is also regulated by bile

acids,  cholesterol,  diurnal  rhythm and hormones such as  insulin  and thyroid hormone.  With

regard to bile acids, genetic evidence in mice suggests that both the hepatic FXR and gut FXR-

FGF15/19  -  liver  FGFR4/βKlotho  signaling  pathways  contribute  to  regulation  of  CYP8B1

expression by bile acids under normal physiological conditions. In this fashion, the machinery

controlling bile acid synthesis and bile acid pool composition responds to changes in intestinal

and hepatic bile acid levels.

In contrast  to the classical (CYP7A1) pathway, the alternative pathway appears to be

primarily  regulated by cholesterol  delivery to the mitochondrial  inner  membrane,  the site  of

sterol  27-hydroxylation.  The  mechanism  may  be  similar  to  that  controlling  adrenal  steroid
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hormone biosynthesis, in which transfer of cholesterol to the mitochondria inner membrane by

steroidogenic acute regulatory protein (StAR; STARD1) is  rate limiting.  The liver expresses

several members of the StAR-related lipid transfer (START) domain family of proteins (Chapter

14), and one or more of these proteins could be involved in cholesterol delivery for bile acid

synthesis. However, the molecular details of hepatocyte intracellular cholesterol trafficking and

mitochondrial  delivery  for  bile  acid  biosynthesis  are  not  well  understood.  As  such,  the

mechanisms regulating cholesterol flux through the alternative pathway for bile acid biosynthesis

under  physiological  and  pathophysiological  states  remain  undefined.  In  addition  to  being

regulated by cholesterol delivery, the alternative pathway can also be regulated transcriptionally

by bile  acids.  In  that  pathway,  bile  acids  act  via  FXR to induce expression of  v-maf avian

musculoaponeurotic  fibrosarcoma  oncogene  family  protein  G  (MAFG),  which  represses

transcription  of  genes  important  for  the  alternative  bile  acid  biosynthetic  pathway  such  as

CYP27A1 and CYP7B1. MAFG does not affect expression of CYP7A1 but can act to repress a

number  of  genes  common  to  both  the  classical  and  alternative  pathways  for  bile  acid

biosynthesis, thereby acting in a complimentary fashion to the FXR-SHP and FXR-FGF15/19-

FGFR4 pathways to control bile acid synthesis and composition (41). 

Secondary Metabolism of Bile Acids

After synthesis in the liver, primary bile acids are secreted into bile and pass into the intestine

where they encounter the gut microbiota. In the small intestine, most of the conjugated bile acids

are efficiently absorbed intact. However, a fraction of the luminal bile acids in the distal small

intestine undergo bacterial deconjugation (cleavage of the amide bond linking the bile acid to

glycine or taurine) by bile salt hydrolases, a process that continues to near completion in the
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colon. Bile salt hydrolase-encoding genes are generally constitutively expressed and are widely

distributed  among  the  major  bacterial  phyla  (Bacteroidetes,  Firmicutes,  Actinobacteria,  and

Proteobacteria).  After deconjugation, the bile acids can be reabsorbed or undergo additional

bacterial transformation for conversion to secondary bile acids. If reabsorbed, unconjugated bile

acids are carried back to the liver in the enterohepatic circulation and efficiently reconjugated to

taurine or glycine, a cycle originally termed ‘damage and repair’ by Hofmann (42). The newly

‘repaired’ (reconjugated) bile acids are secreted into bile along with conjugated bile acids that

have  returned  from  the  intestine  in  the  enterohepatic  circulation  and  newly  synthesized

conjugated bile acids.

In the gut, primary bile acids are converted to secondary bile acids by the microbiota

through reactions that include dehydroxylation at the C-7 position and oxidation/epimerization of

the 3-, 6-, 7- or 12-hydroxyl groups to form oxo or iso epimers  (43). The common bacterial

modifications of bile acids that occur in humans and mice are summarized in Figure 6. The most

significant of these changes is 7-dehydroxylation, which generates the major secondary bile acid

species. Bile acid 7α/β-dehydroxylation requires a series of microbial enzymes encoded by a

polycistonic bile acid-inducible (bai) regulon. In contrast to the bile salt hydrolases, the bai genes

responsible for 7α/β-dehydroxylation are restricted to limited number of bacteria in the genus

Clostridia. In humans, bile acid 7-dehydroxylation converts cholic acid to deoxycholic acid, a

dihydroxy  bile  acid  with  hydroxyl  groups  at  the  C-3  and  C-12  position,  and  converts

chenodeoxycholic acid or ursodeoxycholic acid to lithocholic acid, a mono-hydroxy bile acid

with a hydroxyl group at the C-3 position. In rats and mice, the 3,6,7-trihydroxy bile acids (α, β,

ω-muricholic  acid;  hyocholic  acid)  are  converted  to  the  3,6-dihydroxy  bile  acids,

hyodeoxycholic  acid  (3α,6α-dihydroxy-5β-cholanoic  acid)  and  murideoxycholic  acid  (3α,6β-
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dihydroxy-5β-cholanoic acid). There is an absolute requirement for bile acids to be deconjugated

prior to 7-dehydroxylation. For that reason, deconjugation-resistant synthetic bile acids such as

cholylsarcosine,  where  cholic  acid  is  conjugated  to  sarcosine  (N-methylglycine)  instead  of

glycine or taurine, are also resistant to dehydroxylation.
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Figure 6. Scheme for bacterial metabolism of bile acids.

Bile  acids  are  biotransformed  by  the  gut  microbiota  by  reactions  that  deconjugate,  7α/β-

dehydroxylate oxidize and epimerize. The major pathways and products are indicated in bold.

Oxidation yields the respective oxo-bile acid species, which can be epimerized, converting the

7α-hydroxy bile acids to their 7β-hydroxy epimers (ursocholic acid, ursodeoxycholic acid), and

3α-hydroxy  bile  acids  to  their  3β-hydroxy  epimers  (isocholic  acid,  isodeoxycholic  acid,

isochenodeoxycholic acid and isolithocholic acid). In the human caecum, a significant fraction of

the bile acids present  have been converted to  their  respective 3β-epimers.  In  rats  and mice,

muricholic acid species (α, β, ω-muricholic acid) are converted to the 3,6-dihydroxy bile acids,

murideoxycholic  acid  (3α,6β-dihydroxy-5β-cholanoic  acid)  and  hyodeoxycholic  acid  (3α,6α-

dihydroxy-5β-cholanoic acid).
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Another important microbial reaction is the oxidation and epimerization of bile acids,

yielding so-called oxo and iso bile acids. This includes epimerization of the 7α-hydroxy group of

chenodeoxycholic  acid  to  form  the  3α,7β-dihydroxy  bile  acid,  ursodeoxycholic  acid,  and

epimerization of the 3α hydroxy group of cholic acid, ursodeoxychlic acid, deoxycholic acid and

lithocholic acid to form their 3β (iso) derivatives. The iso-bile acid derivatives of deoxycholic

acid and lithocholic acid constitute a significant of the gut microbial bile acid metabolites.

Bile  acid  metabolism  by  the  gut  microbiota  is  not  restricted  to  deconjugation,

dehydroxylation,  oxidation  and  epimerization  reactions.  Other  reactions  include  desulfation

(removal of the bile acid sulfonate group at the C-3 or C-7 positions) and formation of long chain

fatty acid ethyl esters of lithocholic acid, polyesters of deoxycholic acid, and additional side

chain  amidation  products.  Recent  metabolomics  analyses  identified  three  novel  microbiota-

dependent bile acid amidates, phenylalanocholic acid, tyrosocholic acid and leucocholic acid, in

the fecal contents of mice and humans. The novel bile acid amidates were not detected in portal

blood, peripheral blood or bile, suggesting that they are rapidly metabolized by the gut and/or do

not  undergo  enterohepatic  cycling.  The  microbial  enzymes  responsible  for  this  conjugation

reaction conjugation have not yet been identified and the physiological or pathophysiological

roles of the novel bile acid amidates remains to be determined (44).

The secondary bile acids generated by the gut microbiota can be absorbed and undergo

‘repair’ by the hepatocyte. In addition to reconjugation with taurine/glycine, the hepatic repair

reactions  include  re-epimerization  of  iso  (3β-hydroxy)  bile  acids  to  their  3α-hydroxy  form,

reduction of oxo to hydroxyl groups, and rehydroxylation at the C-7 position to generate the

original primary bile acid. Cytochrome P450 Cyp2a12 was recently identified as the enzyme

responsible  for  rehydroxylation  at  the  C-7  position  in  mice  (45).  Hepatic  bile  acid  7α-
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rehydroxylation is carried out to varying degrees in many species, but does not occur in humans,

in  agreement  with  the  absence  of  a  human  CYP2A  gene  orthologous  to  Cyp2a12.  These

interspecies  differences  in  hepatic  bile  acid  7α-rehydroxylation  activity  are  reflected  in  the

amount of conjugated deoxycholic acid present in bile, which can range from 0% to 10% of the

bile acids in rats, mice, guinea pigs, prairie dogs and hamsters, to 15–30% in dogs and humans,

and greater than 90% in rabbits. The bile acid 7-dehydroxylation activity in the gut is also an

important  determinant  of  the amount  of  deoxycholic  acid in  the bile  acid pool,  because the

abundance of  7-dehydroxylating bacteria  can vary many-fold between individuals  and under

different dietary or pathophysiological conditions.

The bacterial biotransformation of bile acids carried out in the gut is important for several

reasons. First, these modifications decrease the aqueous solubility of bile acids and increase their

hydrophobicity, resulting in a marked lowering of their monomeric concentration in the aqueous

phase of the luminal contents. This in turn reduces intestinal bile acid absorption and increases

bile acid loss in the feces. Second, the input of secondary bile acids from the intestine influences

the composition of the circulating pool of bile acids. This in turn affects the physiological and

pathophysiological  actions  of  the  bile  acid  pool  because  secondary  bile  acids  have  distinct

detergent  properties,  signaling  activities  and  toxicities  compared  to  their  primary  bile  acid

precursors.  Third,  bile  acids  affect  the  composition  of  the  gut  microbiota,  with  complex

downstream effects on whole body metabolism and disease pathogenesis.

Enterohepatic Circulation of Bile Acids

The concept of an enterohepatic circulation by which constituents secreted by the liver

into the intestine are returned via the portal circulation was postulated more than 300 years ago
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by  Mauritius  van  Reverhorst  and  the  seventeenth  century  Neapolitan  physician  and

mathematician Giovanni  Alfonso Borelli  (42).  Anatomically,  the gut–liver circulation can be

subdivided into a portal and extraportal pathway. The extraportal pathway consists primarily of

the lymphatic drainage from the intestine into the superior vena cava. This process is important

for chylomicron lipoprotein particle-mediated transport of cholesterol, triglycerides, fat-soluble

vitamins and phospholipids, but plays little role in bile acid absorption. In contrast, bile acids

undergo a portal enterohepatic circulation. In that process, bile acids are secreted by the liver

with other biliary constituents into the biliary tract and stored in the gallbladder (in most, but not

all species). In response to a meal, the gallbladder contracts and empties its contents into the

lumen of the small intestine, where bile acids function to facilitate lipid digestion and absorption.

Unlike dietary lipids, there is limited absorption of bile acids in the proximal small intestine.

Most bile acids travel to the distal small intestine (ileum), where they are almost quantitatively

reabsorbed and exported into the portal circulation  (45, 46). In the bloodstream, bile acids are

bound to albumin and carried back to the liver for uptake and resecretion into bile. In adult

humans,  the  enterohepatic  circulation  maintains  a  whole-body  bile  acid  pool  size  of

approximately 2–4 g. The bile acid pool cycles several times per meal, or about six times per

day. Almost 95% of the bile acids that pass into the intestine are reabsorbed, such that only about

0.2–0.6 g of bile acids escape reabsorption and are eliminated in the feces each day (47). Viewed

as its individual components, the bile acid enterohepatic circulation consists of a series of storage

chambers  (the  gallbladder  and small  intestine),  valves  (the sphincter  of  Oddi  and ileocaecal

valve), mechanical pumps (the hepatic canaliculi, the biliary tract, and the small intestine) and

chemical  pumps  (primarily  the  hepatocyte  and  ileal  enterocyte,  with  their  respective

transporters). The major transporter proteins responsible for the enterohepatic of bile acids are
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listed in Table 2 and are shown schematically in Figure 7. In Chapter 4, we investigate the

mechanism of  norUrsodeoxycholic  acid  (norUDCA),  a  synthetic  C-23  side  chain-shortened

analog  of  the  hydrophilic  native  bile  acid  ursodeoxycholic  acid  (UDCA),  to  induce  a

bicarbonate-rich hypercholeresis. norUDCA’s resistance to side-chain conjugation with glycine

or  taurine  (48) allows  its  ability  to  bypass  the  enterohepatic  circulation  and  undergo  the

cholehepatic  shunt  pathway proposed by Hofmann  (48,  49);  its  importance  in  a  therapeutic

context is further discussed in more detail in Chapter 3.
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Figure 7. Enterohepatic circulation of bile acids showing the major tissues and transport

proteins.

After their synthesis or reconjugation, taurine and glycine-conjugated bile acids (T/G-BA) are

secreted  into  bile  by  the  canalicular  bile  salt  export  pump (BSEP).  Bile  acids  modified  by

sulfation (S-BA) or glucuronidation (U-BA) are secreted into bile by the multidrug resistance-

associated protein-2 (MRP2) or multidrug resistance protein-1 (MDR1A). A fraction of the bile

acids secreted into bile acids undergo cholehepatic shunting. In this pathway, conjugated bile

acids  are  taken  up  by  cholangiocytes  via  the  apical  sodium-dependent  bile  acid  transporter

(ASBT), and exported across the basolateral membrane via the heteromeric transporter OSTα-
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OSTβ, and possibly MRP3, for return to the hepatocyte via the periductular capillary plexus.

Ultimately, bile acids pass through the biliary tree and empty into the intestinal lumen. Bile acids

are  poorly  absorbed  in  the  proximal  small  intestine,  but  efficiently  taken  up  by  the  ileal

enterocytes via the ASBT. The bile acids bind to the ileal bile acid binding protein (IBABP) in

the  cytosol  and  are  efficiently  exported  across  the  basolateral  membrane  into  the  portal

circulation by OSTα-OSTβ. MRP3 is a minor contributor to basolateral export of native bile

acids from the enterocyte, but may have a more significant role in export of modified bile acids.

Although most bile acids are absorbed in the small intestine, colonocytes express appreciable

levels of MRP3 and OSTα-OSTβ. These carriers may serve to export unconjugated bile acids

(BA) that were taken up by passive diffusion from the lumen of the colon. After their absorption

from the  intestine,  bile  acids  travel  back  to  the  liver,  where  they  are  cleared  by  the  Na+-

taurocholate cotransporting polypeptide (NTCP) and members of the organic anion transport

protein  family,  such  as  OATP1B1 and  OATP1B3 in  humans.  Under  cholestatic  conditions,

unconjugated,  conjugated,  or  modified  bile  acids  can  be  effluxed  across  the  basolateral

(sinusoidal) membrane of the hepatocyte by OSTα-OSTβ, MRP3 or MRP4 into the systemic

circulation. Under normal physiological conditions, a fraction of the bile acid escapes first pass

hepatic clearance and enters the systemic circulation. The free bile acids are filtered by the renal

glomerulus, efficiently reclaimed by the ASBT in the proximal tubules, and exported back into

the  systemic  circulation,  thereby  minimizing  their  excretion  in  the  urine.  A  fraction  of  the

glucuronidated or  sulphated  bile  acids  can also be  exported across  the  apical  membrane by

MRP2.
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Table 2. Major Transport Proteins of the Enterohepatic Circulation of Bile Acids. 

Transport Protein

(Gene)

Location Function Human Disorder Mouse

KO

Hepatocyte

NTCP (SLC10A1) BLM Na+-dependent uptake of 

conjugated BAs

Hypercholanemia Yes

OATP1B1, 1B3 

(SLCO1B1, 1B3) 

Oatp1b2 (rodents)

BLM Na+-independent uptake of 

OAs and unconjugated BAs

Rotor syndrome Yes

MRP3 (ABCC3) BLM ATP-dependent export of 

OAs and modified BAs

None Yes

MRP4 (ABCC4) BLM ATP-dependent export of 

OAs and modified BAs

PEL-negative 

blood group

Yes

OSTα-OSTβ 

(SLC51A; 

SLC51B)

BLM Na+-independent export of 

BAs

Congenital 

diarrhea

Yes

FIC1 (ATP8B1) CM ATP-dependent PS flipping Progressive 

familial cholestasis

type 1

Yes

BSEP (ABCB11) CM ATP-dependent export of 

BAs

Progressive 

familial cholestasis

Yes
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type 2

MDR3 (ABCB4) CM ATP-dependent export of PC Progressive 

familial cholestasis

type 3

Yes

MRP2 (ABCC2) CM ATP-dependent export of 

OAs and modified BAs

Dubin–Johnson

syndrome

Yes

Cholangiocyte, Ileal Enterocyte, Kidney Proximal Tubule Cell

ASBT (SLC10A2) ApM Na+-dependent uptake of BAs Primary bile acid 

malabsorption

Yes

IBABP (FABP6) Cytosol Cytosolic BA transport None Yes

OSTα-OSTβ 

(SLC51A; 

SLC51B)

BLM Na+-independent export of 

BAs

Congenital 

diarrhea

Yes

MRP3 (ABCC3) BLM ATP-dependent export of 

OAs and modified BAs

None Yes

ApM, apical membrane; BA, bile acid; BLM, basolateral membrane; CM canalicular membrane;

KO, knockout; OA, organic anion.



46

Hepatic Bile Acid Transport

Bile  acids  are  taken  up  from  the  bloodstream  across  the  hepatocyte  sinusoidal

(basolateral) membrane by both sodium-dependent and sodium-independent mechanisms. The

Na+-taurocholate co-transporting polypeptide (NTCP; gene symbol:  SLC10A1) is the primarily

sodium-dependent  transporter  responsible  for  the  uptake  of  conjugated  bile  acids,  which

constitute more than 80% of bile acid uptake in the liver. In contrast, members of the organic

anion transporting polypeptide (OATP) family are primarily responsible for hepatic uptake of

unconjugated bile acids and also contribute to clearance of conjugated bile acids in some species

such as mouse. Human NTCP is a 349-amino acid (approximately 45-kDa) polytopic membrane

glycoprotein and founding member of the SLC10 family of solute carriers (SLC, solute carrier)

which also includes the ileal apical sodium-dependent bile acid transporter (ASBT, gene symbol:

SLC10A2). 

Cloned and characterized in 1991 (50), the transporter is expressed almost exclusively by

hepatocytes and functions as an electrogenic sodium-solute cotransporter. Its transport properties

have  been  characterized  extensively  in vitro,  and  NTCP efficiently  transports  all  the  major

glycine and taurine-conjugated bile acids, but only weakly transports unconjugated bile acids

(46, 51). A primary role for NTCP in the clearance of conjugated bile acids is strongly supported

by  genetic  evidence  in  humans  and  mice.  In  humans,  inherited  defects  in  the  NTCP  gene

(SLC10A1) are associated with elevated (5 to more than 100-fold) plasma levels of conjugated

bile  acids (“hypercholanemia”),  in the absence of pruritus or evidence of  liver disease  (52).

Similarly, administration of an NTCP inhibitor (myrcludex B) also significantly increases plasma

bile acid levels in healthy humans. NTCP-deficient mice exhibited a complex bimodal bile acid

phenotype where approximately 60 to 70% of the mice remained normocholanemic (serum bile
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acid levels in the normal range;  less than 20 µM) as a result of a compensatory increase in

hepatic OATP-mediated bile acid clearance. The remaining ~30 to 40% of the NTCP-deficient

mice did not induced hepatic OATP expression and were markedly hypercholanemic (serum bile

acid levels increased more than 20-fold)  (53). In addition to being the major hepatic bile acid

uptake transporter, NTCP was identified as a cell surface receptor for the binding and entry of

Hepatitis B (HBV) and Hepatitis Delta (HDV) viruses (54). 

Members of the OATP family mediate sodium-independent bile acid transport across the

hepatocyte sinusoidal membrane and are primarily responsible for uptake of unconjugated bile

acids. The bile acid-transporting OATPs are polytopic membrane glycoproteins that share no

sequence identity with the sodium-dependent bile acid transporters. The OATPs were originally

assigned  to  the  SLC21 transporter  gene  family.  However,  a  revised  species-independent

nomenclature  system  was  adopted  in  2004,  in  which  OATP  refers  to  protein  isoforms

(OATP1B1,  OATP1B3,  etc.)  and  SLCO (‘O’,  referring  to  members  of  the  OATP  family;

SLCO1B1, SLCO1B3, etc.) refers to the individual genes. The OATP-type transporters constitute

a large family with 11 human genes and 16 murine genes that fall  within six subgroups. In

humans, OATP1B1 (gene symbol:  SLCO1B1; original protein name: OATP-C) and OATP1B3

(gene symbol:  SLCO1B3;  original  protein name: OATP8) account  for  most  hepatic  sodium-

independent bile acid clearance. The mouse genome encodes only a single gene in the OATP1B

subfamily (Oatp1b2; gene symbol: Slco1b2), and SLCO1B1 and SLCO1B3 arose in primates by

gene duplication after divergence from rodents. A primary role for OATP1B1/OATP1B3 in the

hepatic  clearance  of  unconjugated  bile  acids  is  strongly  supported  by  genetic  evidence.  In

humans,  the  combined  loss  of  SLCO1B1 and  SLCO1B3 on  chromosome  12  causes  Rotor

syndrome, a rare benign disorder characterised by elevated plasma levels of conjugated bilirubin
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and unconjugated bile acids (55). In mice, genetic deletion of the entire orthologous Slco1a/1b

locus (Slco1a1, 1a3, 1a4, 1a5, 1a6, 1b2) or Slco1b2 alone results in defective hepatic clearance

of unconjugated bile acids. OATPs do not appear to significantly contribute to hepatic clearance

of conjugated bile acids in mice under normal physiological conditions with a functional NTCP.

However,  serum conjugated  bile  acids  are  significantly  increased  following pharmacological

inhibition of NTCP in Slco1a/1b knockout versus wildtype mice.

After their uptake across the hepatocyte sinusoidal membrane, bile acids travel to the

canalicular  membrane for  secretion into  bile.  Because bile  acids  are  potent  detergents,  their

cellular uptake and export must be carefully balanced to avoid excess intracellular accumulation.

It  is  likely  that  bile  acids  are  protein-bound  or  sequestered  in  some  fashion  during  their

hepatocellular transit. Existing evidence argues against a role for vesicular intracellular transport

of  bile  acids.  In  plasma,  bile  acids  are  carried  bound  to  albumin.  In  hepatocytes,  cytosolic

proteins such as liver fatty acid binding protein (L-FABP; gene symbol FABP1; identified as the

"hepatic Z protein" that binds bile acids), and the aldo-keto reductase (AKR) family member

AKR1C2 (3α-hydroxysteroid  dehydrogenase  type  III;  identified  as  "hepatic  Y'  protein"  that

binds bile acids) may serve a similar role for intracellular transport.  However, the molecular

mechanisms  remain  poorly  defined,  and  it  is  unclear  whether  bile  acids  returning  in  the

enterohepatic circulation and newly synthesized bile acids share common transport pathways

through the hepatocyte. Regardless of the mechanisms, conjugated bile acids are shuttled to the

canalicular membrane for secretion into bile by the ATP-dependent bile salt export pump (BSEP;

gene symbol:  ABCB11).  This 160-kDa polytopic membrane glycoprotein is a member of the

ATP binding cassette (ABC) transporter family and closely related to the multidrug resistance

protein-1  (MDR1)/P-glycoprotein.  When  analyzed  in  transfected  mammalian  cells,  BSEP
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efficiently transports conjugated and unconjugated bile acids. However, in vivo, bile acids are

first conjugated to glycine or taurine prior to secretion, as evidenced by the low proportions of

unconjugated bile acids typically found in bile (less than 5%). A primary role for BSEP in the

canalicular secretion of bile acids is strongly supported by genetic evidence in humans and mice.

In humans, mutations in  ABCB11 are the cause of progressive familial intrahepatic cholestasis

type  2 (PFIC-2),  which is  characterized  by biliary  bile  acid  concentrations  less  than 1% of

normal (46). Mutations in ABCB11 that impair synthesis, cellular trafficking, or stability of the

BSEP protein lead to severe disease, including neonatal progressive cholestasis, jaundice, and

hepatobiliary cancers (56). Abcb11 deficiency also leads to progressive liver disease in mice that

have  been  backcrossed  onto  a  C57BL/6J  background,  although  only  a  mild  phenotype  is

observed in other background mouse strains. In hepatocytes, a small amount of the bile acid

undergoes phase 2 metabolism by the addition of sulphate or glucuronide and is secreted into

bile  by  other  ABC  transporters,  primarily  the  multidrug  resistance  protein-2  (MRP2;  gene

symbol ABCC2). However, the compensatory protective mechanisms in mice versus humans is

likely due to species differences in the bile acid pool composition and phase I metabolism of bile

acids. In murine species and to a much lesser extent in humans, bile acids undergo hepatic phase

I metabolism and are modified by hydroxylation at additional sites on the steroid nucleus. These

polyhydroxylated bile acid species are less injurious and can be secreted into bile by MRP2 and

possibly  the  breast  cancer-related  protein  (BCRP;  gene  symbol:  ABCG2)  or  MDR1/P-

glycoprotein (gene symbol:  ABCB1)  (57). Sinusoidal membrane bile acid transport proceeds in

the direction of uptake under normal physiological conditions. However, bile acids can also be

exported  from the  hepatocyte  by  efflux  back across  the  sinusoidal  membrane  into  blood to

protect the cell from bile acid overload under pathophysiological conditions in which canalicular
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secretion is impaired. This sinusoidal membrane efflux may also play a role under physiological

conditions  in  the  liver,  analogous  to  the  ‘hepatocyte-hopping’  that  was  demonstrated  for

conjugated bilirubin and drugs (58). Under conditions of an increased bile acid load returning in

the portal circulation, such as after a meal, a fraction of the bile acids absorbed by hepatocytes

closest to the portal vein can be rerouted to blood by sinusoidal membrane efflux transporters

and taken up by hepatocytes closer to the central  vein for secretion into bile.  This dynamic

mechanism recruits additional hepatocytes within the liver lobule for bile acid clearance and

could  serve  as  an  additional  safeguard  to  protect  the  periportal  hepatocytes  from bile  acid

overload. The major transporters involved in hepatocyte sinusoidal membrane bile acid efflux

are the ABC transporter, multidrug resistance protein-4 (MRP4; gene symbol ABCC4), and the

heteromeric organic solute transporter (OST) OSTα-OSTβ (gene symbols:  SLC51A,  SLC51B).

The ABC transporter multidrug resistance protein-3 (MRP3; gene symbol: ABCC3) may also be

involved, but preferentially transports phase 2 metabolites such as glucuronidated or sulphated

bile acids rather than taurine/glycine conjugated bile acids. 

Intestinal Transport of Bile Acids

Bile acids are taken up by passive mechanisms in the proximal small intestine and colon

and active transport in distal ileum (Figure 7).  As a result of bacterial metabolism and species

differences in bile acid conjugation or host bile acid metabolism, the bile acid pool may include

taurine or glycine conjugates, unconjugated bile acids, and more hydrophobic bile acid species

such as sulfated or polyhydroxylated bile acid species. A portion of the more hydrophobic bile

acid species are protonated in the intestinal lumen and will passively diffuse across the apical

membrane of enterocytes or colonocytes. However, most bile acids in the intestinal lumen are
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conjugated and ionised. As such, their uptake requires a specific transporter. This active transport

across the enterocyte apical brush border membrane is present only in the distal part of the small

intestine (terminal ileum) (59). Physiologically, this is important because it ensures that luminal

bile acid concentrations remain sufficiently high down the length of the small intestine to aid in

fat  absorption  and  reduce  bacterial  growth.  In  the  terminal  ileum,  bile  acids  are  almost

quantitatively reabsorbed by the ASBT, a  348-amino acid (approximately 45-kDa) polytopic

membrane glycoprotein that shares sequence identity with NTCP. However, unlike NTCP, it’s

only reported physiological substrate is conjugated and unconjugated bile acids (45). ASBT also

functions as an electrogenic sodium-solute  co-transporter  and is  remarkably specific  for bile

acids. First cloned in 1994 (60), ASBT was discovered to transport all the major species of bile

acids,  including unconjugated hydrophilic  species,  but  is  primarily  responsible  for uptake of

conjugated bile acids and unconjugated trihydroxy bile acids that are membrane impermeant. In

the  intestine,  there  is  a  gradient  of  expression  along  the  cephalocaudal  axis  restricting  the

majority of bile acid reabsorption to the terminal ileum  (61-63). 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 crypts (45, 60, 64). 

ASBT has proven to play a major role in the pathogenesis of various metabolic and

gastrointestinal diseases. A central role for the ASBT in intestinal absorption of bile acids is

strongly supported by genetic evidence in humans and mice, mutations in ASBT cause primary

bile acid malabsorption due to a disruption of ileal bile acid uptake and EHC (65). In humans,

inherited mutations in ASBT (SLC10A2) causes primary bile acid malabsorption, an idiopathic

intestinal disorder associated with congenital diarrhea, fat-malabsorption, and interruption of the
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enterohepatic  circulation  of  bile  acids.  In  mice,  inactivation  of  the  ASBT largely  abolished

intestinal bile acid absorption (37) and increased fecal bile acid and lipid excretion (66).

After their internalization by ileal enterocytes, bile acids are likely transported bound to

cytosolic proteins to prevent their interaction with membranes and to reduce cytotoxicity. The

best-characterized  enterocyte  bile  acid  carrier  protein  is  the  ileal  bile  acid  binding  protein

(IBABP; also called the ileal lipid binding protein; gene symbol: FABP6), a member of the fatty

acid binding protein family (Chapter 5). IBABP is an abundant small soluble 14-kDa protein that

constitutes  almost  two  percent  of  cytosolic  protein  in  ileal  enterocytes.  IBABP  expression

parallels that of the ASBT and is induced by bile acids acting through FXR. Although capable of

binding fatty acids, IBABP preferentially binds bile acids, with a stoichiometry of two or three

bile acids per molecule of IBABP. In terms of binding specificity, IBABP has higher affinity for

conjugated versus unconjugated bile acids and this difference is greater for the mouse versus

human IBABP orthologue. A role for IBABP in intestinal bile acid transport is supported by

genetic  evidence  in  mice  (67).  In  the  IBABP null  mouse,  apical  to  basolateral  transport  of

taurocholate  is  reduced  when  analysed  using  the  inverted  gut  sac  method  of  Wilson  and

Wiseman. Bile acid metabolism is also altered, suggesting that IBABP may also be involved in

enterocyte bile acid sensing. However, no inherited defects or polymorphisms that affect bile

acid metabolism have yet been described for human IBABP.

Bile  acids  are  exported  across  the  enterocyte  basolateral  membrane  into  the  portal

circulation by a  heteromeric  transporter,  OSTα-OST (gene symbols:  SLC51A and  SLC51B)

(68). In addition to its localization to the intestinal ileum  (61), it is also highly expressed by

cholangiocytes and the epithelial cells of renal proximal tubule, and expressed at lower levels by

hepatocyte,  colonocytes,  chromaffin  cells  of  the  adrenal  gland,  and  the  enterocytes  of  the
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duodenum and jejunum. This unusual facilitative carrier shares no sequence identity with the

other  bile  acid  transport  proteins,  and  requires  expression  of  two  distinct  protein  subunits

encoded on separate chromosomes. The larger OSTα subunit is a 340-amino acid membrane

protein with seven predicted transmembrane domains, whereas the smaller OST subunit is a

128-amino acid predicted type I membrane protein. OSTα-OSTβ has been characterized using

in vitro cell-based models. Co-expression of both subunits and their association is required for

trafficking of the protein complex to the plasma membrane and solute transport. OSTα-OST

operates as a facilitative bidirectional carrier with a broad substrate specificity that includes all

the major species of bile acids, as well as solutes such as prostaglandins, steroids, and steroid

sulphates.

Cholestasis  is  the  major  pathophysiologic  condition  in  which  OSTαβ expression  and

regulation  is  altered.  Under  cholestatic  conditions,  specifically  in  human  primary  biliary

cirrhosis, OSTαβ is upregulated to counteract increased bile acids and toxins, and minimize bile

acid induced injury  (69,  70).  In  mice,  inactivation of  the OSTα or  OST gene significantly

impairs ileal bile acid transport and alters bile acid signaling through the FXR-FGF15/19-FGFR4

signaling pathway. In humans, inherited dysfunctional mutations in OSTα (SLC51A) or OST

(SLC51B)  are  associated  with  congenital  diarrhea,  steatorrhea,  and  fat-soluble  vitamin

malabsorption. The patients also exhibited features of liver disease, potentially due to the loss of

OSTα-OST function in hepatocytes and biliary epithelial cells. Although best characterized in

the ileal enterocyte, the ASBT and OSTα-OSTβ are also expressed in other epithelia, including

the cholangiocytes lining the biliary tract, the gallbladder epithelium and the kidney proximal

tubules cells. As in the ileum, ASBT and OSTα-OSTβ function in the kidney to reabsorb most of

the bile acids in the adjacent lumen of the proximal tubules for transport in plasma back to the



54

liver.  However,  in  the  biliary  tract  and  gallbladder,  ASBT and  OSTα-OSTβ are  thought  to

function in cholehepatic or cholecystohepatic shunting of bile acids. In those shunt pathways, a

fraction  of  the  biliary  or  gallbladder  bile  acids  are  reabsorbed  and  emptied  into  the  portal

circulation for reuptake by hepatocytes liver. The physiological significance of this pathway is

still unclear, but may be acting to stimulate hepatic bile flow.

Our lab has previously characterized OSTα null mice which have been reported to have

alterations in bile acid homeostasis which is characterized by reduced bile acid pool size due to

decreased hepatic bile acid synthesis and downregulation of CYP7α1  (71, 72). Accompanying

changes in bile acid homeostasis,  the ileal  morphology present with blunted,  fused villi  and

dysplasic  crypts  (73).  While  the  ileal  phenotype appears  to  be  similar  to  an irritable  bowel

disease  such  as  Ulcerative  Colitis  or  Crohn’s  Disease,  there  is  only  a  mild  increase  in

inflammatory cells and no change in pro-inflammatory genes like TNFα or IL1β (73), however

we predict that the morphology is consistent with repeated damage and healing. In Chapter 4, I

describe  the  OSTα  null  mouse  as  a  model  of  intestinal  bile  acid  stasis  to  understand  the

molecular mechanisms of bile acid induced injury and restitution response in ileal enterocytes.

Bile acids as Signaling Molecules 

In addition to their role as detergents to solubilize biliary and dietary lipids, bile acids function as

signaling molecules. Bile acids act as endogenous ligands to activate nuclear and G-protein-

coupled receptors  (36, 74). The best-characterized bile acid receptors are the nuclear receptor

FXR and the G-protein-coupled receptor TGR5. However, bile acids can also act through other

nuclear receptors (pregnane X receptor, PXR; vitamin D receptor, VDR; constitutive androstane

receptor,  CAR),  other  G  protein  coupled  receptors  (muscarinic  receptors;  sphingosine-1-
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phosphate receptor-2), and through signal transduction pathways such as those mediated by the

α5β1 integrin, protein kinase C, Jun N-terminal kinase, and MAPK/ERK (75).

Although bile acids were shown to activate isoforms of protein kinase C and modulate

cell  growth,  the  concept  of  bile  acids  as  hormones  or  signaling  molecules  was  not  firmly

established until the discovery in 1999 that bile acids activate FXR (38, 76). Both conjugated and

unconjugated bile acids are natural agonists for FXR, with the following rank order of potency:

chenodeoxycholic acid > lithocholic acid ≈ deoxycholic acid > cholic acid. However, it should

be noted that  some natural bile  acids such as ursodeoxycholic acid and muricholic  acid are

unable to activate FXR and may even be competitive inhibitors or antagonists. As such, FXR

activity is affected by changes in the composition of the bile acid pool. FXR is mainly expressed

in liver, intestine, kidney and adrenal, with only low levels of expression reported in tissues such

as  adipose,  heart,  pancreas,  artery  and  circulating  macrophage.  Consistent  with  its

gastrointestinal expression and bile acid ligand specificity, FXR controls a network of genes to

regulate  hepatic  bile  acid  synthesis,  enterohepatic  cycling  of  bile  acids,  and  the  protective

mechanisms  to  prevent  bile  acid  overload  and  cytotoxicity  (Figure  5).  In  the  liver,  FXR

suppresses expression of NTCP, increases bile acid conjugation and induces expression of efflux

transporters such as BSEP and OSTα-OSTβ. Thus, activation of FXR in hepatocytes reduces bile

acid synthesis and increases bile acid export across the canalicular membrane into bile or across

the sinusoidal membrane back into blood. In the small intestine, FXR reduces ASBT expression,

and  induces  expression  of  IBABP,  OSTα-OSTβ and the  polypeptide  hormone  FGF15/19 to

protect the ileal enterocyte from bile acid accumulation (Figure 5). FXR also plays important

protective roles in the gastrointestinal tract beyond its effects on bile acid homoeostasis. These
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functions of FXR in the gut include inducing expression of genes important for intestinal barrier

function, antimicrobial defense, and inhibiting inflammation and cell proliferation (77, 78).

In 2002,  two groups independently  demonstrated that  the  G-protein coupled receptor

TGR5 (also called membrane-type bile acid receptor, M-BAR; GPR131; G protein-coupled bile

acid receptor 1, GPBAR1; gene symbol: GPBAR1) was activated by low concentrations of bile

acids. TGR5 is a Gαs-coupled membrane receptor that stimulates adenylate cyclase, increases

intracellular cAMP levels, and signals through downstream pathways such as those mediated by

protein kinase A and the transcription factor CREB (cAMP response element-binding protein).

However, unlike classical G-protein coupled receptors such as the β-adrenergic receptor, TGR5

does not appear to undergo desensitization when exposed to high concentrations of bile acids for

extended periods. Both conjugated and unconjugated bile acids bind and activate TGR5, with a

preference for hydrophobic bile acids in the following rank order of potency: lithocholic acid >

deoxycholic acid > chenodeoxycholic acid > cholic acid. As a result of differences in their bile

acid  specificity  for  activation  and  their  cellular  localization  (intracellular  vs  cell  surface),

changes in the bile acid pool composition will differentially affect signaling via FXR and TGR5.

Furthermore,  these  ligand  specificity  differences  have  been  exploited  to  identify  synthetic

agonists that selectively activate the two receptors, greatly facilitating the study of their in vivo

roles. 

TGR5 is widely expressed, with highest levels in gallbladder and low to moderate levels

in liver and the intestinal tract. In liver, TGR5 is not expressed by hepatocytes, but is moderately

expressed by the nonparenchymal cells, including cholangiocytes, sinusoidal endothelial cells,

Kupffer cells and resident immune cells. In these cells, TGR5 plays a role in modulating the

immune system and hepatic microcirculation. In the biliary tract, TGR5 functions to stimulate
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gallbladder filling and to couple biliary bile acid concentrations to bile acid reabsorption and

fluid secretion. In the small intestine and colon, TGR5 is not expressed by mature enterocytes or

colonocytes.  However  intestinal  stem  cells  express  TGR5  to  couple  bile  acid  levels  to

regeneration of the intestinal epithelium. TGR5 is highly expressed by intestinal enteroendocrine

cells, where it signals to stimulate incretin hormone glucagon-like peptide-1 (GLP-1) release in

response  to  bile  acids.  TGR5 is  also  expressed  in  the  gut  enteric  nervous system,  where  it

mediates the effects of bile acids on intestinal motility. Beyond the liver and the gastrointestinal

tract, TGR5 functions in other tissues and cell types, including brown adipose, muscle, brain and

macrophages. Recent evidence has implicated TGR5 in modulation of the immune system and

the inflammatory response, in energy and glucose metabolism, and in the central nervous system

pathways for pain and itch. 

Scope of the Dissertation

It is increasingly evident that beyond their classical role as detergents in the digestive process

and end products  of  cholesterol  catabolism,  bile  acids  are  important  regulators  of  liver  and

gastrointestinal  function,  lipid  and  glucose  metabolism,  and  energy  homoeostasis.  In  this

dissertation we used cell-based and knockout mouse models to investigate the relationship of bile

acid hydrophobicity and bile acid-associated injury, and to elucidate the therapeutic mechanism

of  actions  of  the  cholehepatic  drug  norUrsodeoxycholic  acid  (norUDCA)  and  bile  acid

enterohepatic circulation blockers. 

In Chapter 2, we introduce the Cyp2c70 KO mouse which has allowed us and others in

the field to overcome the challenge of modeling hydrophobic bile acid-associated injury and

human cholestatic liver disease. The Cyp2c70 KO model successfully shifts the murine bile acid
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composition towards a more injurious, human-like bile acid pool and spontaneously develops

hallmarks  of  cholestasis.  We  utilize  this  in  vivo  tool  to  evaluate  the  therapeutic  benefit  of

reducing hepatic bile acid burden by pharmacologically inhibiting the ASBT and blocking bile

acid return to the liver in the enterohepatic circulation. In addition, we explore the relationship

between bile acid hydrophobicity, detergent properties, and their cytotoxic effects. 

In Chapter 3, we interrogate the mechanism of action of the therapeutic bile acid analog,

norUrsodeoxycholic acid, currently in Phase III clinical trials for the cholestatic liver disease,

primary sclerosing cholangitis. This chapter highlights our findings which support  norUDCA’s

proposed  ability  to  evade  the  enterohepatic  circulation  and  undergo  cholehepatic  shunting.

Consequently, we also confirm that the choleretic actions of  norUDCA are not dependent on

active transport by any of the major BA transporters evaluated (Ost, ASBT or Oatp1a/1b family

members). Most notably, our findings suggest TMEM16A activation as a mechanism of action

for the therapeutic effects of induced by norUDCA. 

In Chapter 4, we describe our model of intestinal bile acid stasis, the Ost-/- mouse, which

presents with a  bile acid accumulation-dependent  ileal  phenotype,  resemblant  of an  ongoing

injury and restitution response. We explore the protective role of pharmacologically inhibiting

bile acid uptake using an ASBT inhibitor and several other BA-based therapeutic approaches.

While ASBT inhibition reversed ileal phenotype, other anti-cholestatic approaches such as the

hydrophilic  bile  acid  (UDCA)  and  bile  acid  sequestrant  (colesevelam)  had  little  effect.

Additionally,  approaches to reduce the antioxidant response pathway induced in  Ost-/- mice

such as  Nox1 ablation and reactive oxygen species  (ROS) quenching by the  antioxidant  N-

acetyl-cysteine (NAC) did not result in histological improvement. 
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Finally,  Chapter  5  summarizes  of  our  novel  findings  and  their  overall  significance.

Additionally, it  highlights other remaining unanswered questions related to bile acid induced

injury and proposes future directions for bile acid-based therapeutics. Together, these studies

contribute to the mechanistic understanding of the role that bile acids and bile acid transporters

plays in the pathogenesis and treatment of hepatobiliary and gastrointestinal disease. 
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Abbreviations:  ALP,  alkaline  phosphatase;  ALT,  alanine  aminotransferase;  ASBT,  apical

sodium-dependent bile acid transporter; AST, aspartate aminotransferase; BA, bile acid; BSEP,

bile salt export pump; CA, cholic acid; CDCA, chenodeoxycholic acid; Ck-19, cytokeratin-19;

DCA, deoxycholic acid; FXR, farnesoid X-receptor; HI, hydrophobicity index; IBAT, ileal bile

acid transporter; IBATi, ileal bile acid transporter inhibitor; LCA, lithocholic acid; LDH, lactate

dehydrogenase; MCA, muricholic acid; Ntcp, Na+-taurocholate cotranporting polypeptide; Oatp,

organic  anion cotransporting polypeptide;  PFIC,  progressive familial  intrahepatic  cholestasis;
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taurodeoxycholic  acid;  TLCA,  taurolithocholic  acid;  TMCA, tauromuricholic  acid;  TUDCA,
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Abstract 

Cyp2c70 is the liver enzyme in rodents responsible for synthesis of the primary 6-hydroxylated

muricholate bile acid (BA) species.  Cyp2c70  KO mice are devoid of protective,  hydrophilic

muricholic  acids  (MCAs),  leading  to  a  more  human-like  BA  composition  and  subsequent

cholestatic liver injury. Pharmacological inhibition of the ileal BA transporter (IBAT) has been

shown to be therapeutic in cholestatic models. Here, we aimed to determine if IBAT inhibition

with SC-435 is protective in Cyp2c70 KO mice. As compared to WT mice, we found male and

female  Cyp2c70  KO mice exhibited increased levels of serum liver injury markers,  and our

evaluation of liver histology revealed increased hepatic inflammation, macrophage infiltration

and biliary cell  proliferation. We demonstrate serum and histologic markers of liver damage

were markedly reduced with SC-435 treatment. Additionally, we show hepatic gene expression

in pathways related to immune cell activation and inflammation were significantly up regulated

in Cyp2c70 KO mice and reduced to levels indistinguishable from WT with IBAT inhibition. In

Cyp2c70  KO  mice,  the  liver  BA  content  was  significantly  increased,  enriched  in

chenodeoxycholic acid (CDCA), and more hydrophobic, exhibiting a hydrophobicity index value

and red blood cell  lysis  properties similar to human liver BAs. Furthermore,  we determined

IBAT inhibition reduced the total hepatic BA levels but did not affect overall hydrophobicity of

the liver BAs. These findings suggest that there may be a threshold in the liver for pathological

accretion  of  hydrophobic  BAs  and  reducing  hepatic  BA  accumulation  can  be  sufficient  to

alleviate liver injury, independent of BA pool hydrophobicity. 
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Introduction 

Bile acids (BAs) are synthesized from cholesterol in all vertebrate species, secreted into bile and

empty into the intestine, where they play an important role in the digestion and absorption of

lipids  and  fat-soluble  vitamins  (1).  Beyond  their  role  as  detergents,  BAs  also  function  as

signaling  molecules  and  regulate  cellular  and  whole-body  metabolism  (2).  The amphipathic

properties  of  BAs  that  enable  effective  micellization  and  transport  of  lipids  in  aqueous

environments such as the biliary tract and gut lumen, also confer the potential for cytotoxicity

when the normal secretion and compartmentalization of BAs in the enterohepatic circulation is

impaired  (3, 4). Despite being the subject of considerable study  (3, 5-7),  the role of  BAs and

toxic  bile  in  the  pathogenesis  of  human  cholestatic  liver  disease  remains  a  fundamental

unresolved question (8-10).  The use of laboratory animal models, particularly the mouse, has

played a significant role in developing our understanding of BA homeostasis and mechanisms of

BA mediated injury (8-10). Importantly, species-specific differences in BA compositions need to

be considered when attempting to use mouse models to understand mechanisms of BA-related

disease  and  injuries  in  humans  (11).  These  differences  include  a  structurally  distinct,  more

hydrophilic  BA  composition  (2) and  a  ~7-fold  higher  BA  biosynthesis  rate  in  mice  (50

mg/kg/day) compared to humans (7 mg/kg/day) (12). These differences significantly impact the

BA’s physicochemical and signaling properties, metabolism, interaction with the microbiome,

and potential  for cytotoxicity, thereby presenting translational challenges when attempting to

model the BA-induced injury in human cholestatic liver disease (11). Particularly important for

the  mouse-human  BA  composition  comparisons  is  the  abundant  hepatic  synthesis  of  6-

hydroxylated  primary  BA  species  (muricholates)  in  mice,  7α-rehydroxylation  of  conjugated

deoxycholic acid (DCA) and lithocholic acid (LCA) in mice but not humans, and the amino acid
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specificity for N-acyl-amidation (conjugation) of the BA side chain in mice (almost exclusively

taurine conjugates) versus humans (~2.5:1 mixture of glycine to taurine conjugates in bile) (11). 

The cytochrome P450,  Cyp2c70, was recently identified as the enzyme responsible for

muricholate  synthesis  in  mice  (13-16),  converting chenodeoxycholic  acid  (CDCA)  (3α,7α-

hydroxy)  and  ursodeoxycholic  acid  (UDCA)  (3α,7-hydroxy)  to  α-muricholic  acid  (MCA)

(3α,6β,7α-hydroxy) and β-MCA (3α,6β,7β-hydroxy)  (17). As a result of the step catalyzed by

Cyp2c70 during primary BA synthesis,  hydrophilic  and less injurious 6-hydroxylated MCAs

constitute almost half of the circulating BA pool in mice. In contrast, MCAs are not present in

the BA pool of humans, who lack Cyp2c70 or a gene that performs a similar enzymatic function.

To  better  model  the  role  of  the  more  hydrophobic  and  injurious  human  BA  pool  in  the

pathogenesis of disease, several groups have begun characterizing Cyp2c locus and Cyp2c70 KO

mice,  models  with  a  more  human-like  BA  composition  (13,  16-18).  Cyp2c70 KO  mice

spontaneously  develop  neonatal  cholestasis,  as  evidenced  by  significant  increases  in  serum

biomarkers,  and changes  in  histology and gene  expression  characteristic  of  cholestatic  liver

injury  (14,  17).  The liver  injury  phenotype was  quantitatively  more  severe  in  female  mice,

however male mice also exhibited significant liver damage. The absence of protective MCAs and

increased production of CDCA contributes to the increased hydrophobicity and cytotoxicity of

the BA pool, resulting in hepatic injury and BA retention. Indeed, treatment of  Cyp2c70 KO

mice with the hydrophilic BA UDCA reduced the hydrophobicity of the BA pool and normalized

liver histology and hepatic injury markers  (18). In the present study, we explored the concept

that the BA contribution to liver injury extends beyond their hydrophobicity. Common to the

reported Cyp2c70 KO mouse models generated is an increase in the liver total BA content (13,

17, 18). In the Mdr2 KO (Abcb4 KO) model of cholestatic liver injury and sclerosing cholangitis,
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pharmacological inhibition of the ileal BA transporter (IBAT/ASBT;  Slc10a2) increases fecal

BA elimination, leading to reductions in liver BA concentrations and improvement in biomarkers

of hepatocellular and cholestatic damage (8, 19). IBAT inhibitors are being evaluated in clinical

trials as an anticholestatic therapy  (20) and have demonstrated clinical benefit in children and

been  approved  for  the  treatment  of  progressive  familial  intrahepatic  cholestasis  (PFIC)  and

Alagille syndrome (21, 22). In the following study, we tested whether blocking IBAT-mediated

return of BAs to the liver in the enterohepatic circulation would be protective in  Cyp2c70 KO

mice and investigated the predicted cytotoxicity of the humanized BA pool composition in this

model. IBAT inhibition did not change the overall hydrophobicity of the liver-associated BAs,

but  significantly  reduced  the  liver  accretion  of  BAs  in  Cyp2c70 KO  mice  leading  to

normalization of liver histology, gene expression, and serum biomarkers of liver injury to WT

levels.  
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Materials and Methods

Materials

The  IBAT  inhibitor  (IBATi)  SC-435;  (4R,5R)-5-[4-[4-(1-aza-4-azoniabicyclo[2.2.2]octan-4-

yl)butoxy] phenyl]-3,3-dibutyl-7,8-dimethoxy-1,1-dioxo-4,5-dihydro-2H-1λ6-benzothiepin-4-ol)

was received as a research gift from Shire Pharmaceuticals.

Animals

All animal experiments were approved by the Institutional Animal Care and Use Committees at

Emory University.  Cyp2c70 KO mice  (C57BL/6 background)  were  generated  by  Gene Edit

Biolabs  (Atlanta,  GA)  using  CRISPR-Cas9  technology  by  microinjecting  Cas9/gRNA  into

single-cell stage mouse embryos to produce founder (F0) mice. A strategy targeting exon 2 of

Cypc270 was used and followed the approach described by Honda et. al (14). The plasmid DNA

J1-3 encoding the gRNA and Cas9 was used for microinjection. The Cyp2c70 gRNA right target

sequence  was  AGATGATTATTAGTGTA  and  the  left  target  sequence  was

CTCTTGTCACTGTTCCA.  The  resulting  F0  mouse  encoded  a  deletion  of  1,277  bp  that

included the entire targeted region encompassing exon 2 (supplemental Fig. S1A). The mice

were genotyped by real-time quantitative PCR (RT-qPCR) and DNA sequencing. The primers

used to detect the WT Cyp2c70 allele were forward primer 5'-TCTTCTTGCCTTCAACAGCA-

3' and reverse primer 5'-AACCATTGCACAGAGCACAG-3’ and yielded a product size of 662

bp. To detect the mutant Cyp2c70 allele encoding the exon 2 deletion, the same forward primer

was used with reverse primer 5'-GAAAGCCCATGAGAGAGGAA-3’ and yielded a  product

size of 350 bp (supplemental Fig. S1B). The F0 mouse was bred to the next generation (F1) and

subsequent offspring from F4-F5 were confirmed by genotyping. The male and female WT and
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Cyp2c70 KO mice were born at expected Mendelian ratios and used for our in vivo studies. The

female breeding mice were fed ad libitum rodent breeder chow (21% of calories as fat; PicoLab

Diet 20 No. 5058; PicoLab Cat. No. 0007689) and maintained in cages with standard bedding

(1/8” Bed-O-Cobbs; Andersons Lab Bedding Products) and pulp cotton fiber nesting material

(Nestlets; Anacare). The offspring were weaned at 4 weeks instead of 3 weeks of age since this

appeared to improve viability, in agreement with the reported findings for an independent line of

Cyp2c70 KO  mice  (18).  Absence  of  Cyp2c70 protein  in  livers  of  Cyp2c70 KO  mice  was

confirmed by Western Blot analysis using an antibody raised against amino acids 366–390 (24

amino acids, PRKTTQDVEFRGYHIPKGTSVMAC) (23) (supplemental Fig. S1C). The WT and

Cyp2c70 KO mice were maintained on a C57BL/6 background. The adult mice were maintained

on ad libitum rodent chow (13% of calories as fat; PicoLab Rodent Diet 20; LabDiet) and group-

housed in ventilated cages (Super Mouse 750 Microisolator System; Lab Products) containing

standard bedding at 22ºC in the same 12:12h light/dark cycle-controlled room of animal facility

to minimize environmental differences. For the study, male and female WT and  Cyp2c70 KO

mice were fed chow or chow plus 0.006% (w/w) SC-435, which provided approximately 11

mg/kg/day of the IBATi (24).

Mouse sample collection and analysis

The mice were fed ad libitum and not fasted prior to blood collection and euthanasia to collect

tissues. Mouse blood was collected into MiniCollect Z Serum Separation tubes (Greiner Bio-One

#450472) from the submandibular vein. The serum was isolated by centrifugation at 1500 g for

20  minutes  at  room  temperature.  Serum  chemistries  including  alkaline  phosphatase  (ALP),

alanine aminotransferase (ALT), aspartate aminotransferase (AST), and BAs were measured at
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the  Emory  University  Department  of  Animal  Resources  Quality  Assurance  and  Diagnostic

Laboratory  using  an  Alfa  Wassermann  Vet  Axcel  chemistry  analyzer.  Tissue  collection:

Following euthanasia under isoflurane anesthesia, the mouse livers were perfused with 3 mL of

PBS and harvested. After weighing, the liver tissue was subdivided as previously described (25).

Lobes 2 and 5 were flash frozen in liquid nitrogen for Western Blot and RNA analysis. Lobe 4

was embedded in OCT for frozen section preparation. The remainder of the liver lobes (1, 3, 6

and 7) were used for histological analysis. Mouse spleens were also harvested and weighed. 

Histological analysis and immunohistochemistry

The liver samples were fixed in 10% neutral formalin (Sigma-Aldrich) for 24 h, transferred to

70% ethanol, embedded in paraffin, and processed for sectioning by Children’s Healthcare of

Atlanta Pathology Services. Histological sections (5 μm) were cut. Consecutive sections were

used for staining with H&E and Sirius Red. For immunohistochemistry, liver section slides were

deparaffinized and subjected to antigen retrieval using Rodent Decloaker (Biocare #RD913M).

To  block endogenous  peroxides,  the  sections  were  incubated  for  15  minutes  in  BLOXALL

Readymade Solution (Vector Labs #SP6000). The sections were washed with MilliQ water, and

then  incubated  in  Powerblock  solution  (Biogenex  #HK0855K)  for  15  minutes,  followed  by

incubation with 3% donkey serum diluted in phosphate-buffered saline solution (PBS) for 1 h at

room temperature. The slides were subsequently incubated with primary antibody overnight at

4ºC (1:500 Ck-19 Abcam #ab52625, 1:100 F4/80 Cell Signaling #70076). The following day,

slides were washed 3 times in phosphate-buffered saline solution with 0.1% Tween 20 for 5

minutes, incubated in Signal Stain Boost IHC detection (Cell Signaling #8114) for 45 minutes,

and washed. The color was developed using Signal Stain DAB substrate (Cell Signaling #11725)
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and  counterstained  with  hematoxylin  (Sigma  #HHS16)  for  30  seconds.  The  slides  were

dehydrated with increasing ethanol  concentrations  (70% -  100%) and placed in  xylene.  The

slides were then mounted using Vectamount Permanent Solution (Vector Labs #H5000). 

Image Analysis

Immunohistochemistry  slides  were  scanned  with  the  40X  objective  using  NanoZoomer

(Hamamatsu). Quantification of Sirius Red staining and immunohistochemistry for cytokeratin-

19  (Ck-19)  and  F4/80  was  performed  using  the  latest  QuPath  release  (version  0.2.3)  (26).

Briefly, Ck-19 and F4/80 immunohistochemistry slides were scanned (ndpi files) and imported

into QuPath.  The entire  tissue section was selected as  a single annotation using the built-in

Magic Wand tool. For Ck-19 and F4/80 slides, cell counts were carried out using the positive cell

detection tool to identify hematoxylin-stained nuclei and then thresholding for DAB positive-

staining cells to determine the number of DAB-positive cells/mm2 tissue. Identical settings and

thresholds  were  applied  to  all  slides  for  a  given  stain  and  experiment.  Positive  Sirius  Red

staining was quantified using the pixel  classification tool with a residual threshold of -0.12.

Sirius Red positive tissue was expressed as the percent of pixels above the threshold for the total

tissue area examined. All slides for a given experiment were set to specific parameter thresholds

with minimal adjustments for staining variation.

Gene expression measurements

Total RNA was extracted from frozen liver tissue using TRIzol reagent (Invitrogen, Carlsbad,

CA) and a RNeasy Mini Kit (Qiagen), and cDNA was generated using a High Capacity cDNA

Reverse Transcription Kit (Applied Biosystems). Real-time PCR (RT-PCR) was performed on a
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QuantStudio™ 5 Real-Time PCR System (Applied Biosystems) using a SYBR Green qPCR

Master  Mix  (Bimake.com).  Quantification  of  relative  gene  expression  was  conducted  by

calculating fold change relative to Cyclophilin D as a reference gene using the ∆∆ C(t) method.

The mouse primer sets used are listed in the supplemental methods. For RNA-Seq and gene set

enrichment  analysis,  total  RNA was extracted from frozen liver  tissue using TRIzol  reagent

(Invitrogen,  Carlsbad,  CA).  RNA-Seq  libraries  were  prepared  by  Novogene  Co.,  Ltd  and

sequenced on an Illumina HiSeq1000 system. Differential expression analysis was performed

using the DESeq2 R package of Bioconductor (27). The resulting P values were adjusted using

the Benjamini-Hochberg procedure to control for the false discovery rate  (28). Differentially

expressed genes with a log2 fold change > 1.0 and adjusted  P  < 0.05 (multiple testing false

discovery  rate  5%)  were  selected  for  functional  annotation  (GEO series  accession  number:

GSE183251). Pathway analysis of the RNA-Seq data was performed using MetaCore (GeneGo

Inc,  Saint  Joseph,  MI)  and  the  Kyoto  Encyclopedia  of  Genes  and  Genomes  (KEGG)  and

Database for Annotation, Visualization, and Integrated Discovery (DAVID) (29, 30). 

Protein expression measurements

For Western blot analysis, total protein extracts were prepared from flash frozen liver tissue by

homogenization in RIPA buffer (30 mM Hepes pH 7.4, 150 mM NaCl, 1% Nonident P-40, 0.5%

sodium  deoxycholate,  0.1%  sodium  dodecyl  sulfate,  5  mM  EDTA)  supplemented  with  a

combined protease and phosphatase inhibitor cocktail. Proteins were reduced and denatured in

Laemmli sample buffer containing fresh DTT, resolved on 4-12% Bis-Tris gels, transferred to

nitrocellulose  membranes,  immunodetected  with  antibodies,  and  imaged  using  a  ChemiDoc
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system (BioRad).  The source of the primary and secondary antibodies used in the study are

provided in the Supplemental Information, Table S2. 

Liver BA determination

The liver BA content was measured using previously described methods  (31). Briefly, frozen

liver  tissue  samples  (40–60  mg each)  were  extracted  using  Folch’s  extraction  procedure  to

remove apolar lipids (lower phase) and precipitated proteins (interphase) before the addition of

deuterated  internal  standards  (32).  Analytes  were  separated  by  high-performance  liquid

chromatography (HPLC) using a C18 reversed phase column prior to quantification by mass

spectrometry  using  a  combination  of  deuterium-labelled  internal  standards  and  unlabeled

standards. The following BAs were measured: cholic acid (CA), ursodeoxycholic acid (UDCA),

CDCA,  deoxycholic  acid  (DCA),  lithocholic  acid  (LCA),  and  their  glycine  and  taurine

conjugates; as well as αMCA, βMCA, γMCA (hyocholic), ωMCA, and their taurine conjugates.

Red blood cell (RBC) lysis assay 

Whole blood is harvested from an anesthetized adult C57BL/6 mouse by cardiac puncture and

collected into a tube with EDTA at a final concentration of 1.8 mg/mL (5 mM). Whole blood is

centrifuged at  2500 rpm for 5 minutes at  room temperature.  The plasma and buffy coat are

aspirated off, and the RBC pellet is resuspended in Buffer A (10 mM CaCl2, 150 mM NaCl, 25

mM glucose, 10 mM Tris-HCl, pH 7.4) at a ratio of 10 mL of Buffer A per 1 mL of packed

RBCs. Calcium at a final concentration of 10 mM was included to enhance the hemolytic activity

of the BAs  (33). The cells were washed 3 times in Buffer A by  centrifuging at  2500 g for 5

minutes. After the final wash, RBCs were resuspended in Buffer A (1 mL of packed RBCs is
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diluted up to a final volume of 40 mL) and kept on ice until ready to use. Taurine and glycine

conjugated BA sodium salts were dissolved in Buffer A and diluted to the desired final BA

concentration in a 150 μL total volume and added to round bottom 96-well plates prior to the

addition of 142 µL of washed RBC suspension. The mixture was then incubated at 37º C for 30

minutes. After incubation, the plate is centrifuged at 4500 g for 5 minutes at room temperature to

pellet unlysed cells. A 100 μL aliquot of the supernatant containing the free hemoglobin released

from lysed RBCs is transferred to a clear, flat bottom 96-well plate and absorbance is read at 515

nm. Hemolysis for the individual BAs or BA mixtures is reported as percent of the RBC lysis

induced by the positive control (0.1% Triton-X 100). 

Cell culture, MTT, and lactate dehydrogenase assays 

Alpha mouse liver 12 cells (AML12,  ATCC) were used to measure BA toxicity. AML12 cells

were cultured at 37°C in 5% CO2 and maintained in DMEM (4.5 g/L glucose) supplemented

with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and 20 mM L-glutamine. For

the  cell  viability  assays,  AML12 cells  were  plated on collagen I  coated  96-well  plates  at  a

density of 10,000 cells/well.  The next day, the cells were preincubated in complete medium

containing the indicated BAs for 1 h and then treated for 2 h with a final concentration of 1

mg/mL of  the  MTT reagent  (3-(4,  5-dimethylthiazol-2-yl)-2,  5-diphenyltetrazolium-bromide)

(Molecular Probes™ M6494). Absorbance of each well was read using a BioTek™ Synergy™

HTX Multi-Mode Microplate (Molecular Devices, Sunnyvale, CA, USA) at a wavelength of 570

nm and the percent cell viability reported was normalized to vehicle control. To measure lactate

dehydrogenase release (LDH), parallel 96-well plates of AML12 cells were preincubated for 4 h

in  complete  media  containing  the  indicated  BAs,  and  then  for  30  minutes  with  reagent  as
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according to manufacturer’s protocol (BioLegend, catalog #42640). Following the addition of

stop solution, absorbance was measured at  490 nm and cytotoxicity was reported relative to

internal high and low controls. 

Statistical analyses

For the box and whisker plots, median values (line), interquartile range (boxes), and min to max

values (whiskers are shown). For the liver BA composition analysis and BA toxicity assays,

mean value ± standard deviation is shown. The data were evaluated for statistically significant

differences using the Mann-Whitney test, the two-tailed Student’s t test, ANOVA and Tukey-

Kramer  honestly  significant  difference  post-hoc  test  or  Sidak’s  multiple  comparisons  test

(GraphPad Prism; Mountain View, CA). Differences were considered statistically significant at

P < 0.05. 
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Results

IBAT inhibition protects against Cyp2c70 deficiency-associated liver disease

To  determine  whether  interrupting  the  enterohepatic  circulation  of  BAs  with  an  IBATi  is

protective against development of the liver injury associated with Cyp2c70 deficiency, male and

female WT and Cyp2c70 KO mice were fed chow or chow supplemented with 0.006% SC-435

(~11 mg/kg/day) for 8 weeks as outlined in Fig. 1A and supplemental Fig. S2A. In agreement

with previously reported studies  (14,  18),  the liver  injury phenotype is  more pronounced in

female Cyp2c70 KO mice. For clarity, figures in the main text show the results for female mice

and findings for male mice are presented in the Supplemental Materials. The body weights of

Cyp2c70 KO mice fed chow or chow plus IBATi were lower than WT mice at 4 weeks of age

(supplemental Fig. S1D), becoming similar to WT mice by 12 weeks for both female (Fig. 1B)

and male (supplemental Fig. S2B) mice. As previously reported, the liver to body weight ratio

(Fig. 1C and supplemental Fig. S2C) is significantly elevated in Cyp2c70 KO mice. In addition,

Cyp2c70 KO mice had a significantly higher spleen to body weight ratio, which suggests the

presence  of  liver  injury-associated  portal  hypertension  in  these  animals  (Fig.  1D  and

supplemental Fig. S2D)  (34). Treatment with IBATi reduced the increase in liver and spleen

weights in Cyp2c70 KO mice.
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Figure 1. Liver and spleen weights are elevated in female Cyp2c70 KO mice.

A: Experimental scheme. Mice are weaned at 4 weeks and maintained on chow or switched to

SC-435 diet until sacrifice and tissue was collected at 12 weeks of age. B: Body weights. C:

Liver/Body weights. D: Spleen/Body weights. Asterisks indicate significant differences between

groups. Median values (line), interquartile range (boxes) and min to max values are shown (**P

< 0.01, ***P < 0.001, ****P < 0.0001); n = 5 – 9 mice per group.
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Female and male Cyp2c70 KO mice maintained on chow diet exhibited strongly elevated

serum levels of liver injury markers as compared to WT mice. This included levels of ALP, an

indicator of cholestatic liver injury, which were significantly elevated in female (Fig. 2A) and

male (supplemental Fig. S3A) Cyp2c70 KO compared to WT mice of the same age. The same

trend  was  observed  for  serum  levels  of  the  liver  cytosolic  enzymes  ALT  (Fig.  2B  and

supplemental Fig. S3B) and AST (Fig. 2C and supplemental Fig. S3C) and for BAs in female

and male  Cyp2c70 KO mice.  This robust  increase of these liver  injury markers (Fig.  2  and

supplemental Fig. S3) was successfully blocked with IBAT inhibition.
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Figure 2.  Female  Cyp2c70 KO mice have elevated serum liver injury markers and are

protected from cholestatic injury by the IBAT inhibitor SC-435.

A: Serum alkaline phosphatase (ALP).  B: Serum alanine aminotransferase (ALT).  C: Serum

aspartate  aminotransferase  (AST).  D:  Serum bile  acids  (BAs).  Asterisks  indicate  significant

differences between groups. Median values (line), interquartile range (boxes) and min to max

values are shown (whiskers) (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001); n = 5 – 9

mice per group.

At 12 weeks of age, female Cyp2c70 KO mice exhibited many characteristic histological

features of cholestatic liver injury, as measured by immunohistochemistry for Ck-19 delineating
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ductular reaction and F4/80 for macrophage infiltration, and Sirius Red staining for collagen

deposition (Fig. 3). QuPath-mediated analysis of the liver images revealed that IBAT inhibition

attenuated the increase in  biliary cell  proliferation (Ck-19,  Fig.  3B),  macrophage infiltration

(F4/80, Fig. 3C), and fibrosis (Sirius Red, Fig. 3D) observed in  Cyp2c70 KO mice to levels

indistinguishable  from WT mice.  Findings  for  the  male  cohort  of  Cyp2c70 KO mice  were

similar,  however  the  magnitude  of  the  histological  changes  was  less  pronounced  than  that

observed for female Cyp2c70 KO mice (Supplemental Fig. S4A-S4D). 
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Figure 3. Immune and fibrotic responses in female  Cyp2c70 KO mice are alleviated with

SC-435 treatment.

A: Morphological response to  SC-435 treatment in WT and  Cyp2c70 KO  mice. From top to

bottom panel: Hematoxylin and eosin (H&E), Cytokeratin-19 (Ck-19), F4/80, and Sirius Red

stained liver sections (original magnification 10X) from the indicated genotypes and treatments

groups. Scale bar, 250 µm. Quantification of positive B: Ck-19, C: F4/80 cells per mm2, and D:

Percent  Sirius  Red  positive  area  of  the  entire  liver  section.  Asterisks  indicate  significant

differences between groups. Median values (line), interquartile range (boxes) and min to max

values are shown (whiskers) (*P < 0.05, **P < 0.01, ****P < 0.0001); n = 5 – 9 mice per group.
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To  complement  the  histological  findings,  expression  of  marker  genes  for  hepatic

inflammation,  fibrosis  and  biliary  proliferation  were  measured.  Quantitative  real  time  PCR

measurements  revealed  that  liver  mRNA  levels  of  interleukin  1  beta  (Il-1β,  Fig.  4A),

transforming growth  factor  beta  (Tgf-β,  Fig.  4B),  type  I  collagen  (Col1a1,  Fig.  4C),  tissue

inhibitor matrix metalloproteinase-1 (Timp-1, Fig. 4D), and Ck-19 (Fig. 4F) were significantly

elevated  in  female  Cyp2c70 KO mice,  and restored  to  WT levels  with  IBAT inhibition.  In

contrast, no significant change was observed in mRNA levels of α smooth muscle alpha-actin (α-

Sma, Fig. 4E). In the male cohort of Cyp2c70 KO mice, liver mRNA levels for Tgf-β, Timp-1,

and Ck-19 were significantly increased, with a trend towards increased Col1al  mRNA, and no

significant changes observed in the mRNA levels of Il-1 and α-Sma. As in the female cohort,

IBAT inhibition blocked the increase in expression of these liver injury markers in the male

Cyp2c70 KO mice (Supplemental Figs. S5A-S5F). 
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Figure 4. Increased hepatic expression of inflammation and fibrosis-related genes in female

Cyp2c70 KO mice is alleviated with SC-435 treatment.

A: Il-1, B: Tgf-, C: Col1a1, D: Timp-1, E: α-Sma, and F: Ck-19 gene expression. RNA was

isolated  from  livers  of  individual  mice  and  used  for  real-time  PCR  analysis.  The  mRNA

expression was normalized using cyclophilin and the results for each gene are expressed relative

to chow-fed WT mice for each gene. Asterisks indicate significant differences between groups.

Median values (line), interquartile range (boxes) and min to max values are shown (whiskers)

(*P < 0.05, ***P < 0.001); n = 5 – 9 mice per group.  
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IBAT Inhibition reduces expression of inflammatory pathway genes 

To identify pathways that may underlie the IBATi’s therapeutic benefit, RNA-Seq analysis was

performed using livers from female and male WT and Cyp2c70 KO mice fed chow or SC-435-

containing chow diet (Fig. 5). Identification of differentially expressed genes with a log2 (fold-

change) > 1 and adjusted P < 0.05 in female chow-fed Cyp2c70 KO versus chow-fed WT mice

revealed 216 genes were down regulated and 1138 genes were up regulated in  Cyp2c70 KO

versus WT mice (total of 1354 differentially expressed genes). Using the same approach, female

Cyp2c70 KO mice fed chow versus SC-435 were also compared. In that analysis, 721 genes

were down regulated, and 414 genes were up regulated in  Cyp2c70 KO mice by the SC-435

treatment (1135 total differentially expressed genes). 

Gene  set  enrichment  analysis  was  used  to  identify  potential  pathways  that  mediate

hepatoprotective actions of the IBATi. We used Kyoto Encyclopedia of Genes and Genomes

(KEGG)  analysis  and  the  Database  for  Annotation,  Visualization,  and  Integrated  Discovery

(DAVID) to annotate  the genes to  the pathway level.  The absence of  Cyp2c70 significantly

upregulated 48 pathways and downregulated 13 pathways when compared to WT by KEGG

analysis  (Fig.  S6).  IBAT  inhibition  in  Cyp2c70 KO  mice  downregulated  37  pathways  and

upregulated 6 pathways when compared to chow fed Cyp2c70 KO mice. To further understand

the gene expression changes associated with reversal of Cyp2c70 KO-associated liver injury, the

genes upregulated in Cyp2c70 KO versus WT mice (1138 genes) and downregulated in Cyp2c70

KO mice fed SC-435 versus chow (721 genes) were identified and compared. This analysis

identified 488 genes whose expression decreased toward WT levels with SC-435 treatment and

were largely related to pathways associated with inflammatory and immune response (Fig. 5).

Expression of genes for inflammatory cytokines commonly found elevated in cholestasis such as
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Ccl2,  Cxcl1,  Cxcl2 and Cxcl10 (35) was ameliorated by SC-435 treatment. The same approach

was taken to narrow the list of genes down-regulated in  Cyp2c70 KO versus WT mice (216

genes) and those upregulated in  Cyp2c70 KO mice fed SC-435 versus chow (414 genes). This

identified 85 genes whose expression increased toward WT levels with SC-435 treatment and

were largely related to lipid and xenobiotic metabolic processes. In addition to BA biosynthetic

genes,  cholesterol  7α-hydroxylase  (Cyp7a1)  and  sterol  12α-hydroxylase  (Cyp8b1),  genes

encoding enzymes that contribute to sulfation and metabolism of steroids and BAs in the liver

such as  Hsd17b7,  Sult2a1, and  Sult2a2 were significantly elevated in IBATi treated animals.

Because of the observed sex differences in the hepatic injury phenotype in this model, analysis of

the liver gene expression changes in male mice was performed separately (Supplemental Fig.

S7). In the male mice, examination of genes upregulated in Cyp2c70 KO versus WT mice (778

genes) and those downregulated in  Cyp2c70 KO mice in response to SC-435 feeding (1188

genes) revealed 563 common genes,  which were largely related to pathways associated with

inflammatory  and immune  response.  Examination  of  genes  down-regulated  in  Cyp2c70 KO

versus WT mice (172 genes) and those upregulated in Cyp2c70 KO mice in response to SC-435

feeding (391 genes) revealed 90 common genes, which were largely related to pathways related

to lipid and xenobiotic  metabolic processes.  Common pathways pointing towards alleviating

inflammation were found and changes in hepatic gene expression in the male group are shown in

Supplemental Fig. S8.
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Figure 5. Female mouse liver RNA-Seq analysis.

Venn diagram showing the number of differentially expressed genes identified in  Cyp2c70 KO

mice  versus  WT,  and  Cyp2c70 KO  mice  fed  chow  versus  chow plus  SC-435.  Intersection

represents the subset of genes (488 down regulated plus 85 up regulated) whose expression is

normalized towards WT levels. Change in expression are displayed as change in Z-score on

heatmap for representative genes from the indicated pathways that were normalized with SC-435

treatment. Each column in the heatmap represents an individual animal. 
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IBAT inhibition alters BA metabolism and reduces hepatic BA content in  Cyp2c70  KO

mice

To  investigate  the  mechanisms  underlying  the  hepatoprotective  effects  of  IBAT

inhibition in  Cyp2c70 KO mice, quantitative real-time PCR and immunoblotting were used to

measure mRNA and protein expression of selected liver genes important for BA homeostasis and

liver  BA  composition.  Hepatic  mRNA  and  protein  expression  of  Cyp7a1 and  particularly

Cyp8b1 are decreased in female Cyp2c70 KO versus WT mice (Fig. 6A, 6B). Treatment with the

IBATi significantly increased hepatic  Cyp7a1 and  Cyp8b1 expression in all groups. This was

particularly pronounced in  Cyp2c70 KO mice,  where  Cyp8b1 mRNA and protein expression

increased more than 10-fold with IBAT inhibition (Fig. 6E). In hepatocytes, BAs are taken up

across the sinusoidal membrane by sodium-dependent and independent mechanisms involving

the Na+-taurocholate co-transporting polypeptide (Ntcp;  Slc10a1) and members of the Organic

Anion Transport Protein (Oatp) family, respectively, whereas the bile salt export pump (Bsep;

Abcb11) mediates hepatocyte BA secretion across the canalicular membrane. Expression of Ntcp

mRNA was reduced in Cyp2c70 KO mice and restored to WT levels with IBAT inhibition (Fig.

6C). In contrast, Bsep mRNA and protein expression were not significantly altered in Cyp2c70

KO mice or in response to IBATi treatment (Fig. 6D, 6E). Qualitatively similar changes were

observed in the male cohort  of  Cyp2c70 KO mice, although the decrease in hepatic  Cyp8b1

expression is significantly attenuated in male versus female Cyp2c70 KO mice. However, there

were no sex-specific differences in the response to IBATi treatment at the mRNA (Fig. 6A-6D;

supplemental Fig. S9A-S9D) or protein expression (Fig 6E, supplemental Fig. S9E) levels for

these genes. 
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Figure 6. IBAT inhibition increases hepatic expression of BA metabolism genes in female

WT and Cyp2c70 KO mice.

RNA was isolated from livers of  individual  mice and used for real-time PCR analysis.  The

mRNA expression was normalized using cyclophilin and the results for each gene are expressed

relative  to  chow-fed  WT  mice  for  each  gene.  A:  Cyp7a1;  B:  Cyp8b1;  C:  Ntcp;  D:  Bsep.

Asterisks  indicate  significant  differences  between groups.  Median  values  (line),  interquartile

range (boxes) and min to max values are shown (whiskers) (*P < 0.05, **P < 0.01, ****P <

0.0001); n = 5 – 9 mice per group. E: Protein was isolated from livers of individual mice and

used for Western Blot analysis, n = 3 mice per group. 
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To determine how IBAT inhibition affected liver BA composition and content in the

Cyp2c70 KO mice, liver extracts were prepared and analyzed by HPLC-electrospray ionization

mass spectrometry (36). The pool of liver-associated BAs included primarily taurine conjugates,

with  unconjugated BAs constituting  less  than ~2% of  the  total  in  all  groups.  The total  and

contribution of individual BAs to the liver content for female mice are shown in Fig. 7 and

individual  BA species  are  shown in  supplemental  Table  S3.  In  addition to  being  devoid of

MCAs,  Cyp2c70 KO mouse livers are enriched in taurochenodeoxycholic acid (TCDCA) and

have an increased amount of tauroursodeoxycholic acid (TUDCA). This increase in TUDCA is

likely due to several mechanism including: 1) the increased production of CDCA, which can be

converted to 7-keto-lithocholic acid by gut bacterial 7αhydroxysteroid dehydrogenases and then

reduced to UDCA or CDCA by the hepatocyte enzyme 11-hydroxysteroid dehydrogenase1 (37,

38), and 2) the loss of Cyp2c70-mediated conversion of UDCA to MCA (13, 14, 17, 39). The

levels of taurolithocholic acid (TLCA) were also significantly increased in female Cyp2c70 KO

mouse livers but constituted less than 3% of the total BAs. 
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Figure 7. IBAT inhibition prevents the increase in liver BA retention in female  Cyp7c70

KO mice.

A: Muricholates are absent in Cyp2c70 KO mice. Pie charts for the liver BA profiles. B: Absence

of  Cyp2c70 increased  the  total  amount  of  liver-associated  BAs  and  the  amount  of

taurochenodeoxycholic acid (TCDCA) in Cyp2c70 KO mice. Mean values + SD are shown (*P

< 0.05, ***P < 0.001); n = 4 mice per group.
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The overall effect is to significantly increase the hydrophobicity of the liver BAs, with

the calculated hydrophobicity index (HI) (40) value increasing from -0.28 in WT mice to +0.28

in  Cyp2c70 KO  mice  (Fig.  8A).  In  agreement  with  previous  reports  (24),  IBAT inhibition

reduced the proportion of hydrophilic TMCAs and increased TDCA and TCDCA in livers of WT

mice,  thereby elevating the calculated HI from -0.28 to +0.18. In  Cyp2c70 KO mice,  IBAT

inhibition reduced the proportion of TCDCA plus TUDCA, increased the proportion of TCA

plus TDCA, and further increased the calculated HI of the liver-associated BAs to +0.36. To

reconcile how IBAT inhibition can both increase hydrophobicity of the hepatic BA content and

reduce liver injury in Cyp2c70 KO mice,  the total  liver BA content was compared between

groups. Hepatic BA content in chow fed female  Cyp2c70 KO was significantly increased by

53% versus WT mice (Fig. 7B). Despite increases in hepatic Cyp7a1 expression and a predicted

increase in hepatic BA synthesis, treatment with the IBATi to interrupt the BA enterohepatic

circulation significantly reduced the total liver BA content by 49% and 62% in female WT and

Cyp2c70 KO  mice,  respectively.  The  IBATi-associated  improvement  in  liver  histology  and

serum markers of injury and decrease in liver BA content in Cyp2c70 KO mice in the absence of

a reduction in the overall hydrophobicity of the liver BAs, suggests that reducing the hepatic BA

accumulation may be sufficient to alleviate the injury. The hepatic toxicity of CDCA has been

well documented in animal models, and levels of liver associated TCDCA were reduced along

with the serum transaminases in the IBATi treated Cyp2c70 KO mice (Figs. 8B, 8C). The liver

BAs in male mice showed the same trends with inactivation of  Cyp2c70 and the response to

IBAT inhibition as the female mice (supplemental Fig.  S10 and Table S4).  The hepatic BA

content in chow fed male Cyp2c70 KO was increased by 65% versus WT mice and reduced with

IBATi treatment by 56% and 54% in the WT and Cyp2c70 KO mice, respectively. Total liver
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BA levels were lower in male versus female  Cyp2c70 KO mice, in agreement with the milder

liver injury phenotype. However, hydrophobicity of the liver BAs was similarly elevated in male

and female Cyp2c70 KO versus WT mice and in male and female IBATi-treated versus untreated

mice (supplemental Fig. S11). The calculated hydrophobicity values were -0.31 and +0.23 in

chow and IBATi-treated WT male mice, respectively and +0.25 and +0.34 in chow and IBATi-

treated male Cyp2c70 KO mice. As in the female mice, the amount of liver associated TCDCA

and the serum levels of ALT and AST were reduced in the IBATi-treated male  Cyp2c70 KO

mice (supplemental Fig. S11).  
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Figure 8. IBAT inhibition does not reduce liver BA hydrophobicity in female Cyp7c70 KO

mice.

A: Liver BA composition was used to calculate the hydrophobicity index. IBAT inhibition and

inactivation of  Cyp2c70 increases the hydrophobicity of the liver BA pool.  Asterisks indicate

significant differences between groups. Median values (line), interquartile range (boxes) and min

to max values are shown (whiskers) (***P < 0.001); n = 4 mice per group. B and C: Liver

amount of taurochenodeoxycholic acid (TCDCA) and serum levels of alanine aminotransferase

(ALT) and aspartate aminotransferase (AST) are reduced in IBAT inhibitor treated Cyp2c70 KO

mice.
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Detergency of the hepatic BA pool in Cyp2c70 KO mice

To complement the  in vivo  findings, the ability of individual BAs and BA mixtures to induce

membrane damage and toxicity was assessed. The  in vitro  toxicity of BAs generally correlate

with  their  detergency,  which  is  concentration  dependent  and  reflects  their  ability  to  self-

aggregate  (41). As a measurement of detergency and the potential for membrane lipid bilayer

damage, the ability of individual conjugated BAs to lyse red blood cells (RBC) was evaluated.

Whereas this model system has been used previously to study individual BAs from a variety of

species  (42),  cytolytic  properties  of  the  individual  taurine-conjugated  muricholate  species,

TαMCA, TMCA and TMCA have not been reported. The detergency of individual taurine

conjugated BAs partially followed their hydrophobicity estimated from their reported relative

retention time by HPLC using a C18 octadecylsilane stationary phase  (40, 43) (Fig. 9A), with

TCDCA > TDCA >> TCA > TαMCA>> TMCA >> TMCA = TUDCA. Despite having a 1-

octanol-water partition coefficient that is identical to TCDCA (44), TUDCA shows no hemolytic

activity  over  the concentration range examined.  Interestingly,  TαMCA and TMCA showed

cytolytic activity that was intermediate between TUDCA and TCA whereas TMCA, microbial-

derived 6-epimer of TαMCA, exhibited an RBC lytic activity similar to TUDCA and failed to

induce hemolysis in this assay. For comparison, the RBC lytic activity of a limited number of

individual glycine-conjugated BAs are shown (Fig.  9A) with GDCA > GCDCA >> GCA =

GUDCA. To examine the detergency and toxicity properties of the BA compositions in the WT

and Cyp2c70 KO mice fed chow and IBATi, the RBC assay was performed using mixtures of

BAs approximating the measured hepatic BA compositions shown in Fig. 7. As expected, the

WT mouse liver BA composition, which contains almost 50% hydrophilic muricholates, exhibits

weak cytolytic activity. Mixtures modeling the hepatic BA composition of female Cyp2c70 KO
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mice fed chow or chow containing IBATi were approximately twice as potent in the RBC lysis

assay and exhibit activity similar to a model human liver BA composition  (45) (Fig. 9B). To

complement  these  findings,  two  additional  measurements  of  cellular  toxicity  were  assessed.

Similar results were obtained using the BA mixtures approximating the hepatic BA compositions

for WT and Cyp2c70 KO mice when measuring cellular viability and metabolic activity using a

MTT assay (Fig. 9C), and cellular cytotoxicity using lactate dehydrogenase (LDH) release (Fig.

9D). 
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Figure 9. The liver BAs of Cyp2c70 KO mice are more cytotoxic and resemble a human-like

composition.

A:  The structure, common name, position of the hydroxyl groups, relative hydrophobicity and

hemolysis potential of the individual major BAs commonly found in mammals. Red blood cells

isolated from mouse whole blood were incubated with the indicated concentrations of BAs for 30
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min at 37°C and the amount of hemolysis was measured. B: Composition and hemolysis profile

of liver BAs in female WT and Cyp2c70 KO mice fed chow or chow plus SC-435 as compared

to human. The calculated hydrophobicity index (HI) and compositions of the BA mixtures used

for the incubations are shown. C: AML12 (alpha mouse liver 12) cells were incubated with the

indicated concentration of BA mixtures modeling the liver BA composition of WT or Cyp2c70

KO mice and cell viability was quantified by MTT assay. D: AML12 cells were incubated with

the indicated concentration of BA mixtures and BA toxicity measured by lactate dehydrogenase

(LDH) release. Mean values + SD are shown.
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Discussion 

The  major  finding  of  this  study  is  that  reduction  of  hepatic  BA  accumulation  with  IBAT

inhibition protects Cyp2c70 KO mice from hepatic injury, independent of the hydrophobicity of

the BA pool.  Although BAs have previously been implicated as a factor in cholestatic liver

disease  (3,  5-7),  the  precise  mechanisms  by  which BAs and  toxic  bile  contribute  to  the

pathogenesis of human cholestatic liver disease remains a fundamental unresolved question (8-

10). Identification  of  Cyp2c70 as  the  hepatic  cytochrome P450  enzyme responsible  for  the

synthesis of muricholates by the Myomorpha suborder of rodents (mice, rats, voles, jerboas) (2)

was a significant breakthrough in the field  (13), and has enabled the generation and study of

Cyp2c70 KO mice as a laboratory model with a more human-like hydrophobic BA composition

(14, 15, 17, 18). As previously reported by others, the  Cyp2c70 KO mice in this study lack

hydrophilic 6-hydroxylated MCAs and possess a hepatic BA composition dominated by CDCA.

This change in primary BA synthesis by  Cyp2c70 KO mice was associated with increases in

liver and spleen weight, elevation of serum markers of liver damage, and histological evidence of

liver injury including ductular reaction, immune cell infiltration, and fibrosis. The liver injury

phenotype was more pronounced in female versus male Cyp2c70 KO mice. This observation has

been previously reported and was attributed in part to a greater reduction in hepatic  Cyp8b1

expression and reduced synthesis of CA, a more hydrophilic BA, in the female versus male

Cyp2c70 KO mice (18). 

In addition to a more hydrophobic CDCA-enriched BA composition, liver BA content

has been reported to be elevated in  Cyp2c70  KO versus WT mice  (14, 15). This is despite a

reduction in hepatic BA synthesis and the whole-body BA pool size (14, 18). The mechanisms

responsible for the increased hepatic BA retention in Cyp2c70 KO mice have not been identified
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but may include the lower bile secretory capacity for hydrophobic versus hydrophilic BAs (46,

47),  or  hydrophobic  BA-induced  damage  to  cytoplasmic  organelles  (3,  48),  the  canalicular

membrane (49-51), intrahepatic ductules (Canals of Hering) or bile ducts (52, 53). Whereas the

increased hydrophobicity of the BA pool in  Cyp2c70 KO mice likely has a significant role in

initiating the hepatocellular damage, persistent elevated intrahepatic BA levels may play a role in

driving  the  progression  of  hepatocellular  injury.  To  further  understand  the  mechanisms

underlying the liver  injury in  Cyp2c70 KO mice,  we studied the effects  of pharmacological

inhibition of the ileal BA transporter, an intervention that has previously been shown to reduce

liver BA concentrations and yield benefit in the Mdr2 KO mouse model of cholestatic and bile

duct injury (8, 19). 

IBAT inhibition significantly increases the hepatic expression of Cyp7a1 and Cyp8b1 in

WT and  Cyp2c70 KO mice. This was particularly evident for  Cyp8b1 in female  Cyp2c70 KO

mice, resulting in a predicted shift in hepatic BA synthesis towards CA and away from CDCA.

However, IBAT inhibition also significantly increases BA flux into the colon, where the BAs

undergo bacterial deconjugation and 7a-dehydroxylation, thereby increasing the conversion of

CA to  DCA  (54).  Unconjugated  dihydroxy  BAs  such  as  CDCA  and  DCA are  sufficiently

hydrophobic to undergo passive absorption in the colon (55, 56) and are transported back to the

liver in the portal circulation for uptake, reconjugation, and resecretion into bile. Interestingly,

Cyp2a12 has  recently  been  identified  as  the  mouse  liver  enzyme  responsible  for  the  7α-

rehydroxylation of TDCA to TCA  (14). However, as observed for previous studies of IBAT

inhibition in mice (24), the increased return of DCA to the liver appears to overwhelm the ability

of Cyp2a12 to efficiently convert TDCA to TCA. As a result, there is an increase in the hepatic

proportion  of  TDCA,  a  hydrophobic  dihydroxy  BA  with  detergency  properties  similar  to
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TCDCA  (57).  In  agreement  with  previous  findings  (14,  18),  examination  of  the  liver  BA

composition of  Cyp2c70 KO mice in this study revealed a significant increase in hydrophobic

BA species and calculated hydrophobicity index. Hydrophobic BAs such as CDCA are known to

induce liver toxicity, whereas hydrophilic bile acids like UDCA are rarely associated with liver

damage (9, 58). In support of the hypothesis that the altered BA composition plays an important

role in the liver injury phenotype, administration of UDCA to Cyp2c70 KO mice has been shown

to increase the hydrophilicity of biliary BAs, improve liver histology, reduce plasma BA and

transaminases levels, and normalize the hepatic and intestinal function towards that of WT mice

(18).  This  was  also  evident  in  Cyp2c70-Cyp2a12 double  KO  mice,  where  UDCA  feeding

improved neonatal viability and was protective in the male and female double KO mice at 6

weeks of age and in mael double KO mice at 20 weeks of age. (59). In contrast, UDCA-treated

female Cyp2c70-Cyp2a12 double KO mice still exhibited significant liver injury, with a a greatly

elevated hepatic BA content and TLCA-enriched hydrophobic BA composition (59).  When the

steroidal FXR agonist obeticholic acid was recently evaluated in Cyp2c70 KO mice, short-term

4-week treatment did not improve the hepatic fibrosis or development of cholangiopathy, despite

suppressing BA synthesis (60). The lack of a beneficial effect was attributed to an increase in the

hydrophobicity of biliary BAs in the obeticholic acid treated Cyp2c70 KO mice. Paradoxically,

administration  of  an  IBAT  inhibitor  to  Cyp2c70 KO  mice  in  this  study  prevented  the

development of cholangiopathy and liver fibrosis, despite increasing the hydrophobicity of the

liver BAs to HI values similar to those of serum and bile BA samples analyzed in the obeticholic

acid-treated  Cyp2c70 KO  mice  (60).  This  is  likely  due  to  the  significant  reduction  in  the

retention of liver-associated BAs, which are decreased more than 50% in the IBAT inhibitor-

treated Cyp2c70 KO mice. In our study, the markers of liver injury AST and ALT were elevated
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in Cyp2c70 KO mice when hepatic levels of the hydrophobic BA TCDCA exceeded ~50 nmol/g

of liver. As a result of an efficient BA enterohepatic circulation, previously synthesized BAs that

have  been  secreted  into  bile  and  reabsorbed  from the  intestine  are  thought  to  account  for

approximately 95% of the liver BA flux, with newly synthesized BAs constituting the remaining

~5%  (54, 61). Although hepatic BA synthesis is induced by interruption of the enterohepatic

circulation, new synthesis is insufficient to account for a block in ileal active reabsorption (62).

This  may  help  explain  the  differences  between  our  study  and  the  reported  findings  for

obeticholic acid treated Cyp2c70 KO mice (60). Hepatic BA content was not measured in that

study however we hypothesize that obeticholic acid suppression of hepatic BA synthesis was not

adequate to yield similar decreases in the hepatic BA content. Interestingly, IBAT inhibition has

been  shown  to  reduce  hepatic  BA  retention  and  improve  biomarkers  of  hepatocellular  and

cholestatic injury in Mdr2 KO mice (8, 19), whereas a 4 or 6-week treatment of this model with

obeticholic acid showed only limited therapeutic benefit (63, 64). 

 The development of cholangiopathy and liver fibrosis in  Cyp2c70 KO mice has been

attributed to the lack of the 6-hydroxylated MCAs, which normally comprise upwards of 40-50%

of the murine BA pool. Whereas the physicochemical properties of CA, DCA, CDCA, LCA and

their taurine and glycine conjugates have been the subject of considerable study (41, 44, 57) and

the  bactericidal  activity  of  individual  unconjugated  MCAs  have  been  reported  (65),  the

detergency properties of taurine conjugated MCAs or mixtures of conjugated MCAs and non-

trihydroxylated  BAs  have  not  been  described.  Using  the  RBC  lysis  model  as  measure  of

detergency, TαMCA and TMCA demonstrated membrane lysis properties intermediate between

TUDCA and the more hydrophobic BA species TCA, TDCA, and TCDCA. Whereas bacteria-

mediated reactions such as 7α-dehydroxylation that convert primary to secondary BAs typically
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increases detergency, microbial  epimerization of the 6-hydroxy group of  MCA to yield the

murine major secondary BA MCA dramatically reduces its detergent properties. This may be

due to the alpha-orientation of the 6-hydroxy group in MCA, which like the 7-hydroxy group

in UDCA is equatorial to the plane of the steroid nucleus and favors interaction with water (43,

66). Mixtures of BAs approximating the measured hepatic BA composition in Cyp2c70 KO mice

were remarkably similar to that reported for human liver in the RBC lysis assay, supporting the

concept that while still imperfect, the Cyp2c70 KO mice may more closely model BA effects in

the pathogenesis of liver disease in humans. 

In  summary,  IBAT  inhibition  improved  cholangiopathy  and  the  hepatic  injury  in

Cyp2c70 KO mice despite increasing hepatic BA synthesis and hydrophobicity of the hepatic BA

pool. The improvement was associated with a reduction in the total hepatic BA accumulation.

The findings suggest that in addition to the important role of hydrophobicity, there may be a

therapeutically addressable threshold for hepatic BA-induced injury by targeting the return of

BAs to the liver by inhibiting the function of the intestinal bile acid transporter. Further studies

will be required to determine if similar mechanisms are responsible in part for the clinical benefit

of IBAT inhibitors that was recently demonstrated in children with PFIC and Alagille syndrome

(21, 22).
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Supplementary Material

Supplemental Table S1: Mouse primer sets used for RT-PCR analysis

Gene name Forward primer 5'-3' Reverse primer 5'-3'
Col1a1 TAGGCCATTGTGTATGCAGC ACATGTTCAGCTTTGTGGACC
Tgf-β CACCGGAGAGCCCTGGATA TGTACAGCTGCCGCACACA
IL-1β CAACCAACAAGTGATATTCTCCATG GATCCACACTCTC CAGCTGCA
Timp1 AGGTGGTCTCGTTGATTTCT GTAAGGCCTGTAGCTGTGCC
α-SMA GTTCAGTGGTGCCTCTGTCA ACTGGGACGACATGGAAAAG
Cyp8b1 TTCGACTTCAAGCTGGTCGA CAAAGCCCCAGCGCCT
Bsep CTGCCAAGGATGCTAATGCA CGATGGCTACCCTTTGCTTC
Ntcp     ATGACCACCTGCTCCAGCTT GCCTTTGTAGGGCACCTTGT
Cyp7a1 CAGGGAGATGCTCTGTGTTCA AGGCATACATGCAAAACCTCC
Ck-19 CCGGACCCTCCCGAGATTA CTCCACGCTCAGACGCAAG
Cyclophilin GGCCGATGACGAGCCC TGTCTTTGGAACTTTGTCTGCA
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Supplemental Table S2: Source of the primary and secondary antibodies used in the study 

Antibody Catalog # Dilution
s

Vendor

Bsep PA5-78690 1:1000 Invitrogen
Cyp7a1 PA5-100892 1:1000 Invitrogen
Cyp8b1 PA5-37088 1:1000 Invitrogen
Cyp2c22/70 1:3000 Gift (23)
Gapdh MA5-15738 1:5000 Invitrogen
Goat anti-mouse IgG-HRP sc-2005 1:5000 Santa Cruz
Goat anti-rabbit IgG-HRP sc-2064 1:5000 Santa Cruz
Ck-19 ab52625 1:500 Abcam
F4/80 70076 1:100 Cell Signaling
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Supplemental Table S3. Female mouse liver BA composition.

BAs were extracted from liver  homogenate and analyzed using electrospray ionization mass

spectrometry.  BA concentrations (nmol/g liver)  are reported as mean ± SD; n = 4 mice per

group. Values with different superscript letters are significantly different (P < 0.05) according to

ordinary two-way ANOVA and Sidak’s multiple comparisons test or T-test when appropriate.

BLD = below level of detection. 
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Supplemental Table S4. Male mouse liver BA composition. 

BAs were extracted from liver  homogenate and analyzed using electrospray ionization mass

spectrometry.  BA concentrations (nmol/g liver)  are reported as mean ± SD; n = 4 mice per

group. Values with different superscript letters are significantly different (P < 0.05) according to

ordinary two-way ANOVA and Sidak’s multiple comparisons test or T-test when appropriate.

BLD = below level of detection. 
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Supplemental Figure S1. Generation of Cyp2c70 KO mouse. 
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A: CRISPR target site in WT Cyp2c70 and predicted cDNA and amino acid sequences of mutant

Cyp2c70. Primers were designed for genotyping mice to detect the 1,277 bp deletion in Cyp2c70

induced by Cas9. The indicated forward and reverse primers amplify the WT allele (662 bp) or

mutant allele (350 bp).  The predicted mutant  Cyp2c70 cDNA and protein, which arise from

splicing of exon 1 to exon 3, are shown. The mutant allele encodes a predicted transcript with a

frameshift at amino acid position 57 and premature stop at codon 78. The WT Cyp2c70 encodes

a 489 amino acid polypeptide whereas the predicted mutant Cyp2c70 allele encodes a predicted

77 amino acid polypeptide with a  unique 19 amino acid C-terminus.  B: PCR genotyping of

Cyp2c70-/-,  Cyp2c70+/-, and WT mice (lanes 1 to 11). C: Immunoblotting of liver extracts from

adult male and female WT and Cyp2c70 KO mice. Protein (0.25 µg) of liver detergent extract

from individual mice were subjected to SDS-PAGE and immunoblotting using a rabbit  anti-

murine Cyp2c70 antibody. Predicted size of the Cyp2c70 protein is 56 kDa. D: Body weight of

female and male WT and Cyp2c70 KO mice fed chow or chow plus SC-435 starting at 4 weeks

of age. Body weight was monitored weekly. N = 5 – 9 mice per group. 
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Supplemental Figure S2. Liver and spleen weights are elevated in male Cyp2c70 KO mice.

A: Experimental scheme. Mice are weaned at 4 weeks and maintained on chow or switched to

SC-435 diet until sacrifice and tissue was collected at 12 weeks of age. B: Body weights. C:

Liver/Body weights. D: Spleen/Body weights. Asterisks indicate significant differences between

groups. Median values (line), interquartile range (boxes) and min to max values are shown (*P <

0.05, **P < 0.01); n = 5 – 9 mice per group.
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Supplemental Figure S3. Male Cyp2c70 KO mice have elevated serum liver injury markers

and are protected from cholestatic injury by the IBAT inhibitor SC-435.

A: Serum alkaline phosphatase (ALP).  B: Serum alanine aminotransferase (ALT).  C: Serum

aspartate  aminotransferase  (AST).  D:  Serum bile  acids  (BAs).  Asterisks  indicate  significant

differences between groups. Median values (line), interquartile range (boxes) and min to max

values are shown (whiskers) (*P < 0.05, **P < 0.01, ****P < 0.0001); n = 5 – 9 mice per group.
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Supplemental Figure S4. Immune and fibrotic responses in male  Cyp2c70 KO mice are

alleviated with SC-435 treatment.

A: Morphological response to  SC-435 treatment in WT and  Cyp2c70 KO mice. From top to

bottom panel: Hematoxylin and eosin (H&E), Cytokeratin-19 (Ck-19), F4/80, and Sirius Red

stained liver sections (original magnification 10X) from the indicated genotypes and treatments

groups. Scale bar, 250 µm. Quantification of positive B: Ck-19, C: F4/80 cells per mm2, and D:

Percent  Sirius  Red  positive  area  of  the  entire  liver  section.  Asterisks  indicate  significant

differences between groups. Median values (line), interquartile range (boxes) and min to max

values are shown (whiskers) (*P < 0.05, ****P < 0.0001); n = 5 – 9 mice per group.
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Supplemental Figure S5. Increased hepatic expression of inflammation and fibrosis-related

genes in male Cyp2c70 KO mice is alleviated with SC-435 treatment.

A: Il-1, B: Tgf-, C: Col1a1, D: Timp-1, E: α-Sma, and F: Ck-19 gene expression. RNA was

isolated  from  livers  of  individual  mice  and  used  for  real-time  PCR  analysis.  The  mRNA

expression was normalized using cyclophilin and the results for each gene are expressed relative

to chow-fed WT mice for each gene. Asterisks indicate significant differences between groups.

Median values (line), interquartile range (boxes) and min to max values are shown (whiskers)

(*P< 0.05, ***P < 0.001; ****P < 0.0001); n = 5 – 9 mice per group.  
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Supplemental Figure S6. KEGG enrichment analysis of significant pathways modified by

IBAT inhibition in female Cyp2c70 KO mice.

(A) Common KEGG pathways repressed by IBAT inhibition that are elevated in absence of

Cyp2c70. (A) Common KEGG pathways activated by IBAT inhibition that are suppressed in

absence of Cyp2c70. 
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Supplemental Figure S7. Male mouse liver RNA-Seq analysis.

Venn diagram showing the number of differentially expressed genes identified in Cyp2c70 KO

mice  versus  WT,  and  Cyp2c70 KO  mice  fed  chow  versus  chow plus  SC-435.  Intersection

represents the subset of genes whose expression is normalized towards WT levels. Change in

expression are displayed as change in Z-score on heatmap for selected representative genes from

indicated the pathways. Each column represents an individual animal. 
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Supplemental Figure S8. KEGG enrichment analysis of significant pathways modified by

IBAT inhibition in male Cyp2c70 KO mice.

(A) Common KEGG pathways repressed by IBAT inhibition that are elevated in absence of

Cyp2c70. (A) Common KEGG pathways activated by IBAT inhibition that are suppressed in

absence of Cyp2c70. 



126

Supplemental Figure S9. IBAT inhibition increases hepatic expression of BA metabolism

genes in male WT and Cyp2c70 KO mice.

RNA was isolated from livers of  individual  mice and used for real-time PCR analysis.  The

mRNA expression was normalized using cyclophilin and the results for each gene are expressed

relative  to  chow-fed  WT  mice  for  each  gene.  A:  Cyp7a1;  B:  Cyp8b1;  C:  Ntcp;  D:  Bsep.

Asterisks  indicate  significant  differences  between groups.  Median  values  (line),  interquartile

range (boxes) and min to max values are shown (whiskers) (*P < 0.05, **P < 0.01, ****P <

0.0001); n = 5 – 9 mice per group. E: Protein was isolated from livers of individual mice and

used for Western Blot analysis, n = 3 mice per group. 
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Supplemental Figure S10. IBAT inhibition prevents the increase in liver BA retention in

male Cyp7c70 KO mice.

A: Muricholates are absent in Cyp2c70 KO mice. Pie charts for the liver BA profiles. B: Absence

of  Cyp2c70 increased the total amount of liver BAs and the amount of taurochenodeoxycholic

acid (TCDCA) in Cyp2c70 KO mice. Mean values + SD are shown; n = 4 mice per group.
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Supplemental  Figure  S11.  IBAT inhibition does  not  reduce liver BA hydrophobicity in

male Cyp7c70 KO mice.

A: Liver BA composition was used to calculate the hydrophobicity index. IBAT inhibition and

inactivation of  Cyp2c70 increases the hydrophobicity of the liver BA pool.  Asterisks indicate

significant differences between groups. Median values (line), interquartile range (boxes) and min

to max values are shown (whiskers) (***P < 0.001); n = 4 mice per group. B and C: Total liver

taurochenodeoxycholic acid (TCDCA) and serum levels of alanine aminotransferase (ALT) and

aspartate aminotransferase (AST) are reduced in IBAT inhibitor treated Cyp2c70 KO mice.
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Abstract

The superior  ability  of  norursodeoxycholic  acid  (norUDCA) to  induce  bicarbonate-rich  bile

secretion has been attributed to its ability to undergo cholehepatic shunting. The goal of this

study was to investigate the mechanisms underlying the choleretic actions of norUDCA and role

of the bile acid transporters using mouse and cell-based models. Here, we show that the apical

sodium-dependent bile acid transporter (ASBT), Organic solute transporter-alpha (OSTα), and

Organic  anion  transporting  polypeptide  1a/1b  (Oatp1a/1b)  transporters  are  dispensable  for

norUDCA-stimulation of bile flow and biliary bicarbonate secretion. Chloride channels in biliary

epithelial  cells  provide the driving force for  biliary secretion.  norUDCA potently stimulated

chloride currents in mouse large cholangiocytes, which was blocked by siRNA silencing and

pharmacological inhibition of the calcium-activated chloride channel  transmembrane member

16A (TMEM16A), while unaffected by ASBT inhibition. In agreement, blocking intestinal bile

acid reabsorption by co-administration of an ASBT inhibitor or bile acid sequestrant did not

impact norUDCA stimulation of bile flow in wildtype mice. The results indicate that these major

bile  acid  transporters  are  not  directly  involved  in  the  absorption,  cholehepatic  shunting,  or

choleretic actions of  norUDCA. Additionally, the findings support further investigation of the

therapeutic  synergy  between  norUDCA  and  ASBT  inhibitors  or  bile  acid  sequestrants  for

cholestatic liver disease.
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Introduction

norUrsodeoxycholic  acid (norUDCA) (drug name: norucholic  acid)  is  a  synthetic  C-23 side

chain-shortened analog of the hydrophilic native bile acid ursodeoxycholic acid (UDCA) and is

resistant to side-chain conjugation with glycine or taurine  (1). The pharmacological properties

and  physiological  actions  of  norUDCA  make  it  a  therapeutic  candidate  for  a  variety  of

cholestatic liver diseases (1, 2). In preclinical studies, oral administration of norUDCA reduced

liver injury and biliary fibrosis in bile duct ligated mice and in  Abcb4/Mdr2-/- mice, whereas

administration of UDCA aggravated liver and bile duct injury (3, 4). In those models, norUDCA

induced detoxification and renal elimination of bile acids and exhibited anti-proliferative, anti-

fibrotic,  and  anti-inflammatory  properties  (3-7).  In  Phase  2  clinical  trials,  administration  of

norUDCA for  12 weeks reduced serum alkaline phosphatase (ALP) and other  liver  enzyme

markers of cholestasis in patients with Primary Sclerosing Cholangitis (PSC)  (8), and reduced

serum alanine aminotransferase (ALT) in patients with non-alcoholic fatty liver disease (9). 

The therapeutic mechanisms of action that mediate the beneficial effects of  norUDCA

remain the subject of ongoing study (10, 11), but most likely involves stimulation of bicarbonate

secretion to maintain the protective biliary ‘bicarbonate umbrella’  (12). Administration of side

chain-shortened dihydroxy bile acids such as norUDCA produce bicarbonate-rich bile flow that

far exceeds that reported for any natural bile acid and in excess of what can be explained by their

osmotic  effects  (1,  13).  The  superior  ability  of  norUDCA  versus  UDCA  to  induce  a

hypercholeresis  has  been  attributed  to  norUDCA’s  ability  to  evade  side  chain  conjugation

(amidation) to glycine or taurine and undergo cholehepatic shunting. In the original pathway

proposed  over  30  years  ago  by  Hofmann  (1,  14),  unconjugated  norUDCA  is  secreted  by

hepatocytes into bile and absorbed in protonated form by cholangiocytes lining the biliary tract,
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thereby  generating  a  bicarbonate  ion  from  biliary  CO2.  norUDCA  then  crosses  the  biliary

epithelium and enters the periductular capillary plexus,  which drains into the portal  vein (or

directly into the hepatic sinusoids), delivering norUDCA for uptake by hepatocytes, resecretion

into bile, and additional rounds of cholehepatic shunting. We know now that apical membrane

cyclic AMP (cAMP) and Ca2+-activated Cl- channels in cholangiocytes play a critical role in

promoting  bicarbonate-secretion  by  the  biliary  epithelium via  the  chloride/bicarbonate  anion

exchanger (AE2;  SLC4A2)  (15, 16). For example, secretin acting via its basolateral membrane

receptor increases intracellular cAMP and stimulates cystic fibrosis transmembrane conductance

regulator (CFTR)-mediated Cl- secretion. In addition to CFTR, the Ca2+-activated Cl- channel

transmembrane member  16A (TMEM16A; also called  anoctamin-1,  ANO1)  is  expressed  by

cholangiocytes and plays a particularly important role in regulating biliary anion efflux under

basal conditions and in response to stimuli such as bile acids (17, 18). In those studies, activation

of TMEM16A by the conjugated therapeutic bile acid tauroursodeoxycholic acid (TUDCA) was

dependent upon its ASBT-mediated uptake into the cell (17). However, in contrast to native C-24

bile acids, the interaction of side chain shortened C-23 bile acids such as norUDCA with these

mechanisms of biliary secretion remains largely unexplored.

Unmodified norUDCA that escapes absorption in the biliary tract travels along with other

biliary constituents into the small intestine where it is reabsorbed and carried in the enterohepatic

circulation back to the liver for uptake and resecretion into bile. In this fashion, norUDCA can

undergo multiple rounds of cholehepatic shunting, or a combination of enterohepatic cycling and

cholehepatic shunting, before it is excreted in the urine or feces following the conversion to a

more  polar  metabolite  by  hepatic  phase  1  or  phase  2  metabolism  (primarily  phase  2

glucuronidation) (1, 14, 19, 20). The physicochemical and permeability properties of norUDCA
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(Supplemental  Table  1)  are  generally  consistent  with  a  role  for  passive  diffusion  in  the

absorption of norUDCA (21). However, carrier-mediated cellular uptake and export mechanisms

also play prominent roles in the absorption and disposition of many drugs and endobiotics (22-

24),  and  the  contribution  of  bile  acid  and  organic  anion  transporters  to  the  absorption  and

cholehepatic shunting of  norUDCA has not been fully explored  (25). In this  study, we used

knockout  mouse  and  cell-based  models  to  investigate  the  mechanisms  by  which  norUDCA

stimulates biliary secretion to determine if an active enterohepatic circulation and the major bile

acid transporters ASBT and OSTα-OSTβ are required for norUDCA’s hypercholeretic effects.
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Materials and Methods

Materials.  norUDCA (24-nor-5β-cholan-23-oic acid) was received as a research gift from Dr.

Falk  Pharma  to  Dr.  Michael  Trauner.  SC-435;  (4R,5R)-5-[4-[4-(1-aza-4-

azoniabicyclo[2.2.2]octan-4-yl)butoxy]  phenyl]-3,3-dibutyl-7,8-dimethoxy-1,1-dioxo-4,5-

dihydro-2H-16-benzothiepin-4-ol) was received as a research gift from Shire Pharmaceuticals.

Colesevelam was  provided  by  Dr.  Alan  Hofmann  (University  of  California  at  San  Diego).

TMEM16A  inhibitor  (TMEM16Ainh-A01)  2-(5-ethyl-4-hydroxy-6-methylpyrimidin-2-ylthio)-

N-(4-(4-methoxyphenyl) thiazol-2-yl) acetamide was purchased from Millipore Sigma.

Animals.  The  Asbt-/- mice (C57BL/6NJ-Slc10a2tm1a(KOMP)Mbp; Asbt knockout-first,  reporter-tagged

insertion  with  conditional  potential;  Targeting  Project  CSD76540;

https://www.komp.org/ProductSheet.php?cloneID=617849)  were  obtained from  the  Knockout

Mouse  Project  (KOMP) Baylor  College  of  Medicine  Repository and colonies  of  Asbt-/- and

matched WT mice are maintained at the Emory University School of Medicine. Characterization

of the ileal and liver Asbt mRNA expression, fecal bile acid excretion, and bile acid pool size

and composition in male and female WT and Asbt knockout-first mice is shown in Supplemental

Figure 1. The matched background strain WT and Ostα-/-Asbt-/- mice were generated as described

previously  (26).  Male  Oatp1a/1b  gene  cluster  knockout  mice  (Oatp1a/1b-/-)  (FVB.129P2-

Del(Slco1b2-Slco1a5)1Ahs)  and  background-matched  WT  FVB  mice  were  purchased  from

Taconic Biosciences. For the ASBTi and colesevelam studies, WT male mice (C57BL/6J) mice

were obtained from Jackson Labs. 

https://www.komp.org/ProductSheet.php?cloneID=617849
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Animal treatments and bile flow measurements.  All  experiments were performed using male

mice, 3 months of age (25-30 g body weight). The indicated genotypes were fed rodent chow

(Envigo; Teklad custom Diet No. TD.160819; global 18% protein rodent diet) for 7 days. For the

next 7 days, the mice were fed TD.160819 rodent chow or TD.160819 rodent chow containing

the  indicated  combinations  of  0.5%  (w/w)  norUDCA,  0.006%  ASBTi  (SC-435;  dose  ~11

mg/kg/day),  or  2% (w/w) colesevelam. The amount  of  norUDCA, ASBTi,  and colesevelam

administered was selected based on published studies demonstrating sufficient doses to induce

bile flow (norUDCA) or disrupt the enterohepatic circulation of bile acids (ASBTi, colesevelam)

(5, 27, 28). Based on an estimate of 3 g of diet consumed per day per 25 g body weight, the dose

of norUDCA was approximately 600 mg/kg/day. Bile flow was measured in mice as previously

described (3). At the end of the bile collection period, blood was obtained by cardiac puncture to

measure plasma chemistries. Portions of the liver were taken for histology and measurements of

gene expression.

Plasma biochemistries and biliary solute measurements.  Plasma chemistries were measured at

the  Emory  University  Department  of  Animal  Resources  Quality  Assurance  and  Diagnostic

Laboratory. The bile samples were used immediately after isolation to measure HCO3
-, pH, total

CO2, Na, K, Cl, and glucose using a blood gas analyzer (i-STAT; Abbott Point of Care Inc) in

the Clinical Pathology Laboratory, Emory University-Yerkes National Primate Research Center.

Biliary glutathione concentrations were measured in the Emory University Pediatric Biomarkers

Core  Facility. Biliary  bile  acid,  cholesterol  and  phospholipid  concentrations  were  measured

enzymatically as previously described (29, 30). 
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Histological analysis.  The liver segments were fixed in 10% neutral formalin (Sigma-Aldrich),

embedded in paraffin and processed by Children’s Healthcare of Atlanta Pathology Services.

Histological sections (5 µm) were cut and stained with H&E. The liver histology was assessed in

a blinded fashion by a certified veterinary pathologist (S.G.). 

Bile acid measurements. To characterize the Asbt-/- mice, feces were collected from single-housed

adult  male  and  female  mice  over  a  72-hour  period.  The  total  fecal  bile  acid  content  was

measured by enzymatic assay (29, 31). Pool size was determined as the bile acid content of the

small  intestine,  liver,  and  gallbladder  removed  from non-fasted  mice  (32,  33).  Quantitative

analysis of the biliary bile acids from chow or norUDCA-fed mice was carried out at the Clinical

Mass Spectrometry Laboratory at Cincinnati Children’s Hospital Medical Center as described

(34). For the norUDCA feeding studies, fecal samples were collected from the cages of group-

housed mice with standard bedding at the end of the 7-day chow or norUDCA feeding period.

Fecal  bile  acid  composition  was  determined  using  a  Hewlett-Packard  Agilent  gas

chromatography/mass  spectrometer  in  the  Pediatric  Biomarkers  Core  Facility  at  Emory

University as described (35). 

RNA-Seq  analysis.  Total  RNA was  extracted  from frozen  liver  tissue  using  TRIzol  reagent

(Invitrogen,  Carlsbad,  CA).  RNA-Seq  libraries  were  prepared  by  Novogene  Co.,  Ltd  and

sequenced on an Illumina HiSeq1000 system. Differential expression analysis was performed

using the DESeq2 R package of Bioconductor (36). The resulting P values were adjusted using

the Benjamini-Hochberg procedure to control for the false discovery rate  (37). Differentially

expressed genes with a fold change > 1.0 and adjusted  P  < 0.05 were selected for functional
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annotation (GEO series accession number: GSE145020). Pathway analysis of the RNA-Seq data

was performed using MetaCore (GeneGo Inc, Saint Joseph, MI). 

Luciferase assays.  Human liver cells (Huh7) were transfected with expression plasmids for a

chimeric nuclear receptor encoding the ligand binding domain of mouse PXR fused to the DNA

binding  domain  of  GAL4 along with  a  5x  Upstream Activation  Sequence  (UAS)-luciferase

reporter, or expression plasmids for human FXR or VDR along with FXR or VDR-responsive

luciferase  reporter  plasmids.  Ligand additions  and  measurements  of  luciferase  activity  were

performed as described (27).

Measurement of Cl- Currents.  Studies were performed in mouse large cholangiocytes (MLC)

isolated from normal mice (BALB/c) and immortalized by transfection with the SV40 large-T

antigen gene as previously described  (38). Membrane currents were measured by whole cell‐

patch clamp  techniques  with  a  standard  extracellular  and  intracellular  (pipette)  solution.‐

Recordings were made with an Axopatch 200B amplifier (Axon Instruments, Foster City, CA)

and  digitized  and  analyzed  using  pCLAMP  version  11.0.3  as  described  (39).  Two  voltage

protocols were utilized: (1) holding potential of –40 mV, with ramp protocol from –100mV to

+100mV for duration 450ms at 2 second intervals; (2) holding potential –40 mV, with 450 ms‐

steps from –100 mV to +100 mV in 20 mV increments. Protocol 1 was utilized for real time‐ ‐

tracings and protocol 2 for generation of current voltage (I V) plots. Results are reported as‐ ‐

current density (pA/pF) to normalize for differences in cell size. Details of the buffer solutions,

voltage  protocols,  and  data  acquisition  are  described  in  further  detail  in  the  Supplemental

Materials. 
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In vitro Colesevelam bile acid binding assay. Bile acid binding to colesevelam was carried out as

described (40). 

Data availability. The liver RNA-Seq dataset is available from the GEO repository with the

following accession number: GSE145020.

Statistical  analyses.  For the box and whisker  plots,  median values (line),  interquartile  range

(boxes), and min to max values (whiskers) are shown. For the liver BA composition analysis and

gene expression, mean value ± SD is shown. The data were evaluated for statistically significant

differences using the Mann-Whitney test, the two-tailed Student’s t test, ANOVA (with a Tukey-

Kramer  honestly  significant  difference  post-hoc  test)  or  Sidak's  multiple  comparisons  test

(GraphPad  Prism;  Mountain  View,  CA).  Values  with  different  superscript  letters  are

significantly different (P < 0.05).

Study approval.  All animal experiments were approved by the Emory University Institutional

Animal Care and Use Committee in accordance with NIH guidelines for the ethical treatment of

animals.  
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Results 

To determine if the major bile acid transporter ASBT and an active enterohepatic circulation of

bile acids are required for the bicarbonate-rich choleresis induced by norUDCA, we examined

bile flow and biliary bicarbonate output in background strain-matched WT and Asbt-/- mice fed

chow or chow plus 0.5%  norUDCA for 7 days. The experimental scheme and morphological

response to  norUDCA administration are shown in Supplemental Figure 2. Administration of

norUDCA to WT and Asbt-/- mice for 7 days tended to reduce body weight (Supplemental Figure

2B, C), but did not affect small intestinal length or weight, colon length or weight, or kidney

weight (data not shown). The liver weight and liver to body weight ratio were increased in both

genotypes with norUDCA treatment (Supplemental Figure 2D, E). However, analysis of H&E-

stained liver sections revealed no apparent histological differences between the genotypes or

treatment  groups  (Supplemental  Figure  2F),  and  plasma  chemistries  were  not  significantly

different between the chow and norUDCA-fed groups for both genotypes (Supplemental Table

2). 

The effect of norUDCA-administration on bile flow and biliary solute output is shown in

Figure  1  and  summarized  in  Table  1.  On  the  rodent  chow  diet,  bile  flow,  bicarbonate

concentration, biliary bicarbonate output, and bile pH were similar in WT and  Asbt-/- mice. In

agreement with a block in ileal active reabsorption of bile acids, the concentration and biliary

output of bile acids were reduced by more than 50% in chow-fed Asbt-/- versus WT mice (Figure

1D, E). As compared to chow-fed mice, administration of norUDCA increased the bile flow rate

by 5 to 6-fold, biliary bicarbonate concentration by 2-fold, and bicarbonate output more than 10-

fold in both WT and Asbt-/- mice (Figure 1A, B, C; Table 1). norUDCA-feeding also increased

bile acid output by approximately 4-fold and 8-fold in WT and Asbt-/- mice, respectively (Figure
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1D, E). Since the ability of norUDCA to stimulate a bicarbonate-rich choleresis is thought to be

secondary to  its  potential  for cholehepatic  shunting and enrichment  in  bile,  biliary bile  acid

composition was determined for chow and norUDCA-treated WT and Asbt-/- mice. The output

and relative proportion of each bile acid species are shown (Figure 1E, F). As compared to chow-

fed WT mice, Asbt-/- mice had a more hydrophobic bile acid composition, with reduced relative

amounts of  6-hydroxylated bile  acid species  such as  tauro-β-muricholic  acid (TβMCA),  and

increased  amounts  of  taurocholic  acid  (TCA)  and  its  gut  microbiota-derived  product

taurodeoxycholic  acid (TDCA).  Following administration of  norUDCA, the biliary bile  acid

composition became more hydrophilic in Asbt-/- mice and remarkably similar to WT mice, with

norUDCA accounting for approximately 60% of the total biliary bile acids in both genotypes.

There was also a large reduction in the proportion of TCA and TDCA in Asbt-/- mice following

norUDCA treatment. The biliary bile acid hydrophobicity changes are reflected in the calculated

Hydrophobicity Index, which decreased from +0.166 to -0.483 in  Asbt-/- mice with  norUDCA

feeding, but was largely unchanged in WT mice (calculated Hydrophobicity Index value of -

0.453  versus  -0.489  in  chow  and  norUDCA-fed  mice,  respectively).  For  comparison,  the

amounts of different bile acid species excreted into the feces are shown (Supplemental Figure 3).

Under chow-fed conditions, the fecal bile acid content was approximately 5-fold greater in Asbt-/-

versus  WT  mice  and  included  a  higher  proportion  of  cholic  acid  and  deoxycholic  acid.

Administration of  norUDCA in the diet increased the fecal bile acid content in both WT and

Asbt-/- mice  and  shifted  the  endogenous  bile  acid  composition  toward  the  6-hydroxylated

muricholate species. The increase in fecal bile acid levels was driven primarily by the exogenous

norUDCA, however the amount of endogenous bile acid in feces was also increased in both WT

mice and Asbt-/- mice after administration of norUDCA.
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Figure 1. norUDCA treatment increases bile flow and biliary bicarbonate and solute output

in WT and Asbt-/- mice.

(A) Bile flow. (B) Biliary bicarbonate concentration. (C) Bicarbonate output. (D) Biliary bile

acid output. (E) Biliary bile acid species output (mean + SEM). (F) Biliary bile acid composition

expressed as  pie  charts.  Unless  indicated,  mean + SD are  shown;  n = 6-7  mice  per  group.

Distinct lowercase letters indicate significant differences between groups (P < 0.05). 
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The effect of norUDCA-feeding on the output of other biliary solutes in WT and Asbt-/-

mice are shown in Table 1. The total glutathione concentration and output tended to be higher in

chow-fed  Asbt-/- versus WT mice. This may be a mechanism to increase bile acid-independent

bile flow to compensate for interruption of the bile acid enterohepatic circulation and reductions

in bile acid-dependent bile flow. Administration of  norUDCA to WT and  Asbt-/- mice did not

change the biliary glutathione concentration but increased biliary glutathione output by 3 to 4-

fold in both genotypes. Biliary cholesterol levels were slightly decreased in WT and Asbt-/- mice

fed the  norUDCA diet, but total cholesterol output was elevated versus chow-fed mice due to

increases in bile flow. In contrast to biliary cholesterol, administration of norUDCA dramatically

reduced biliary phospholipid secretion in both WT and Asbt-/- mice, in agreement with previous

studies  (1, 3, 4). This ineffective coupling of  norUDCA and phospholipid secretion has been

attributed to  norUDCA’s lower surface activity and a reduced ability to extract phospholipid

from the canalicular membrane (19). The reduced phospholipid secretion is unlikely due to direct

inhibition of Mdr2 (ABCB4), the ABC transporter in the canalicular membrane that translocates

phosphatidylcholine into bile, since recent in vitro studies using purified ABCB4 demonstrated

that  norUDCA potently stimulates ABCB4 ATPase activity  (41). Overall, these findings argue

that  the  ASBT is  not  required  for  the  absorption  of  norUDCA or  its  ability  to  stimulate  a

bicarbonate-rich hypercholeresis in mice.
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Table 1. Bile Flow and Composition in WT and Asbt-/- Mice Fed Chow or norUDCA Diet

Variable
                 Chow              norUDCA

WT (6) Asbt-/- (7) WT (7) Asbt-/- (7)

Bile Flow (µl/g LW/min) 1.1 ± 0.1a 0.9 ± 0.2a 5.4 ± 0.6b 6.0 ± 2.5b

Bicarbonate (mM) 32 ± 4a 30 ± 4a 62 ± 5b 54 ± 6c

Bicarbonate Output (nmol/g LW/min) 34 ± 7a 27 ± 10 a 335 ± 58b 324 ± 117b

Bile pH 7.6 ± 0.1a 7.7 ± 0.1a 7.9 ± 0.1b 7.7 ± 0.1a

Bile Acid (mM) 26.8 ± 5.8a 12.8 ± 2.5b 22.5 ± 8.4a,b 16.5 ± 7.2a,b

Bile Acid Output (nmol/g LW/min) 28.9 ± 8.8a 11.8 ± 5.4a 123.6 ± 52.2b 96.2 ± 45.8b

Glutathione (mM) 0.65 ± 0.81a 1.41 ± 0.82a 0.74 ± 0.37a 0.80 ± 0.42a

Glutathione Output (nmol/g LW/min) 0.7 ± 1.0a 1.3 ± 0.9a 4.0 ± 2.1b 4.5 ± 2.5b

Cholesterol (µg/µl) 0.17 ± 0.07a,b 0.2 ± 0.06a 0.1 ± 0.04b 0.1± 0.07a,b

Cholesterol Output (µg/g LW/min) 0.2 ± 0.1a 0.2 ± 0.1a 0.4 ± 0.2a,b 0.6 ± 0.4b

Phospholipid (mM) 2.4 + 1.3 3.0 + 1.4 BLD BLD

Phospholipid Output (nmol/g LW/min) 2.7 + 1.8 2.9 + 1.9 BLD BLD

Values are expressed as the mean ± SD. The number of mice per group are indicted (n). Values

with different superscript letters are significantly different (P < 0.05) according to ordinary two-

way ANOVA and Sidak’s multiple comparisons test. BLD, below level of detection; LW, liver

weight.
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OSTα-OSTβ is a heteromeric bi-directional facilitative transporter and is responsible for

bile acid export across the basolateral membrane of various epithelium. Similar to the ASBT,

OSTα-OSTβ is expressed by ileal enterocytes and cholangiocytes. However, OSTα-OSTβ is also

expressed at lower levels in proximal small intestine and in colon, where it may be involved in

the export of bile acids that were taken up across the apical membrane of the epithelium by

passive diffusion  (42, 43). Due to their  higher pKa, a fraction of unconjugated and glycine-

conjugated bile acids are protonated in the lumen and gain entry to the epithelium by nonionic

diffusion (44). Once inside the cytoplasmic compartment, weak acids ionize at this neutral pH,

potentially  impeding  their  exit  from  the  cell  by  passive  diffusion  and  necessitating  the

requirement for an efflux carrier such as OSTα-OSTβ. To determine if OSTα-OSTβ may be

contributing  to  the  absorption  and  bicarbonate-rich  choleresis  induced  by  norUDCA,  we

examined bile flow and biliary bicarbonate output in background strain-matched WT and Ostα-/-

Asbt-/- mice fed chow or chow plus 0.5% norUDCA for 7 days. Ostα-/-Asbt-/- mice were selected

for these studies in place of  Ostα-/- mice because inactivation of the Asbt protects  Ostα-/- mice

from ileal injury and attenuates the associated adaptive changes such as lengthening of the small

intestine, and ileal histological alterations such as villous blunting, increased numbers of mucin-

producing  cells,  and  increased  cell  proliferation  (26).  These  changes  were  predicted  to

complicate  interpretation  of  the  findings  with  regards  to  the  role  of  OSTα-OSTβ  transport

activity  in  the  intestinal  absorption  and  choleretic  actions  of  norUDCA.  The  experimental

scheme  and  morphological  response  to  norUDCA administration  is  shown in  Supplemental

Figure 4. As with the WT and  Asbt-/- mice, liver to body weight ratio was increased in  Ostα-/-

Asbt-/- and matched WT mice with norUDCA treatment (Supplemental Figure 4E). Compared to

chow-fed mice,  administration  of  norUDCA increased  bile  flow rate  by  5 to  6-fold,  biliary
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bicarbonate concentration by 2-fold, bicarbonate output by more than 10-fold, and glutathione

output by 5 to 6-fold in WT mice and background strain-matched mice lacking both Asbt and

Ostα (Figure 2).
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Figure 2. norUDCA treatment increases bile flow and biliary bicarbonate and solute output

in WT and Ostα-/-Asbt-/- mice.

(A) Bile flow. (B) Biliary bicarbonate concentration. (C) Bicarbonate output. (D) Glutathione

concentration. (E) Glutathione output. Mean + SD, n = 5-7 mice per group. Distinct lowercase

letters indicate significant differences between groups (P < 0.05). 
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The negative findings for Asbt and Ostα-Asbt null mice do not exclude the potential

involvement of other membrane transporters. We hypothesized that norUDCA may act in a feed-

forward fashion to induce hepatocyte or cholangiocyte expression of transporters involved in

norUDCA's disposition, cholehepatic shunting, or mechanism of action. To identify potential

candidates,  RNA-Seq  analysis  was  performed  using  livers  from  WT  mice  fed  chow  or

norUDCA-containing diets. Using a log2(fold-change) > 1 and multiple testing (FDR 5%), 1232

downregulated and 1087 upregulated genes were identified in  norUDCA-treated versus chow-

fed  WT  mice.  Narrowing  our  focus  to  the  liver  membrane  transporter  gene  transcriptome

revealed  80  Solute  Carrier  (SLC)  family  members,  16  ATP-binding  cassette  (ABC) family

members,  and  15  transporting  P-type  ATPases  (ATP)  family  members  (Figure  3A,  3B;

Supplemental Figure 5A) that are differentially expressed in norUDCA versus chow-fed control

WT mice. Of these hepatic genes, expression of 30 SLC, 10 ABC, and 3 ATP-type transporters

were significantly induced. Among the most highly induced transporter genes in  norUDCA-

treated mice was Slco1a4 (Oatp1a4; originally called Oatp2). Members of the Oatp1a/1b family

such as Oatp1a4 are sodium-independent facilitative uptake carriers that mediate hepatocellular

clearance of a variety of organic anions, steroids, sulfated, and glucuronidated metabolites (45).

Notably,  Oatp1a4 has a substrate specificity that includes bile acids and is expressed on the

sinusoidal membrane of perivenous hepatocytes (46). 

To further pursue the RNA-Seq findings, real-time PCR was used to measure mRNA

expression  of  select  transporters  and  genes  critical  for  bile  acid  homeostasis  (Figure  3C).

Administration of  norUDCA induced Oatp1a4 mRNA expression by more than 6-fold in WT

and  Asbt-/- mice, whereas other hepatic OATP family genes, Oatp1a1, Oatp1b2 and Oatp2b1

were  largely  unaffected.  Regarding  other  transporters  involved  in  bile  acid  or  cholesterol
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metabolism, hepatic expression of Asbt was decreased, whereas Ntcp (Slc10a1), Bsep (Abcb11),

Mrp2 (Abcc2), and Abcg5/8 expression were modestly increased, and Mrp3 (Abcc3) RNA levels

were increased by 3-to-4 fold (Figure 3C). In liver, expression of the bile acid biosynthetic genes

Cyp7a1 and Cyp8b1 were significantly increased in Asbt-/- mice fed norUDCA versus WT mice

(Figure 3C). In ileum, administration of  norUDCA tended to reduce mRNA expression of the

bile  acid-related  genes  Asbt,  Fgf15,  and  Ostα-Ostβ,  but  had  little  effect  on  Ibabp  (Fabp6)

expression  (Supplemental  Figure  5B).  Notably,  administration  of  norUDCA  significantly

induced  expression  of  PXR-target  genes,  including  Slco1a4,  Abcc3,  and  Cyp3a11.  These

findings are in agreement with pathway analysis of the RNA-Seq data, which identified pregnane

X-receptor (PXR)-mediated direct regulation of xenobiotic metabolizing enzymes as one of the

top-regulated pathways (Supplemental Figure 6A). To directly test the hypothesis that norUDCA

may be acting directly  via PXR or  other bile acid-activated nuclear receptors,  the ability of

norUDCA to activate mouse PXR, human farnesoid X-receptor (FXR) and human vitamin D

receptor (VDR) was examined in transfected human Huh7 cells. Whereas the positive control

compounds pregnenolone 16α-carbonitrile (PCN), GW4064 and 25-hydroxy vitamin D activated

their cognate receptors in this assay, norUDCA failed to increase the activity of the PXR, FXR

or VDR reporter plasmids (Supplemental Figure 6B). 
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Figure 3. norUDCA treatment alters expression of a limited number of hepatic transporter

genes. RNA-Seq analysis of livers from WT mice fed chow or the norUDCA-diet.

(A)  Differentially  expressed  SLC membrane  transporter  genes  whose  expression  was

significantly induced (P < 0.05; n = 6 per group) in  norUDCA-treated versus chow mice. (B)



162

Differentially expressed  ABC transporter and  ATP P-type ATPase genes (P  < 0.05; n = 6 per

group)  in  the  norUDCA-treated  versus  chow mice.  (C)  Hepatic  expression  of  the  indicated

transporters and bile acid-related biosynthesis or metabolizing enzymes in WT and Asbt-/- mice

fed  chow  or  the  norUDCA-containing  diet  for  7  days.  RNA  was  isolated  from  livers  of

individual mice and used for real time PCR analysis. The mRNA expression was normalized

using cyclophilin and the results for each gene are expressed relative to chow-fed WT mice (set

at 100%). Mean + SD, n = 6-7 mice per group. Distinct lowercase letters indicate significant

differences between groups (P < 0.05). 
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The significant increase observed for hepatic Oatp1a4 expression raised the prospect that

this  transporter may be induced in a feed-forward fashion to facilitate hepatic clearance and

cholehepatic shunting of norUDCA. To directly test that hypothesis, the ability of norUDCA to

induce bile secretion and biliary bicarbonate output was examined in background (FVB) strain-

matched WT and Oatp1a/1b-/- mice, in which Slco1a1,  Slco1a4,  Slco1a5,  Slco1a6 and Slco1b2

have  been  excised  by  cre-mediated  deletion  of  the  Slco1a/1b gene  cluster  (47).  The  well-

characterized Oatp1a/1b-/- mouse model was selected for these studies since the various Oatp1a

and Oatp1b transporters display considerable overlap in their  tissue expression and substrate

specificity, and other members of the murine Oatp1a/1b subfamily could partially compensate

for loss of Oatp1a4 alone. The experimental scheme and morphological response to norUDCA

feeding in Oatp1a/1b-/- mice are shown in Supplemental Figure 7. Administration of norUDCA

to the FVB background WT and Oatp1a/1b-/- mice for 7 days decreased body weight for both

genotypes and increased the liver weight and liver to body weight ratio in the WT mice. Bile

flow  and  biliary  solute  output  are  shown  in  Figure  4.  Bile  flow  and  biliary  bicarbonate

concentration, bicarbonate output, and pH were similar in the chow-fed WT and  Oatp1a/1b-/-

mice.  Similar  to  WT  C57BL/6J  mice,  administration  of  norUDCA  to  WT  FVB  mice

significantly increased bile flow by 4.7-fold, biliary bicarbonate concentration by 1.6-fold, and

bicarbonate  output  by  7.5-fold  as  compared  to  chow-fed  mice.  In  the  Oatp1a/1b-/- mice,

administration of norUDCA induced a 5-fold increase in bile flow rate, 2-fold increase in biliary

bicarbonate concentration, and 11-fold increase in bicarbonate output. 
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Figure 4. norUDCA treatment increases bile flow and biliary bicarbonate and solute output

in WT and Oatp1a/1b-/- mice.

(A) Bile flow. (B) Biliary bicarbonate concentration. (C) Bicarbonate output. (D) Biliary pH.

Mean + SD, n = 5 mice per group. Distinct lowercase letters indicate significant differences

between groups (P < 0.05). 
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Our  findings  indicate  that  the  major  bile  acid  transporters  Asbt,  Ostα-Ostβ,  and

Oatp1a/1b family members are not required for the choleretic activity of norUDCA. However,

the  question  remains  as  to  how  norUDCA  induces  such  a  potent  bicarbonate-rich

hypercholeresis.  Opening  of  the  cholangiocyte  apical  membrane  Cl- channels  provides  the

critical driving force for biliary bicarbonate and fluid secretion (15). In addition to the cAMP-

activated Cl- channel CFTR  (48), the Ca2+-activated Cl- channel TMEM16A (ANO1) and the

volume-regulated  Cl- channel  LRRC8A  have  been  identified  to  play  important  roles  in

cholangiocyte  secretion  (17,  49).  We  focused  our  studies  on  TMEM16A for  the  following

reasons: 1) In  Cftr-/- mice administration of  norUDCA was still  able to induce bile flow and

biliary bicarbonate secretion, although to a lower extent than in WT mice (5), and 2) UDCA and

TUDCA has been shown to stimulate cholangiocyte fluid secretion by activation of TMEM16A

Cl- channels (17). As shown in Figure 5A, norUDCA potently stimulated Cl- channel activity in

mouse large cholangiocytes (MLC) with the properties previously described for TMEM16A (17,

50). To confirm TMEM16A-dependent chloride secretion, siRNA targeted to TMEM16A was

able to successfully reduce TMEM16A protein levels in MLCs (Supplemental Figure 8) and

resulted in the subsequent loss of Cl-  secretion during norUDCA treatment, strongly suggesting

norUDCA  was  directly  stimulating  Cl- secretion  by  TMEM16A  activation.  In  Figure  5B,

TMEM16A-dependent  chloride  secretion  was  further  confirmed  by  pre-incubation  with  the

TMEM16A-inhibitor A01, which also abolished the norUDCA stimulation of chloride currents

in  these  cells.  Previous  studies  have  shown  that  inhibition  of  the  ASBT  blocks  TUDCA

stimulation of Cl- currents in cholangiocytes (17). In agreement with our in vivo studies showing

that loss of the ASBT did not affect the bicarbonate-rich hypercholeresis induced by norUDCA,
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pre-incubation  of  MLC  with  the  ASBT  inhibitor  SC-435  did  not  impact  the  norUDCA-

stimulation of Cl- channels. 

Figure 5. norUDCA stimulates TMEM16A Cl- currents independent of ASBT transport.

(A) Representative  whole cell  currents  in  MLC  cells  transfected  with  nontargeting  or‐

TMEM16A  siRNA  measured  under  basal  conditions  or  exposure  to  norUDCA  (250  μM).

Currents measured at -100 mV (black) or +100 mV (red), representing ICl
- are shown. Compound

exposure is indicated by the black bar. A voltage step protocol from a holding potential of -40‐

mV, with 450 ms steps from –100 to +100 mV in 20 mV increments. Currents demonstrated‐ ‐

time dependent activation at membrane potentials +100 mV. The I V plot was generated from‐ ‐

these protocols during basal (black) and norUDCA stimulated (red) conditions. ‐ (B) Cumulative

data demonstrating maximum increase in current density (pA/pF) in response to norUDCA in the
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absence  or  presence  of  TMEM16A  siRNA  silencing,  n  =  5  –  6  cells  per  group.  (C)

Representative whole cell currents in MLC cells measured under basal conditions and during‐

exposure  to  norUDCA  (250  μM)  following  pre-incubation  with  vehicle  (top),  TMEM16A

inhibitor (10 µM A01; middle) or ASBTi (100 nM SC-435; bottom). Currents measured at -100

mV (black) or +100 mV (red), representing ICl
- are shown. Compound exposure is indicated by

the black bar. A voltage step protocol from a holding potential of -40 mV, with 450 ms steps‐ ‐

from –100 to +100 mV in 20 mV increments. Currents demonstrated time dependent activation‐ ‐

at membrane potentials +100 mV. The I V plot was generated from these protocols during basal‐

(black) and  norUDCA stimulated (red) conditions. Cumulative data demonstrating maximum‐

increase in  current  density  (pA/pF) in  response to  norUDCA in the  absence or  presence  of

TMEM16A inhibitor or ASBTi, n = 5 – 35 cells per group. Values with distinct superscript

lowercase letters are significantly different (P < 0.05) according to ordinary two-way ANOVA

and Sidak’s multiple comparisons test, mean ± SD.



168

Administration of  norUDCA (3), ASBT inhibitors  (51, 52), and a bile acid sequestrant

(28) have previously shown benefit in the Abcb4/Mdr2-/- mouse model of cholestasis and appear

to involve overlapping and complementary therapeutic mechanisms of action. Prompted by our

observations of the norUDCA-fed Asbt-/- mice and SC-435-treated MLC, we examined the effect

of pharmacological interruption of the enterohepatic circulation of bile acids on the choleretic

actions  of  norUDCA  by  co-administering  an  ASBTi  (SC-435)  or  bile  acid  sequestrant

(Colesevelam).  Colesevelam is  a  second-generation bile  acid sequestrant  and non-absorbable

polymer that binds bile acids through a combination of hydrophobic and ionic interactions and

with a higher affinity than first generation sequestrants such as cholestyramine (53). Male WT

mice  were  fed  chow,  chow  supplemented  with  0.006%  (w/w)  ASBTi  (SC-435),  chow

supplemented with 2% (w/w) colesevelam, or those diets plus 0.5% (w/w) norUDCA for 7 days.

The  experimental  scheme  and  morphological  response  to  norUDCA  feeding  is  shown  in

Supplemental Figure 9. Administration of norUDCA to mice for 7 days tended to reduce body

weight,  particularly when co-administered with an ASBTi (Supplemental Figure 9B, C),  and

increase the liver to body weight ratio (Supplemental Figure 9E). However, analysis of H&E-

stained liver sections revealed no apparent histological differences between the treatment groups

(Supplemental Figure 9F), and the plasma chemistries were not significantly different between

the groups (Supplemental Table 3). The levels of bile acids excreted into the feces for each of the

treatment groups are shown in Supplemental Figure 9G. Administration of the ASBTi versus

colesevelam resulted in a greater increase in the fecal bile acid content, however both treatments

induced similar changes in fecal bile acid composition versus chow control mice (Supplemental

Figure 9H). Administration of norUDCA in the diet increased the fecal bile acid content in all
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treatment groups, due to increased excretion of the exogenous norUDCA, as well as an increase

in endogenous bile acids. 

Similar to the findings for Asbt-/- mice, norUDCA significantly increased bile flow by 3

to 4-fold, bicarbonate concentration by ~2-fold, and bicarbonate output by ~8-fold in WT mice

when co-administered with an ASBTi (Figure 6A, B, C). Remarkably, norUDCA also stimulated

a similar bicarbonate-rich choleresis when co-administered with colesevelam. In agreement with

the block in intestinal absorption of bile acids, biliary bile acid concentrations were reduced in

ASBTi  and  colesevelam-treated  versus  control  chow  mice,  however,  administration  of

norUDCA significantly increased biliary bile acid output in all the treatment groups (Figure 6F).

The observation that co-administration of colesevelam did not attenuate the norUDCA-induced

hypercholeresis prompted an examination of the ability of colesevelam to bind norUDCA versus

endogenous  bile  acids  in  simulated  small  intestinal  fluid.  In  accord  with  previous  findings,

colesevelam  efficiently  bound  glycodeoxycholic  acid  (GCDCA)  and  taurodeoxycholic  acid

(TDCA)  in  vitro  (40).  However,  under  the  same conditions,  there  was  minimal  binding  of

norUDCA to colesevelam (Supplemental Figure 10) providing a potential explanation for the

inefficacy of co-administered colesevelam to antagonize the actions of norUDCA. In summary,

pharmacological inhibition of intestinal bile acid absorption does not impede norUDCA's ability

to induce a bicarbonate-rich hypercholeresis in mice. 
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Figure  6.  Pharmacological  inhibition  of  intestinal  bile  acid  absorption  does  not  alter

norUDCA-induction of a bicarbonate-rich hypercholeresis in mice.

(A) Bile flow. (B) Biliary bicarbonate concentration. (C) Bicarbonate output. (D) Biliary pH. (E)

Biliary bile acid concentration. (F) Biliary bile acid output. (G) Fecal bile acids (mean values).

(H) Fecal bile acid composition expressed as pie charts. Unless indicated, mean + SD are shown;

n = 5 mice per group. Distinct lowercase letters indicate significant differences between groups

(P < 0.05). 
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Discussion

When first characterized by Hofmann and colleagues, side chain shortened dihydroxy

bile acids such as norCDCA, norDCA and norUDCA were shown to induce a bicarbonate-rich

bile flow exceeding that of which could be accounted for by existing theories for bile formation

and led the authors to propose a model involving cholehepatic shunting of unconjugated nor bile

acids (1, 13, 20). Although currently in therapeutic development for the treatment of liver disease

(8,  9,  54),  important  questions  remain  regarding  the  molecular  mechanisms  underlying  the

biliary bicarbonate secretion induced by norUDCA and its hypothesized cholehepatic shunting.

The major  findings  of  this  study are  1)  norUDCA directly  stimulates  the  Ca2+-activated Cl-

channel TMEM16A in mouse cholangiocytes and 2) the major bile acid carriers ASBT, OSTα-

OSTβ, and OATP transporters are not required for orally administered norUDCA to stimulate a

bicarbonate-rich hypercholeresis. 

In our studies,  norUDCA activated TMEM16A chloride channels, which are thought to

be  the  final  common  pathway  responsible  for  bile  acid-stimulated  ductal  secretion.  In  that

paradigm, norUDCA is proposed to stimulate ATP-release and P2 purinergic receptor signaling

through the IP3 receptor  to release Ca2+ and activate  TMEM16A Cl- secretion  (15,  17,  55).

Interestingly, the UDCA-stimulation of cholangiocyte ATP release is thought to require CFTR

and may act by stimulating the trafficking and fusion of ATP-containing vesicles with the apical

membrane  (39,  56,  57).  However,  norUDCA-induced  stimulation  of  biliary  bile  flow  and

bicarbonate  secretion  is  at  least  partly  CFTR-independent  (5),  raising  the  prospect  that

norUDCA may be stimulating ATP release or bicarbonate secretion by additional mechanisms.

The physiologic properties and metabolism of side chain-shortened C-23 nor-bile acids

such as  norUDCA have been the subject of considerable study  (1, 19,  20). Due to a higher
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critical micelle concentration (CMC) (17 mM) than many natural bile acids, norUDCA is more

likely present  in monomeric  rather  than micellar  form in bile  (58).  Based on their  findings,

Hofmann  and  coworkers  proposed  that  C-23  nor-dihydroxy  bile  acids  are  sufficiently

hydrophobic  to  be  absorbed  by  passive  diffusion  (14).  However,  membrane  transporters

participate in the intestinal absorption and hepatic clearance of various hydrophobic drugs and

endobiotics,  including  unconjugated  C-24  bile  acids  (47,  59).  Yet  to  date,  study  of  the

contribution of individual bile acid and organic anion carriers to the transport of norUDCA has

been largely restricted to transfected cell-based models (25). The ASBT and OSTα-OSTβ play a

central role in the intestinal reabsorption of bile acids and are expressed by the biliary epithelium

(31-33). As such, it was possible that these major bile acid transporters could play a direct or

indirect role in the absorption, cholehepatic shunting, and choleretic actions of norUDCA. 

In agreement with previous studies, administration of  norUDCA significantly increased

bile flow and bicarbonate concentration in WT mice, and similar results were observed for Asbt-/-

and  Ostα-/-Asbt-/- mice. Biliary bile acid output, typically lower in  Asbt-/- versus WT mice, was

significantly increased by administration of norUDCA. This was driven primarily by the increase

in  bile  flow  since  the  biliary  total  bile  acid  concentration  was  not  significantly  changed.

However, norUDCA administration significantly altered the biliary bile acid composition, with

norUDCA  accounting  for  more  than  half  the  biliary  bile  acid  species  and  a  concomitant

reduction in endogenous bile acid species. In Asbt-/- mice and mice treated with ASBT inhibitors,

the biliary bile acid composition becomes more hydrophobic and enriched in TCA and TDCA.

This is most likely due to increased hepatic TCA synthesis and an increased flux of TCA into the

colon, where it is metabolized to deoxycholic acid (DCA), passively reabsorbed, and carried

back  to  the  liver  for  uptake  and  reconjugation  in  hepatocytes  (29,  52,  60).  Following
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administration of  norUDCA, the biliary endogenous bile acid composition in WT and  Asbt-/-

mice become remarkably similar. Interestingly, there was an increase in fecal endogenous bile

acids observed in WT mice treated with norUDCA, which may be secondary to decreased ileal

Asbt expression or weak inhibition of ileal Asbt activity. Using cell-based models, hydrophobic

unconjugated bile acids, such as CDCA, DCA, UDCA, LCA, exhibited little apparent ASBT-

mediated uptake over background, but are still able to compete for conjugated bile acid uptake

(61).  

We hypothesized that norUDCA may induce hepatic expression of its own transporter(s)

in a feed-forward fashion to facilitate cholehepatic shunting. RNA-Seq analysis revealed that

norUDCA induced expression of only a small  subset  of hepatic transporter genes,  including

several  transporters  involved  in  bile  acid  homeostasis,  Oatp1a4,  Mrp3,  Mrp4,  and  Mdr1a.

Interestingly, many of the genes induced by norUDCA are PXR targets, raising the prospect that

norUDCA may be acting directly or indirectly via PXR. When investigated, norUDCA did not

directly  activate  mouse  PXR  or  the  bile  acid  sensing  nuclear  receptors,  FXR  or  VDR  as

measured using nuclear receptor-luciferase reporter assays in transfected human hepatoma Huh7

cells. These results agree with recent results showing that norUDCA did not activate or inhibit

FXR  in  HepG2  cells  transfected  with  a  FXR  reporter  plasmid  (62).  Other  hepatic  gene

expression pathways that were significantly induced by administration of  norUDCA included

those regulated by the nuclear receptor Constitutive Androstane Receptor (CAR; NR1L3). Unlike

PXR,  FXR,  or  VDR,  bile  acids  do  not  directly  bind  and  activate  CAR  (63),  but  may  act

indirectly through a ligand-independent mechanism to stimulate CAR nuclear translocation and

activate of CAR target genes (64). However, the role of CAR in the actions of norUDCA remain

to be investigated. 
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We focused our attention on Oatp1a4, since its expression was most highly induced in the

hepatic transporter transcriptome in norUDCA-fed WT mice. Oatp1a4 (originally called Oatp2)

is expressed on the hepatocyte sinusoidal membrane, transports a variety of organic anions, and

contributes to the hepatic clearance of steroid sulfates, bile acids, and drugs (65-67). However,

the  three  most  abundant  hepatic  Oatp  isoforms  in  rodents,  Oatp1a1,  Oatp1b2  and Oatp1a4,

exhibit overlapping substrate specificity (45), prompting us to use the Oatp1a/1b-/- mouse model

lacking all 3 transporters for our studies (47). Similar to Asbt-/- and Ostα-/-Asbt-/- mice, loss of the

Oatp1a/1b transporters did not impair the ability of  norUDCA to stimulate a bicarbonate-rich

hypercholeresis.  This is  in line with data  obtained using cells  stably expressing human liver

OATPs, which failed to detect appreciable  norUDCA transport by human NTCP, OATP1B1,

OATP1B3 or OATP2B1 (25). The finding that biliary bicarbonate concentration and bile flow

increases  in  the  norUDCA-fed  WT  and  various  transporter  knockout  models  is  strongly

consistent with the mechanism for cholehepatic shunting of  norUDCA proposed by Hofmann

(1), however the study had several limitations. This included the use of a high pharmacological

dose of norUDCA administered in the diet. Although widely used for previous studies in mice

(3-5), the higher dose may obscure the contribution of saturable carrier-mediated mechanisms to

the absorption, disposition and actions of norUDCA. Another limitation of the study is that only

the unmodified  norUDCA was quantified and  norUDCA metabolites  such as  the  norUDCA

glucuronides were not measured (3, 19). However, it should be noted that whereas transport of

norUDCA glucuronides into bile are likely mediated by the canalicular ABC transporter MRP2

(ABCC2), studies in TR- rats, which encode a mutant Mrp2 gene, maintain normal levels of

secretion of the side chain shorted dihydroxy bile acid  nor-deoxycholic acid (norDCA)  (68).

Together with our findings, these studies support the concept that much of the enterohepatic
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cycling and cholecholic shunting of norUDCA is passive and does not require the ASBT, OSTα-

OSTβ, NTCP, OATPs or MRP2. It is still possible that canalicular transporters such as the bile

salt  export pump (ABCB11),  MDR1 (ABCB1) or other ABC transporters are involved in the

hepatocyte secretion of unmodified norUDCA into bile. In that regard, the mRNA expression of

Mdr1 (Abcb1a) and Bsep (Abcb11) are increased in norUDCA-treated mice. In cholangiocytes,

basolateral membrane export of norUDCA may be facilitated by Mrp3 (Abcc3), whose mRNA

expression  is  induced  in  norUDCA-treated  mice.  Although  Mrp3  prefers  glucuronidated

substrates and is not essential for ileal enterocyte absorption of conjugated bile acids  (69, 70),

Mrp3 is also expressed by cholangiocytes and there is evidence that unconjugated bile acids may

be substrates (71). 

One of the most translational findings in this study is the ability of norUDCA to increase

bile flow and biliary bicarbonate when co-administered with an ASBTi or bile acid sequestrant.

Based on our findings with the  Asbt-/- mice, it was not surprising that the choleretic actions of

norUDCA was unaffected by an ASBTi. However, co-administration of  norUDCA with a bile

acid  sequestrant  had  not  been  previously  examined.  This  contrasts  with  UDCA,  whose

interactions with bile acid sequestrants has been studied in vitro, in animal models, and in human

subjects (72-74). In those studies, cholestyramine and colestimide efficiently bound and reduced

the  intestinal  absorption  of  co-administered  UDCA.  As  such,  it  was  surprising  that  co-

administration of colesevelam did not attenuate the choleretic actions of  norUDCA. Using  in

vitro assays,  colesevelam  bound  norUDCA  poorly  versus  conjugated  bile  acids,  however

additional  studies will  be required to determine if  this  is  a  general  property of  all  bile  acid

sequestrants.  Although  both  ASBT  inhibition  and  administration  of  bile  acid  sequestrants

interrupt the enterohepatic circulation of bile acids, there are important differences regarding the
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mechanism of  action by which they improve features of cholestasis  (28,  51,  52,  75).  In the

present study, ASBT inhibition reduces total biliary bile acid concentrations, yet in the presence

of  norUDCA, bile flow was still  induced. These findings indicate that pharmacological ileal

ASBT inhibition does  not  antagonize  norUDCA’s positive effects  on bile  flow,  and that  in

certain  settings  the  two  therapeutic  approaches  may  have  beneficial  synergistic  effects  in

cholestatic models. This includes the reduced biliary bile acid concentration, more hydrophilic

biliary  bile  acid  composition,  and  elevated  biliary  bicarbonate  concentration  observed  with

norUDCA plus ASBT inhibition versus ASBT inhibition alone.     

Collectively, our findings demonstrate that  norUDCA does not require the major bile

acid transporters,  ASBT, OSTα-OSTβ or members of the OATP1a/1b family for absorption,

cholehepatic shunting to induce a bicarbonate-rich hypercholeresis. The superior hypercholeretic

activity of norUDCA is likely dependent upon its ability to evade hepatic amidation with taurine

or glycine, and its ability to activate TMEM16A-stimulated bicarbonate-rich fluid secretion over

multiple rounds of cholehepatic shunting in a transporter-independent fashion.   Importantly,

these  results  also  provide  support  for  further  investigation  of  the  therapeutic  potential  of  a

combination  of  norUDCA  and  blockers  of  the  enterohepatic  circulation  of  bile  acids  in

cholestatic liver disease. 
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Supplementary Material

Materials

norUDCA (24-nor-5β-cholan-23-oic acid) was received as a research gift from Dr. Falk Pharma

to Dr. Michael Trauner. The purity of the  norUDCA was confirmed by HPLC analysis. The

ASBT  inhibitor  SC-435;  (4R,5R)-5-[4-[4-(1-aza-4-azoniabicyclo[2.2.2]octan-4-yl)butoxy]

phenyl]-3,3-dibutyl-7,8-dimethoxy-1,1-dioxo-4,5-dihydro-2H-16-benzothiepin-4-ol)  was

received as a research gift from Shire Pharmaceuticals, and the ASBT inhibitory activity was

confirmed  using  MDCK  cells  stably  transfected  with  the  human  ASBT  (IC50 ~18  nM).

Colesevelam was provided by Dr. Alan Hofmann (University of California at San Diego) and

was received as a research gift from GelTex Pharmaceuticals/Genzyme.  TMEM16A inhibitor

(TMEM16Ainh-A01)  2-(5-ethyl-4-hydroxy-6-methylpyrimidin-2-ylthio)-N-(4-(4-

methoxyphenyl) thiazol-2-yl) acetamide was purchased from Millipore Sigma (Cat #613551).

Animals and Tissue Collection 

All animal experiments were approved by the Institutional Animal Care and Use Committees at

Emory  University.  The  Asbt-/- mice  (C57BL/6NJ-Slc10a2tm1a(KOMP)Mbp; Asbt  knockout-first,

reporter-tagged  insertion  with  conditional  potential;  Targeting  Project  CSD76540;

https://www.komp.org/ProductSheet.php?cloneID=617849)  were  obtained from  the  Knockout

Mouse Project  (KOMP) Baylor  College of  Medicine Repository,  and colonies  of  Asbt-/- and

matched  wild  type  (WT)  mice  generated  from  Asbt+/- crosses  are  maintained  at  the  Emory

University School of Medicine. The Asbt knockout-first mice were selected for these studies in

place  of  the  Slc10a2tm1pda/J whole  body  knockout  mice  (29) because  they  are  in  a  pure

C57BL/6NJ background and can be used to generate Asbt-floxed and tissue-specific null mice.

https://www.komp.org/ProductSheet.php?cloneID=617849
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Characterization of the ileal and liver Asbt mRNA expression, fecal bile acid excretion, and bile

acid pool size in male and female WT and Asbt knockout-first mice is shown in  Supporting

Figure  1.  The  Ostα-/-Asbt-/- and  background-matched WT mice  were  generated  as  described

previously (26). Ostα-/-Asbt-/- mice were selected for these studies in place of Ostα-/- mice because

inactivation  of  the  Asbt  protects  Ostα-/- mice  from  ileal  injury  and  prevents/attenuates  the

associated  adaptive  changes  including  lengthening  of  the  small  intestine,  ileal  hypertrophy,

villous blunting, increased numbers of mucin-producing cells, and increased cell proliferation

(26). These adaptive changes were predicted to complicate interpretation of the findings with

regards to the role of Ostα-Ost transport activity in the intestinal absorption and the choleretic

actions of  norUDCA. Male Oatp1a/1b gene cluster knockout mice (Oatp1a/1b-/-) (FVB.129P2-

Del(Slco1b2-Slco1a5)1Ahs) and background-matched WT mice were purchased from Taconic

Biosciences. For the ASBTi and colesevelam studies, WT male mice (C57BL/6J) were obtained

from  Jackson  Labs.  The  mice  were  group-housed  in  ventilated  cages  (Super  Mouse  750

Microisolator System; Lab Products) containing bedding (1/8” Bed-O-Cobbs; Andersons Lab

Bedding Products) at temperature (22ºC) in the same 12h/12h light/dark cycle-controlled room

of animal facility to minimize environmental differences and fed ad libitum rodent chow (13% of

calories as fat; PicoLab Rodent Diet 20; LabDiet). 

Animal Treatment and Bile Flow Measurements

All  norUDCA experiments were performed using male mice, 3 months of age (approximately

25-30 g body weight). The indicated genotypes were fed rodent chow (Envigo; Teklad custom

Diet No. TD.160819; global 18% protein rodent diet) for 7 days. For the next 7 days, the mice

were  fed  TD.160819  rodent  chow  or  TD.160819  rodent  chow  containing  the  indicated
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combinations of 0.5% (w/w) norUDCA, 0.006% (w/w) ASBTi (SC-435; dose ~11 mg/kg/day),

or 2% (w/w) colesevelam. The amount of norUDCA, ASBTi, and colesevelam administered was

selected based on published studies demonstrating these doses are sufficient to induce bile flow

(norUDCA) or disrupt the enterohepatic circulation of bile acids (ASBTi, colesevelam) (5, 27,

28). Based on an estimate of 3 g of diet consumed per day per 25 g body weight, the dose of

norUDCA administered is approximately 15 mg per 25 g mouse per day (600 mg/kg/day). At the

end of the 7-day treatment period, bile flow in the mice was measured as previously described

(3). Briefly, non-fasted mice were anesthetized using an isoflurane/O2 mixture, placed on a 37°C

heating  pad  and  maintained  under  isoflurane  anesthesia  during  the  procedure.  Following

laparotomy,  the  common  bile  duct  was  ligated,  and  gallbladder  was  cannulated.  Residual

gallbladder bile and hepatic bile secreted during the first 10 minutes of the collection period was

discarded. Bile was then collected under a layer of mineral oil in pre-weighed tubes on ice for

120 minutes. Bile flow was determined gravimetrically and normalized to liver weight. 

At  the  end of  the  bile  collection  period,  blood was obtained by cardiac  puncture  to

measure plasma chemistries. Liver wet weight was recorded at the time of necropsy. Portions of

the liver were flash-frozen in liquid nitrogen and stored at -80º C for analysis of gene expression

or fixed in 10% neutral formalin (Sigma-Aldrich) for embedding in paraffin and histological

analysis. Small intestine was divided into 5 equal length segments and flushed with ice-cold

phosphate-buffered saline (PBS) to remove luminal contents before weighing and flash-freezing

in liquid nitrogen. 

Plasma Biochemistries and Biliary Solute Measurements
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Plasma  chemistries,  including  total  protein,  albumin,  alkaline  phosphatase,  alanine

aminotransferase, aspartate aminotransferase, gamma-glutamyl transpeptidase, total bilirubin and

cholesterol were measured at the Emory University Department of Animal Resources Quality

Assurance and Diagnostic Laboratory. Immediately after isolation, the bile samples were used

for determination of HCO3
-, pH, total CO2, Na+, K+, Cl-, and glucose using a blood gas analyzer

(i-STAT; Abbott Point of Care Inc) in the Clinical Pathology Laboratory, Emory University-

Yerkes National Primate Research Center. Biliary glutathione concentrations were measured by

HPLC in the Emory University Pediatrics Biomarkers Core Facility as described previously (76).

Biliary  bile  acid  and  cholesterol  concentrations  were  measured  enzymatically  as  previously

described  (29,  30).  In  order  to  quantify  biliary  phospholipids,  bile  samples  underwent

chloroform-methanol extraction, followed by digestion with perchloric acid, and enzymatic assay

to measure inorganic phosphate at the Wake Forest School of Medicine Lipid, Lipoprotein and

Atherosclerosis Analysis Laboratory.  

Histological Analysis

The liver tissue samples were fixed in 10% neutral formalin (Sigma-Aldrich) for 12 h and then

stored in 70% (v/v) ethanol until processed for histology. Samples were embedded in paraffin

and processed by Children’s Healthcare of Atlanta Pathology Services. Histologic sections (5

µm) were cut and stained with H&E. The liver histology was assessed in a blinded fashion by a

certified  veterinary  pathologist  (S.G.).  Representative  micrographs  were  collected  using  the

Emory University Integrated Cellular Imaging Core. 

Bile Acid Measurements
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In  order  to  characterize  bile  acid  metabolism  in  the  Asbt  knockout-first  mice,  feces  were

collected from single-housed adult male and female mice over a 72-hour period. The total fecal

bile acid content was measured by enzymatic assay  (29, 31). Non-fasted mice were sacrificed,

and  small  intestine  plus  luminal  contents,  liver,  and  gallbladder  were  removed  en bloc to

measure the bile acid pool size. Total bile acids were extracted in ethanol  (32), measured by

enzymatic assay, and analyzed by HPLC as described  (33). Individual bile acid species were

identified  using  an  evaporative  light  scatter  detector  (Alltech  ELSD  800).  Bile  acids  were

quantified by comparison to known amounts of authentic standards purchased from Steraloids

(Newport, RI). Quantitative analysis of the biliary bile acids from chow or norUDCA-fed mice

was carried out at the Clinical Mass Spectrometry Laboratory at Cincinnati Children’s Hospital

Medical  Center.  Briefly,  biliary  bile  acids  were  extracted  on  a  reverse-phase/solid-phase

cartridge and analyzed using a Waters Quattro Premier XE triple quadruple mass spectrometer

interfaced with Aquity UPLC system.  Quantification of bile acids was based on a  validated

isotope dilution mass spectrometry method  (34). Calibration curves were built with 20 of the

mouse bile acids using the single ion recording (SIR) function on the mass spectrometer (LLOQ

= 5 ng/ml; ULOQ = 1000 ng/ml). The bile acid Hydrophobic index was calculated according to

Heuman using a value of -0.68 for the norUDCA anion (77, 78).

For the  norUDCA feeding studies, fecal samples were collected from cages of group-

housed mice with standard bedding at the end of the 7-day chow or norUDCA feeding period.

The  fecal  bile  acid  composition  was  determined  using  a  Hewlett-Packard  Agilent  gas

chromatography-mass spectrometer (GC/MS) in the Department of Pediatrics Biomarkers Core

Facility at  Emory University. Briefly,  50 mg of  crushed dried feces mixed with 10 nmol of

internal standard, 5β-Cholanic acid 7α, 12α-diol (Steraloids), resuspended in 75% methanol plus
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250 mM NaOH and heated at 80°C for 2 h. After centrifugation, the bile acids were extracted on

a reverse-phase/solid-phase cartridge (C-18 columns; Supelco) and dried down under nitrogen.

The  bile  acids  were  then  methylated  by  resuspension  in  acetyl-chloride

(Sigma-Aldrich)/methanol (1:20; v:v) and heating at 55ºC for 20 min. For derivatization, the

samples  were  dried  under  nitrogen,  resuspended  in  N,O-Bis(trimethylsilyl)trifluoroacetamide

(Sigma-Aldrich)/  pyridine  (Sigma-Aldrich)/  chlorotrimethyl-silane  (Sigma-Aldrich)  (5:5:0.1;

v:v:v), and incubated for 1 h at room temperature. The derivatized bile acids were then dried at

room temperature and resuspended in heptane for GC/MS analysis and compared to authentic

standards for norUDCA, UDCA, CDCA, LCA, DCA, CA, αMCA, βMCA, and MCA (35).

RNA-Seq Analysis

Total RNA was extracted from frozen liver tissue using TRIzol reagent (Invitrogen, Carlsbad,

CA). RNA-Seq libraries were prepared by Novogene Co., Ltd and sequenced on an Illumina

HiSeq1000 system. The original data obtained from the high throughput sequencing platforms

were transformed to sequenced reads by base calling. Raw data are recorded in a FASTQ file

which contains sequenced reads and corresponding sequencing quality information. Sequences

were aligned to the mouse genome using STAR (79). The number of reads that mapped to each

gene was used to quantify RNA expression, which is indicated as fragments per kilobase or

transcript sequence per million base pairs sequenced (80). Differential expression analysis was

performed using the DESeq2 R package of  Bioconductor  (36).  The resulting  P values were

adjusted using the Benjamini-Hochberg procedure to control for the false discovery rate  (37).

Differentially expressed genes with a fold change > 1.0 and adjusted P < 0.05 were selected for

functional  annotation  (GEO series  accession  number:  GSE145020).  Pathway analysis  of  the
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RNA-Seq data was performed using MetaCore (GeneGo Inc, Saint Joseph, MN) with a threshold

fold change of 2 and P-value of 0.05 to indicate a statistically significant difference.  

Measurement of Cl- currents

Membrane  currents  were  measured  by whole-cell  patch  clamp techniques  using  mouse  large

cholangiocytes (MLC) (38, 81), which were obtained from Drs. Gianfranco Alpini and Shannon

Glaser. To generate the MLCs, cholangiocytes were isolated from normal mice (BALB/c) and

immortalized  by  transfection  with  the  SV40  large-T  antigen  gene  as  described  (38).  MLC

demonstrate  properties  similar  to  those  of  freshly  isolated  large  mouse  cholangiocytes  and

functionally express TMEM16A (18). Coverslips with MLC cells were mounted in the recording

chamber and perfused with a standard extracellular solution containing: 140 mM NaCl, 4 mM

KCl, 1 mM CaCl2, 2 mM MgCl2, 1 mM KH2PO4, 10 mM D-glucose, and 10 mM HEPES/NaOH

(pH 7.4). The patch clamp studies were conducted in the standard whole-cell configuration at

room temperature using an Axopatch 200B amplifier (Axon instruments). The patch pipettes were

pulled from Warner instrument glass (Model G120F-3) and had a resistance of 4–5 MΩ after

filling with the standard intracellular solution containing: 130 mM KCl, 10 mM NaCl, 2 mM

MgCl2, 10 mM HEPES/KOH, 0.5 mM CaCl2, and 1 mM EGTA (pH 7.3), corresponding to a free

[Ca2+]i of  ~100 nM.  The free  [Ca2+]i was  calculated  using  software  kindly  provided by Guy

Droogmans (KU Leuven). Recordings were filtered at 1 kHz and sampled at 10 kHz for storage

on a computer and analyzed using pCLAMP 11.0.3 software (Molecular Devices). Results are

compared with control studies measured on the same day to minimize any effects of day-to-day

variability and reported as current density (pA/pF) to normalize for differences in cell size  (18,

82). 
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TMEM16A silencing

TMEM16A  siRNA  (TMEM16A-HSS123904)  was  used  to  inhibit  TMEM16A  expression  in

whole-cell  patch clamp experiments.  The following sequences  of  25-nucleotide long siRNAs

were  designed  and  synthesized  by  Ambion  (ThermoFisher  Scientific,  Cat#  4390827)  and

transfected in MLCs using Lipofetamine 3000, antisense: UUCUAUAGAUGAUAACUCCdGdA

and sense: GGAGUUAUCAUCUAUAGAAdTdT. Negative control from OriGene (SR 30004)

was used in control transfections. Block-it TM Fluorescent Oligo (Catalog #2013, Invitrogen) was

used to optimize transfection conditions and select transfected cells for whole-cell patch clamp

current recording. Experiments were performed 48-72 hours after transfection and the degree of

TMEM16A silencing was evaluated by Western Blot analysis. Briefly, protein was extracted from

MLCs with RIPA buffer containing protease inhibitors (Roche). Following protein normalization

(ThermoFisher, #23223) 25 g of protein per lane was separated on a 4%–15% gels (Bio-Rad)

and transferred to a PVDF membrane (Bio-Rad) at 70V for 90 minutes. Membranes were blocked

in 5% nonfat dry milk before probing with anti-mouse TMEM16A antibody (1:1000, Alomone

Laboratories, ACL-011) overnight at 4°C. The following day, the membrane was incubated for 1

hour at room temperature in HRP-conjugated secondary antibody Rabbit IgG (1:10,000, Jackson

Immuno  Research  Laboratories,  111-035-144).  Signal  was  visualized  using  Amersham  ECL

Western Blotting Detection Kit (GE Healthcare, #RPN2209).

Luciferase Assay

Human liver cells (Huh7) were seeded in a 24-well plate at 1 X 10 5 cells/well in monolayers and

cultured  at  37°C  and  5%  CO2  in  modified  Eagle's  minimal  essential  medium  (EMEM)
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supplemented  with  10%  fetal  bovine  serum  (FBS)  and  1%  penicillin-streptomycin.  The

following day, cells at ~85% confluency were transfected using Lipofectamine3000 (Invitrogen)

to introduce a control renilla expression plasmid (0.005 µg), where the renilla luciferase gene is

driven by a  constitutively active promoter  from the HSV thymidine  kinase gene  to  monitor

transfection efficiency, along with the following plasmid combinations: 1) a chimeric nuclear

receptor encoding the ligand binding domain of mouse PXR fused to the DNA binding domain

of  GAL4  (pGAL4-mPXR-LBD,  0.25  µg)  and  a  5x  Upstream  Activation  Sequence  (UAS)-

luciferase reporter (pFR-Luc, 0.025 µg),  2) expression plasmids for human FXR (0.025 µg),

RXRα (0.025 µg),  and an FXR-responsive  luciferase reporter  (pECRE-Luc,  0.25  µg),  or  3)

expression plasmids  for  human VDR (0.025 µg),  RXRα (0.025 µg),  and a  VDR-responsive

luciferase  reporter  (hCYP24-luc,  0.25  µg).  The  next  day,  triplicate  wells  were  incubated  in

charcoal stripped 10% FBS-containing medium plus vehicle (DMSO), different concentrations

of positive control (pregnenolone 16α-carbonitrile, a mouse PXR ligand; GW4064, a synthetic

FXR ligand, or 25-hydroxy-vitamin D, a vitamin D receptor ligand), or different concentrations

of norUDCA. After a 24 hour treatment, cells were washed in 1X PBS, harvested and processed

using Luciferase assay reagents (Dual-Luciferase Reporter Assay System) from Promega. The

bioluminescence was monitored using a luminometer (Synergy HTX, Biotek). The results were

normalized to TK-renilla activity and presented as relative fold change over the DMSO vehicle

group.

In vitro Colesevelam Bile Acid Binding Assay

Bile acid binding to colesevelam was carried out as described  (40).  Briefly,  bile  acids were

dissolved  in  simulated  intestinal  fluid  (50  mM  KH2PO4,  22.4  mM  NaOH,  pH  6.8)  at  a
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concentration of 2 mM for TDCA or 6 mM for GCDA and norUDCA, and pre-incubated for 30

min on a rotator at 37°C prior to addition to 7.5 mg of colesevelam hydrochloride. Samples were

withdrawn at 0, 0.5, 1, 2, 3, 4 and 5 h, filtered through a  0.2 µm syringe filter, and the filtrate

was analyzed by enzymatic assay to determine the free bile acid concentration. The difference

between the initial (0 h) and free bile acid concentrations was used to calculate the amount of the

bile acid bound per mg of colesevelam hydrochloride. 

Statistics

For the box and whisker plots, median values (line), interquartile range (boxes), and min to max

values (whiskers) are shown. For the liver BA composition analysis and gene expression, mean

value ± SD is shown. The data were evaluated for statistically significant differences using the

Mann-Whitney test,  the two-tailed Student’s t  test,  ANOVA (with a  Tukey-Kramer honestly

significant  difference  post-hoc  test)  or  Sidak's  multiple  comparisons  test  (GraphPad  Prism;

Mountain View, CA). Values with different superscript letters are significantly different (P <

0.05). 

 

Study approval. 

All animal experiments were approved by the Emory University Institutional Animal Care and

Use Committee in accordance with NIH guidelines for the ethical treatment of animals. 
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Supplemental Table S1. Physical and Permeability Properties of UDCA versus norUDCA

UDCA norUDCA

Formula C24H40O4 C23H38O4

Molecular Weight 392.561 378.5531

xLogP3 4.91 4.61

Hydrogen Bond Donor 31 31

Hydrogen Bond Acceptor 41 41

Critical Micelle Concentration (mM) 72 173

Apparent Permeability (x 104)

(cm/sec in perfused rat jejunum) 
0.674 0.644

1. Values computed by PubChem, XLogP3 3.0, Cactvs 3.4.6.11.

2. Hofmann A and Roda A, Hepatology 1984: 25: 1477-1489.

3. Roda A, Hofmann AF, Mysels KJ. J Biol Chem 1983; 258: 6362-6370.

4. Dupas J-L et al, Lipids 2018; 53: 465-468. 
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Supplemental Table S2. Plasma Chemistries in Chow and  norUDCA Diet-fed Wild Type

and Asbt-/- Mice

Variable
WT (n) Asbt-/- (n)

Chow (6) norUDCA (7) Chow (7) norUDCA (7)

Albumin (g/dL) 1.8 ± 0.8a 3.1 ± 0.5a,b 2.6 ± 0.5b 2.9 ± 0.4b

Alkaline phosphatase (U/L) 38 ± 12 37 ± 14 33 ± 12 45 ± 5

Alanine aminotransferase (U/L) 85 ± 59 61 ± 27 120 ± 49 95 ± 39

Aspartate aminotransferase (U/L) 116 ± 67a,b 99 ± 28a 199 ± 70b 146 ± 48a,b

Cholesterol (mg/dL) 95 ± 27a 151 ± 30a,b 109 ± 18b 148 ± 41b

Gamma-glutamyl transpeptidase (U/L) 9.6 ± 4.6a 15.4 ± 4.9a,b 15.4 ± 2.8a,b 17.1 ± 3.8b

Total bilirubin (mg/dL) 3.0 ± 1.3a,b 2.6 ± 0.9a 3.6 ± 0.6b 2.8 ± 0.7a,b

Total protein (g/dL) 3.6 ± 0.6 4.6 ± 0.9 3.6 ± 0.9 4.6 ± 0.5

Values are expressed as the mean ± SD. The number of mice per group are indicated (n). Values

with  different  superscript  letters  are  significantly  different  (P  < 0.05)  by  ordinary  two-way

ANOVA and Sidak’s multiple comparisons test.
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Supplemental Table S3. Plasma Chemistries in Wild Type Mice after co-administration of

norUDCA with an ASBTi or Colesevelam

Variable Control ASBTi Colesevelam norUDCA
norUDCA

ASBTi

norUDCA

Colesevelam

Albumin (g/dL) 3.3 ± 0.2 3.0 ± 0.2 3.1 ± 0.2 3.4 ± 0.2 3.0 ± 0.7 3.5 ± 0.2

ALP (U/L) 6.4 ± 6.1 1.6 ± 2.2 8.8 ± 7.2 6.4 ± 5.4 4.0 ± 2.8 6.4 ± 4.6

ALT (U/L) 96 ± 27 96 ± 27 118 ± 46 74 ± 23 143 ± 96 97 ± 53

AST (U/L) 176 ± 60 170 ± 46 247 ± 145 90 ± 25 193 ± 141 115 ± 33

CHOL (mg/dL) 123 ± 13a 125 ± 10a 110 ± 9a 171 ± 14b 130 ± 44a,b 148 ± 10a,b

GGT (U/L) 19.2 ± 4.4 16.8 ± 3.3 14.4 ± 3.6 18.4 ± 6.1 15.2 ± 3.3 16.8 ± 3.3

TBILI (mg/dL) 2.6 ± 0.3a 3.4 ± 0.4a 2.6 ± 0.5a 2.0 ± 0.4b 3.1 ± 1.0a 1.9 ± 0.4b

TP (g/dL) 4.8 ± 0.3 4.3 ± 0.3 4.7 ± 0.4 5.1 ± 0.4 4.4 ± 1.2 5.4 ± 0.4

Values are expressed as the mean ± SD (n = 5 mice per group). Values with different superscript

letters are significantly different (P < 0.05) by ordinary two-way ANOVA and Sidak’s multiple

comparisons test.  ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate

aminotransferase;  CHOL,  cholesterol;  GGT,  gamma-glutamyl  transpeptidase;  TBILI,  total

bilirubin; TP, total protein.
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Supplemental Figure S1. Asbt expression, bile acid excretion, bile acid pool size, and pool

composition in wild type and Asbt knockout-first (Asbt-/-) mice.

(A) Asbt mRNA levels in liver and (B) ileum of male and female WT and Asbt-/- mice. RNA was

isolated from individual mice and used for real-time PCR analysis. The mRNA expression was

normalized to cyclophilin and are shown relative to male WT mice (set at 100%) for each tissue.

(C) Fecal bile acid excretion in male and female WT and Asbt-/- mice. The data are expressed as

µmoles/per day per 100 g body weight. (D) Bile acid pool size in in male and female WT and

Asbt-/- mice. The data are expressed as µmoles per 100 g body weight. (A) through (D) Median

values (line), interquartile range (boxes), and min to max values (whiskers) are shown (n = 5

mice per group). Values with different superscript letters are significantly different (P < 0.05).

(E) Bile acid pool composition in male and female WT and  Asbt-/- mice. Pie charts show the

mean values (n =5) for the percent compositions of the indicated bile acids. All mice were 3

months of age. 
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Asbt mRNA expression is reduced to background levels in liver and ileum of Asbt-/- mice. Fecal

bile acid excretion was increased by approximately 8 to 10-fold in male and female Asbt-/- versus

WT mice. The increased fecal bile acid excretion was associated with approximately 80 percent

reductions in the bile acid pool size of male and female  Asbt-/- mice. Analysis of the bile acid

pool composition by HPLC revealed a large reduction in the proportion of 6-hydroxylated bile

acid  species  and  concomitant  increase  in  the  proportion  of  taurocholic  acid  and  its  gut

microbiota-derived product taurodeoxycholic acid. These changes in fecal bile acid excretion,

bile acid pool size and composition in the C57BL/6NJ Asbt knockout-first mice recapitulates the

major bile acid phenotype of the previously characterized Asbt knockout mouse model (29). BA,

bile  acid;  BW,  body  weight;  TβMCA,  tauro-beta-muricholic  acid;  TCA,  taurocholic  acid;

TCDCA,  taurochenodeoxycholic  acid;  TDCA,  taurodeoxycholic  acid;  TUDCA,

tauroursodeoxycholic acid; WT, wild type.
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Supplemental Figure S2. Experimental scheme and morphological response to  norUDCA

treatment in WT and Asbt-/- mice.

(A) Experimental design. (B) Body weight after 7-days of feeding chow or chow plus 0.5%

norUDCA. (C) Body weight change after 7-days of feeding chow or chow plus 0.5% norUDCA.

(D)  Liver  weight.  (E)  Liver  to  body weight  ratio.  Median  values  (line),  interquartile  range
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(boxes), and min to max values (whiskers) are shown, n = 6-7 mice per group. Distinct lowercase

letters indicate significant differences between groups (P < 0.05). (F) Hematoxylin and eosin-

stained liver sections (original magnification 10X, 20X, and 40X) from the indicated genotypes

and treatments groups. Scale bars, 200 µm, 100 µm, 50 µm at 10X, 20X, and 40X, respectively).
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Supplemental Figure S3. Effect of norUDCA treatment on the fecal bile acid profile in WT

and Asbt-/- mice.

(A) norUDCA treatment increased the excretion of endogenous bile acids and the amount of 6-

hydroxylated bile acids in feces. (B) Pie charts for the fecal bile acid profiles. Mean values are

shown for fecal samples collected from cages of group-housed mice (n = 6-7 mice per genotype

and treatment condition). 
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Supplemental Figure S4. Experimental scheme and morphological response to  norUDCA

treatment in WT and Ostα-/-Asbt-/- mice.

(A) Experimental design. (B) Body weight after 7-days of feeding chow or chow plus 0.5%

norUDCA. (C) Body weight change after 7-days of feeding chow or chow plus 0.5% norUDCA.

(D)  Liver  weight.  (E)  Liver  to  body weight  ratio.  Median  values  (line),  interquartile  range

(boxes), and min to max values (whiskers) are shown, n = 5-7 mice per group. Distinct lowercase

letters indicate significant differences between groups (P < 0.05).
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Supplemental  Figure  S5.  Effect  of  norUDCA  treatment  on  hepatic  and  ileal  gene

expression.

(A)  RNA-Seq analysis  of  livers from WT mice fed chow or  the  norUDCA-containing diet.

Differentially expressed  SLC membrane transporter genes (P  < 0.05; n = 6 per group) in the

norUDCA-treated versus chow mice are shown. (B) Ileal expression of the indicated bile acid-

related genes in WT and Asbt-/- mice fed chow or the norUDCA-containing diet for 7 days. RNA

was isolated from ileum of individual mice and used for real-time PCR analysis. The mRNA

expression was normalized using cyclophilin and the results for each gene are expressed relative

to chow-fed WT mice. Median values (line), interquartile range (boxes), and min to max values
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(whiskers) are shown, n = 6-7 mice per group. Distinct lowercase letters indicate significant

differences between groups (P < 0.05). 

Supplemental Figure S6. Candidate pathways regulated in mouse liver by norUDCA.

(A) Pathway analysis of liver gene expression changes in  norUDCA treated versus chow-fed

mice  using  a  threshold  fold  change of  2  and  P value  of  0.05.  The top  10  pathways and -

log(pValue) are shown. (B)  norUDCA does not directly activate mouse PXR, human FXR or

human VDR in transfected Huh7 cells. Huh7 cells were transfected with the indicated nuclear

receptor expression and reporter plasmid combinations. One day following transfection, the cells

were treated with the indicated concentrations of positive control ligand or norUDCA for 24 h
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prior to luciferase activity measurement. The results were normalized to TK-renilla activity and

presented as relative fold change versus vehicle (DMSO). Mean values + SD are shown. 

Supplemental Figure S7. Experimental scheme and morphological response to  norUDCA

treatment in WT and Oatp1a/1b-/- mice.

(A) Experimental design. (B) Body weight. (C) Body weight change. (D) Liver weight. (E) Liver

to body weight ratio. Median values (line), interquartile range (boxes), and min to max values

(whiskers)  are  shown,  n  =  5  mice  per  group.  Distinct  lowercase  letters  indicate  significant

differences between groups (P < 0.05). 
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Supplemental  Figure  S8.  Knockdown  of  TMEM16A  expression  in  Mouse  Large

Cholangiocytes  (MLCs)  used  for  norUDCA  treatment  and  patch  clamping  studies.

Representative  western  blot  demonstrating  reduction  in  TMEM16A protein  levels  in  MLCs

following transfection with TMEM16A siRNA as compared to transfection with a nontargeting

siRNA (control). Western blotting for β actin was used as loading control.‐
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Supplemental Figure S9. Experimental scheme and morphological response of WT mice to

co-administration of norUDCA with an ASBT inhibitor or Colesevelam. 
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(A) Experimental design. (B) Body weight. (C) Body weight change. (D) Liver weight. (E) Liver

to body weight ratio. Median values (line), interquartile range (boxes), and min to max values

(whiskers)  are  shown,  n  =  5  mice  per  group.  Distinct  lowercase  letters  indicate  significant

differences  between  groups  (P  <  0.05).  (F)  Hematoxylin  and  eosin-stained  liver  sections

(original magnification 10X, 20X, or 40X) from the indicated treatments groups. Scale bars, 200

µm, 100 µm, 50 µm at 10X, 20X, and 40X, respectively). (G) norUDCA treatment increased the

excretion of endogenous bile acids and the amount of 6-hydroxylated bile acids in feces. (H) Pie

charts for the fecal bile acid profiles. Mean values are shown for fecal samples collected from

cages of group-housed mice (n = 5 mice per treatment condition). 
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Supplemental Figure S10. In vitro binding of bile acids and norUDCA to colesevelam. 

(A)  Glycochenodeoxycholic  acid  (GCDCA),  (B)  Taurochenodeoxycholic  acid  TCDCA),  (C)

norUDCA. Bile acids were dissolved in simulated intestinal fluid at a concentration of 2 mM for

TCDCA  or  6  mM  for  GCDA  and  norUDCA  and  incubated  with  7.5  mg  of  colesevelam

hydrochloride at 37°C. Samples were withdrawn at 0, 0.5, 1, 2, 3, 4 and 5 h, filtered through a

0.2 µm syringe filter, and the filtrate was analyzed by enzymatic assay to determine the free bile

acid concentration by enzymatic assay. The difference between the initial (0 h) and unbound bile

acid concentrations at each time point was used to calculate the amount of the bile acid bound

per mg of colesevelam hydrochloride. 
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Abstract

The basolateral membrane heteromeric transporter Organic Solute Transporter alpha-beta (Ost-

Ost) is essential for bile acid enterohepatic cycling and is expressed at highest levels in terminal

ileum enterocytes. Inactivation of Ost or Ost in mice is associated with a complex phenotype

that  includes  down-regulation  of  hepatic  bile  acid  synthesis  and ileal  hypertrophy.  Pediatric

patients  with  mutations  in  the  Ost or Ost subunit  have  been identified  and present  with

chronic diarrhea, severe fat-soluble vitamin deficiency and features of cholestatic liver disease.

Recent results suggest that in addition to maintaining the enterohepatic circulation of bile acid

and bile acid homeostasis, Ost-Ost functions to protect the ileal epithelium against bile acid-

induced  injury.  In  this  study,  we  investigated  the  molecular  mechanisms  underlying  the

hypothesized cycles of ileal  bile acid retention, oxidative injury, and restitution in Ost null

mice.  To  understand  the  role  of  bile  acid  accumulation  and  determine  whether  the  ileal

morphological changes are reversible, we used pharmacological inhibitors of the Asbt in adult

Ost null mice to determine the temporal relationship between luminal bile acid uptake and the

ileal  hypertrophy.  Second,  we  investigate  the  consequences  of  changing  the  bile  acid

composition  in  Ost KO  by  increasing  BA  elimination  by  administration  of  a  bile  acid

sequestrant and of increasing the hepatic bile acid hydrophilicity by UDCA feeding. Finally, we

explore the robust induction of the antioxidant and cytoprotective target genes in Ost KO mice

to  understand  the  role  of  reactive  oxygen  species  predicted  to  be  involved  the  injury  and

restitution response.
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Introduction

Bile acids are synthesized from cholesterol in the liver and are the major organic solute found in

bile.  Following their  synthesis,  bile  acids  are  secreted  into  bile  and released  into  the  small

intestine  where  they  function  as  natural  detergents  to  facilitate  absorption  of  dietary  lipids,

cholesterol  and  fat-soluble  vitamins  (1).  Bile  acids  are  efficiently  recycled  and  are  almost

completely quantitatively reabsorbed in the intestine to be sent back in the portal circulation to

the liver for uptake and resecretion into bile. This process is termed the enterohepatic circulation

and is repeated 2-3 times per meal, thereby exposing the liver and gut epithelium to ~20 grams of

bile acids per day in humans. The major membrane transporters that function to maintain the

enterohepatic circulation of bile acids have been identified (2, 3). In the liver, bile acids are taken

up  across  the  hepatocyte  sinusoidal  membrane  by  the  Na+-taurocholate  co-transporting

polypeptide (NTCP;  SLC10A1) and members of the Organic Anion Transporting Polypeptide

family (OATP1B1, OATP1B3), and exported across the canalicular membrane by the Bile Salt

Export  Pump  (BSEP;  ABCB11).  In  the  bile  acid-transporting  epithelium of  terminal  ileum,

biliary tract and renal proximal tubules, genetic and biochemical evidence support the concept

that conjugated bile acids are taken up by the Apical Sodium-dependent bile acid Transporter

(ASBT or IBAT; SLC10A2) and exported across the basolateral membrane by the heteromeric

organic solute transporter, OST-OST (SLC51A-SLC51B) (4-7). In this way, the enterohepatic

circulation  facilitates  efficient  delivery  of  bile  acid  in  high  concentration  for  efficient

micellization of biliary and dietary lipids, while limiting bile acid accumulation, cytotoxicity and

signaling in other compartments.

The Organic Solute Transporter alpha-beta (OSTαβ) is a heteromeric protein localized to

the basolateral membrane and functions as a major bile acid transporter (8). In humans, OST
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is  expressed  at  highest  levels  in  small  intestine,  liver,  and  kidney,  with  highest  levels  of

expression in enterocytes in terminal ileum. In mice, Ost shows a similar pattern of expression

with the exception of a lower basal expression in liver (hepatocytes). To further understand the

role  of  OST in  bile  acid  homeostasis  and  disease,  the  effect  of  mutations  in  the  OST

(SLC51A) and OST (SLC51B) genes has been studied in patients and mouse models. Inherited

mutations in the OST genes (SLC51A, SLC51B) impairs bile acid absorption and the regulation

of bile acid metabolism and is associated with congenital diarrhea and evidence of hepatobiliary

disease. Inactivation of Ost in mice results in a similar complex phenotype that includes an

altered gut-liver bile acid signaling and ileal hypertrophy characterized by blunted and fused villi

with dysplastic crypts  (9). An in-depth analysis of the phenotype of  Ostα-/- mice revealed ileal

enterocyte bile acid stasis  that was temporally associated with the observed villous blunting,

crypt hyperplasia, increased proliferation and apoptosis, as well as an increase in the number of

mucin secreting cells at the villous tips. Coincident with these changes was increased expression

of Nox1 and Nrf2/antioxidant response element target genes,  suggesting a role for ROS and

redox  signaling  in  the  intestinal  phenotype  of  Ostα-/- mice.  Based  on  those  findings,  we

hypothesized that OST protects the epithelium against BA-induced injury. Loss of OST in

ileal  enterocytes  impairs  bile  acid  export,  leading  to  bile  accumulation,  Nox1  and  ROS-

associated  cytotoxicity,  and  subsequent  restitution  response.  In  this  study,  we  used

pharmacological and genetic approaches to interrogate each step in that model.
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Materials and Methods

Materials

The  IBAT  inhibitor  (IBATi)  SC-435;  (4R,5R)-5-[4-[4-(1-aza-4-azoniabicyclo[2.2.2]octan-4-

yl)butoxy] phenyl]-3,3-dibutyl-7,8-dimethoxy-1,1-dioxo-4,5-dihydro-2H-1λ6-benzothiepin-4-ol)

was received as a research gift from Shire Pharmaceuticals. Colesevelam was provided by Dr.

Alan Hofmann (University of California at San Diego) and was received as a research gift from

GelTex Pharmaceuticals/Genzyme. For the  N-acetyl cysteine (NAC) treatment, 40 mM NAC

(Sigma-Aldrich,  St  Louis,  MO,  USA)  was  prepared  in  water,  pH  to  7.4  with  NaOH  and

administered in drinking water  for  4  or  8  weeks.  NAC water was changed twice per  week.

Ursodeoxycholic  acid  diet  (sc-296407)  was  purchased  from  Santa  Cruz  Biotechnology  and

supplemented into laboratory rodent diet (13.3% of calories as fat; PicoLab Diet 20 no. 5001;

catalog no. 0001319, LabDiet, St. Louis, MO). 

Animals, Treatments, and Tissue Collection 

All animal experiments were approved by the Institutional Animal Care and Use Committees at

Emory University. The Ostα-/- mice were generated as previously described (5, 6). Nox1-/- (Nox1

KO) mice were obtained from Dr. Andrew Neish at Emory University (JAX stock No: 018787;

conventional KO model where Nox1 exons 3-6 are replaced by a Neo cassette; backcrossed to

C57BL/6J mice).  Ostα-/-  mice (C57BL/6J) were crossed to generate the required WT,  Nox1-/-,

Ostα-/- and  Ostα-/-Nox1-/- mice. Note that Nox1 is X-linked, so the male mice are hemizygous

(Nox1+/y or  Nox1-/y).  The  mice  were  group-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)
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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  ad  libitum 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).

Histological Analysis

The intestinal segments were flushed with PBS to remove luminal contents and divided into five

equal  length  segments  prior  to  weighing,  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 Children’s Healthcare of Atlanta Pathology Services. Histological sections (5 µm)

were cut and stained with hematoxylin and eosin or used for immunohistochemical analysis.

Microscopy was performed in the Emory University Integrated Cellular Imaging Core. 

Gene expression measurements

The intestinal segments were flushed with PBS to remove luminal contents and divided into five

equal parts for histology, the remaining tissue not used for histology was flash frozen and stored

at -80°C until further processing. Total RNA was extracted from the most distal segment of the

intestine (segment 5) using TRIzol reagent (Invitrogen, Carlsbad, CA) and a RNeasy Mini Kit

(Qiagen),  and cDNA was generated using a High-Capacity cDNA Reverse Transcription Kit

(Applied  Biosystems).  Real-time  PCR (RT-PCR)  was  performed  on  a  StepOnePlus  96-well
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Real-Time  PCR  System  (Applied  Biosystems)  using  a  SYBR™  Green  PCR  Master  Mix

(Applied Biosystems). Quantification of relative gene expression was conducted by calculating

fold change relative to Cyclophilin D as a reference gene using the ∆∆ C(t) method. The mouse

primer sets can be found in Supplemental Table 1. 

Statistical Analyses 

For the box and whisker plots, median values (line), interquartile range (boxes), and min to max

values (whiskers are shown).  The data were evaluated for statistically significant differences

using ANOVA and Sidak’s multiple comparisons test (GraphPad Prism; Mountain View, CA).

Distinct lowercase letters indicate statistical significance at P < 0.05.
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Results 

Ileal bile acid transporter inhibition reverses ileal injury in Ostα-/- mice

To investigate  whether  pharmacological  inhibition of  the apical  sodium bile  acid transporter

(ASBT)  is  protective  against  development  of  the  ileal  hypertrophy  associated  with  Ost

deficiency, post-weaning (3-week old) male and female WT and Ostα-/- mice were fed chow or

chow supplemented with 60 ppm ASBT inhibitor (ASBTi, SC-435, ~11 mg/kg/day) for 1, 2 or 4

weeks as outlined in Figure. 1A. Analysis of the small  intestinal length and weight revealed

significant  increases of ileal  (segment  5) weight in  Ostα-/-  mice at  4,  5  and 7 weeks of  age

compared to WT (Figure. 1B). These observations are in agreement with previously reported

ileal histology in Ostα-/-, where in as early as 5 days, the distal small intestine segment exhibited

mild villous blunting and hypertrophy (Supplemental Figure 1) (10). Also consistent with earlier

observations, the increase ileal weight is correlated to the thickening of the epithelium lining and

cytoplasmic ruffling. By as early as 1 week of ASBTi treatment, ileal weight to length ratio is

significantly  reduced  in  both  Ostα-/-  and  WT animals.  Liver  to  body  weight  ratio  was  also

reduced in male Ostα-/-  mice and those treated with ASBTi after 4 weeks (Supplemental Figure

2). 

Gross morphological changes observed by low magnification H&E staining demonstrated

that 4-week treatment of  Ostα-/-  animals with ASBTi successfully, and completely reverses the

changes in ileal appearance in  Ostα-/- mice to indistinguishable from WT (Figure. 1C). Closer

examination of  the ileum by scanning electron microscopy reveals that  inactivation of  Ost

results in a fused morphology of the villus, which is partly reversed at a microscopic level with 4

weeks  of  ASBT inhibition  (Figure  1D,  200X and 500X).  At  higher  magnification,  we  also

observe the epithelium at the tips of villi demonstrate altered morphology resembling tuft cells
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and “pseudo-goblet” cells (Figure 1D, 5000X and 10000X). Similar histology has been described

of  the  epithelium  in  patients  affected  by  Barrett’s  esophagus  which  present  with  columnar

metaplasia of the esophagus because of chronic gastroesophageal reflux disease (11). 

To determine the corresponding changes in gene expression in the ileum throughout the

injury and restitution process, we examined a subset of genes related to reactive oxygen species

(ROS) and Nrf2/anti-oxidant response element (ARE) target genes due to their association and

responsiveness to oxidative stress and roles as a major regulator of the cytoprotective response to

environmental insults  (12). In particular, the Nrf2 target genes Gstα1, Gstα3, Gstα4, Gstmu1,

Gstmu3  and  Nqo1 were  measured  in  male  and  female  mice.  In  agreement  with  previously

described microarray data, expression of this subset of genes were significantly elevated in Ostα

KO mice up to 10-fold versus WT mice, increasing in severity from 4 to 7 weeks of age (10).

Correlated  with  the  treatment  time  of  ASBTi,  pharmacological  inhibition  of  the  bile  acid

transporter normalizes the changes in gene expression of the  Ostα-/-  animals back down to WT

levels, most notably after 4 weeks of treatment (Figure 1E).  
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Figure 1. Ileal bile acid transporter inhibition reverses ileal injury in Ostα-/- mice
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(A)  Experimental  design.  (B)  Ileal  weight  to  length  ratio  (mg/cm).  Median  values  (line),

interquartile range (boxes), and min to max values (whiskers) are shown, n = 6-14 mice per

group. Distinct lowercase letters indicate significant differences between groups (P < 0.05). (C)

Hematoxylin and eosin-stained ileal  sections (original magnification 10X and 20X) from the

indicated genotypes and treatments groups (scale bar 100  m and 50  m, respectively).  (D)

Scanning  electron  microscopy  of  ileum  (original  magnification  200X,  500X,  5000X  and

10000X)  from  the  indicated  genotypes  and  treatments  groups.  (E)  Ileal  expression  of  the

indicated Nrf2 target genes in WT and Ostα-/- mice fed chow or the ASBTi-containing diet for 1,

2 or 4 weeks. Each square represents an individual mouse. 
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Bile acid sequestrant Colesevelam does not improve ileal phenotype in Ostα-/- mice

Following our observations of inhibition of bile acid absorption with ASBTi corrected the ileal

phenotype  in  our  Ostα-/-  mice,  we  investigated  if  administering  the  bile  acid  sequestrant

Colesevelam would reduce bile acid induced injury and improve the ileal phenotype caused by

loss  of  Ostα.  It  has  been  shown  clinically  that  BA  sequestrants  divert  bile  acids  from

enterohepatic circulation and deplete the bile acid pool by approximately 40% by increasing

fecal  bile  acid loss  (13).  Colesevelam specifically  is  a  non-absorbable polymer and second-

generation bile acid sequestrant that binds bile acids with a higher affinity than first generation

sequestrants such as cholestyramine and colestipol through a combination of hydrophobic and

ionic interactions (14).

Male and female WT and  Ostα-/- mice were fed chow or chow supplemented with 2%

(w/w) colesevelam for 2 weeks at age 8-11 weeks. Details of the experimental scheme are shown

in Figure 2A. During time of sacrifice (aged 12-15 weeks), Ostα-/-  mice have an increased ileal

weight/length ratio as previously described, with no major changes in the first 80% of the length

of the mice small intestine Figure 2B. However, surprisingly, unlike ASBTi treatment, even after

4 weeks of Colesevelam feeding, there was no significant change or improvement in ileal weight

in Ostα-/- mice compared to those fed chow, despite the reduction in body and liver weight upon

administration of the sequestrant (Supplemental Figure S3). Upon further investigation, H&E

staining revealed that 4 weeks of Colesevelam feeding indeed did not improve ileal phenotype,

with the morphology of the treated Ostα-/- mice with blunted and fused villi, similar to those who

which  were  not  supplemented  with  the  therapeutic  bile  acid  sequestrant  (Figure  2C).  In

agreement with the other end point measurements, there were no major changes in ileal gene
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expression in  the  Ostα-/- mice treated with Colesevelam as  all  the Nrf2 target  genes  remain

elevated (Figure 2D).
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Figure 2. Bile acid sequestrant Colesevelam does not improve ileal phenotype in Ostα-/- mice

(A) Experimental design. (B) Small intestine segment weight to length ratio (mg/cm). Median

values (line), interquartile range (boxes), and min to max values (whiskers) are shown, n = 4-11



231

mice per group. Distinct lowercase letters indicate significant differences between groups (P <

0.05). (C) Hematoxylin and eosin-stained ileal sections (original magnification 10X and 20X)

from  the  indicated  genotypes  and  treatments  groups  (scale  bar  200  m  and  100  m,

respectively). (D) Ileal expression of the indicated Nrf2 target genes in WT and Ostα-/- mice fed

chow or  the Colesevelam-containing diet  for  4  weeks.  Each square  represents  an individual

mouse. 



232

Therapeutic bile acid ursodeoxycholic acid does reduce antioxidant response in Ostα-/- mice

To test our hypothesis of whether feeding the hydrophilic and therapeutic bile acid UDCA can

alleviate and reverse ileal  injury to a similar extent of which is observed by blocking Asbt-

mediated bile acid uptake, we designed the experimental scheme shown in Figure 3A. Male and

female WT and Ostα-/- pups were weaned at 3 weeks, and as previously reported by our lab, the

intestinal changes in Ostα-/- mice appear as early as embryonic and can be seen and measured by

histology and gene expression  (10). Following weaning, WT and  Ostα-/- were switched to diet

containing 0.2% UDCA or continued on normal chow. After 6 weeks of UDCA feeding, animals

were sacrificed, and end point measurements were collected. 

The extended 6-week UDCA feeding did not decrease the ileal weight in the Ostα-/- mice

compared  to  those  fed  chow  (Figure  3B)  and  had  no  effect  on  liver  and  body  weight

(Supplemental Figure 4). This result prompted us to proceed directly to determine if there were

any effects on ileal gene expression that might indicate a longer UDCA feeding may improve the

ileal phenotype in the Ostα-/- mice. As suggested by the absence of changes in ileal weight and

gross morphologically during tissue harvest and analysis, we report that that the gene expression

signature of Ostα-/- mice treated with UDCA is not significantly different from untreated Ostα-/-

and does not restore the profile towards healthy WT levels (Figure 3C).
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Figure 3. Therapeutic bile acid ursodeoxycholic acid does reduce antioxidant response in

Ostα-/- mice

(A) Experimental design. (B) Small intestine segment weight to length ratio (mg/cm). Median

values (line), interquartile range (boxes), and min to max values (whiskers) are shown, n = 10 –

12 mice per group. Distinct lowercase letters indicate significant differences between groups (P

< 0.05). (C) Ileal expression of the indicated Nrf2 target genes in WT and Ostα-/- mice fed chow

or 0.2% UDCA containing diet for 6 weeks. Each square represents an individual mouse. 
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Ileal injury in Ostα-/- mice is not dependent on NADPH oxidase 1 (Nox1)

To further interrogate the role of reactive oxygen species in the ileal phenotype reported in our

Ostα-/- mouse, we bred Ostα-/-/Nox1-/- double knockout (DKO) mice and evaluated the progression

as described in Figure 4A. Mice of all genotypes in the study were weaned at 3 weeks on chow

diet and allowed to age to 8 weeks until end point measurements were collected. Overall, Ostα-/-

mice were determined to have a higher weight-to-length ratio across all segments of the small

intestine while the ileal profile Nox1-/- mice appeared to be closer to WT in morphology. Other

changes in liver and body weight can be found in Supplemental Figure S5. Inactivation of Nox1

in  in  Ostα-/- mice  did  not  restore  ileal  weight/length  towards  WT  levels,  which  were  not

significantly different from the Ostα-/-
 mice (Figure 4B). Ileal histology imaged by H&E staining

revealed that morphologically,  Nox1-/- ileum was similar in appearance to WT animals, while

ileum in both Ostα-/- and Ostα-/-/Nox1-/- mice displayed the same altered morphology as described

throughout the previous text (Figure 4C). 

At a gene expression level, Nox1-/- ileal Nrf2 target gene expression was not elevated, and

similar to the profile of WT mice at a basal level. Consistent with other endpoint measurements

of this study, inactivation of Nox1 in Ostα-/- mice did not reduce the elevated Nrf2 target gene

expression observed in  Ostα-/- mice (Figure 4D). Together, these data suggest that Nox1 is not

responsible for the apparent ileal injury manifested in the Ostα-/- mice, which led us to investigate

other sources of reactive oxygen species. 
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Figure 4. Ileal injury in Ostα-/- mice is not dependent on NADPH oxidase 1 (Nox1)
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(A) Experimental design. (B) Small intestine segment weight to length ratio (mg/cm). Median

values (line), interquartile range (boxes), and min to max values (whiskers) are shown, n = 10 –

12 mice per group. Distinct lowercase letters indicate significant differences between groups (P

< 0.05).  (C) Hematoxylin and eosin-stained ileal sections (original magnification 4X and 10X)

from  the  indicated  genotypes  and  treatments  groups  (scale  bar  200  m  and  100  m,

respectively). (D) Ileal expression of the indicated Nrf2 target genes in WT, Ostα-/-,  Nox1-/-  and

Ostα-/-/Nox1-/-animals at 8 weeks. Each square represents an individual mouse. 
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Broad quenching of reactive oxygen species with n-acetylcysteine (NAC) does not rescue

ileal injury in Ostα-/- mice

To investigate the role of reactive oxygen species in the ileal phenotype observed in Ostα-/- mice,

WT and Ostα-/- mice were treated with the reactive oxygen species scavenger, N-acetylcysteine

(NAC).  At  8  weeks  of  age,  WT  or  Ostα-/-mice  were  switched  to  normal  water  or  water

supplemented with 40 mM NAC and then sacrificed 4 weeks or 8 weeks later as described in

Figure 5A. Supplementation with NAC for 4 weeks or 8 weeks in Ostα-/- mice did not improve

the gain in weight in the ileum (Figure 5B), nor did it improve ileal morphology by H&E (Figure

5C).  Changes in liver and body weight can be found in Supplemental Figure S6. The same

conclusion is drawn from the measured changes in gene expression as NAC feeding did not

normalize the Nrf2 activated genes in Ostα-/- mice towards WT Fig. 5D). 
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Figure 5. Broad quenching of reactive oxygen species with n-acetylcysteine (NAC) does not

rescue ileal injury in Ostα-/- mice
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(A) Experimental design. (B) Small intestine segment weight to length ratio (mg/cm). Median

values (line), interquartile range (boxes), and min to max values (whiskers) are shown, n = 3 – 5

mice per group. Distinct lowercase letters indicate significant differences between groups (P <

0.05). (C) Hematoxylin and eosin-stained ileal  sections (original magnification 4X and 10X)

from  the  indicated  genotypes  and  treatments  groups  (scale  bar  200  m  and  100  m,

respectively). (C) Ileal expression of the indicated Nrf2 target genes in WT and Ostα-/- mice null

given water  supplemented  with  40  mM NAC for  4  or  8  weeks.  Each square  represents  an

individual mouse. 
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Discussion 

While the  Ostα-/- ileal  phenotype appears to be similar to an irritable bowel disease such as

Ulcerative Colitis or Crohn’s Disease, there is only a mild increase in inflammatory cells and no

change in pro-inflammatory genes like TNFα or IL1β  (9). This observation allows two major

questions: 1. What is the source and major contributor for ileal phenotype in Ostα-/- mice? and 2.

Can we alleviate or reverse the phenotype with BA-based therapeutics? 

In our investigations, we explore several methods of alleviating the ileal bile acid burden

in Ostα-/- mice. Our lab has reported that preventing bile acid uptake by genetic ablation of the

apical sodium bile acid transporter (Asbt) has been shown to prevent ileal damage in the Ostα-/-

mice. In the present studies, we utilize a pharmacologic ASBT inhibitor (ASBTi, SC-435) which

has been evaluated in clinical trials as an anticholestatic therapy  (15) and have demonstrated

clinical  benefit  in  children  and  been  approved  for  the  treatment  of  progressive  familial

intrahepatic cholestasis (PFIC) and Alagille syndrome  (16, 17). Our studies demonstrate that

delivery of ASBTi can reverse the ileal phenotype of  Ostα-/  mice in as little as one week of

treatment. 

Other methods of changing the bile acid composition in Ostα-/- mice were also evaluated.

Treatment  with a bile  acid sequestrant  (18) has been shown to be therapeutic in the  Mdr2-/-

mouse  model  of  cholestatic  liver  injury  by  addressing  the  consequences  of  bile  acid

accumulation by increasing elimination of bile acids from the system. In our experience, feeding

colesevelam did not improve the ileal phenotype in the Ostα-/- mice. The kinetics of bile salts and

sequestrants binding may play a role in explaining the absence of improvement in our  Ostα-/-

mouse model. Studies have been conducted that suggest the binding of bile salts to various BA

sequestrants and resins are reversable (19). Earlier studies have demonstrated the mechanism of
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action of these therapeutics are by ion-exchange which are governed by the principals of mass

action and suggests bound bile salts can be displaced and replaced by endogenous competing

anions  in  the  system  (20).  Anions  that  exist  physiologically,  such  as  chloride,  flux  in

concentration along the axis of the gastrointestinal track and can influence the binding capacity

of resin by reducing the ability to sequester bile acids by occupying binding sites. Bile salts

lower in concentration as we travel down the small intestine, at the terminal ileum and site of bile

acid  reabsorption  the  resins  equilibrate  to  the  bile  salts  and other  anions  (which  are  higher

comparatively to the bile salts). It is possible that the bile salts are displaced from the resin by

competing anions and consequently continue to expose the epithelium to the buildup of BA in

the  Ostα-/-  mice.  This  suggests  that  the  environment,  binding  capacity,  and  affinity  of  BA

sequestrants play a large role in influencing their therapeutic effect (21).

Our next approach involved changing the bile acid composition by administration of the

hydrophilic  bile  acid  ursodeoxycholic  acid  (UDCA).  UDCA  is  clinically  used  to  the  treat

cholestatic  disorders  such  as  primary  biliary  cholangitis  (PBC),  intrahepatic  cholestasis  of

pregnancy, and cystic  fibrosis  (22-24).  In addition,  UDCA which has been reported to have

cytoprotective properties and improves portal inflammation, ductular proliferation, and fibrosis

in Mdr2-/- mice as mentioned earlier (25, 26). In addition to its use for improving the outcome of

hepatobiliary disease, UDCA also has been shown to provide protective effects in small intestine

and colon (27, 28). To our surprise, neither of these interventions improved the ileal phenotype

in  our  Ostα-/- mice.  A  potential  explanation  could  involve  the  influence  of  UDCA  on  the

hydrophobicity  of  the  mouse  bile  acid  pool.  The  cytochrome P450,  Cyp2c70,  was  recently

identified as the enzyme responsible for the synthesis of protective, hydrophilic muricholates

exclusively  found  in  murine  species  (29-32).  Our  group  and  others  have  generated  and
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demonstrated that the  Cyp2c70-/- mouse develops early features of cholestasis as a result of a

more  human,  hydrophobic  and injurious  BA pool  (29,  32-34).  One study demonstrated  that

treating Cyp2c70-/- mice with the hydrophilic BA UDCA reduced the hydrophobicity of the BA

pool and normalized liver histology and hepatic injury markers (33), which prompted us to test

this therapeutic approach in our Ostα-/- mouse. Our lab has previously characterized that despite a

reduction in overall bile acid pool size by ~70%, the overall distribution of bile acid composition

in  Ostα-/- mice  is  not  significantly  different  from  WT  as  suggested  from  their  respective

hydrophobicity  indexes  (6).  In  our  interrogations  of  the  Cyp2c70-/- mouse,  we evaluated the

detergency profile of the hepatic BA pool in WT mice versus WT mice treated with ASBTi by

calculating the hydrophobicity index and injury prolife as measured by red blood cell lysis. As

expected,  the  WT  mouse  liver  BA  composition,  which  contains  almost  50%  hydrophilic

muricholates,  exhibits  weak  cytolytic  activity  in  the  red  blood  cell  lysis  assay  and  has  a

hydrophobic index at around -0.28. In agreement with other reported observations  (35), ASBT

inhibition reduced the proportion of hydrophilic TMCAs and increased TDCA and TCDCA in

livers of WT mice, thereby elevating the calculated HI from -0.28 to +0.18 (36). This increase in

hydrophobicity of the bile acid pool with ASBTi administration could be a possible contributor

to the lack of improvement in ileal histology in our Ostα-/- mouse model.

We also followed up on the  microarray data from our previous  Ostα-/- characterization

(10). The analysis previously identified 244 differentially expressed genes (regulated more than

2-fold P < 0.05); 54 that were increased and 190 genes that were decreased. Ontogeny analysis

performed  for  differentially  expressed  genes  revealed  that  pathways  related  to  oxidation-

reduction and glutathione metabolism were most highly induced, suggesting increased oxidative

stress. Bile acids can induce mitochondrial ROS in hepatocytes, which promotes activation of
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receptor tyrosine kinases and cell signaling pathways (37). However, the ability of bile acids to

induce mitochondrial ROS is not restricted to hepatocytes, and other studies have argued that

bile acids can generate ROS in various cell types  (38-40). 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 (41-44). Other major sources of reactive oxygen

species (ROS) in the gastrointestinal tract include the formation of free radicals by the electron

transport chain in the mitochondria, NAPDH oxidases, and nitric oxide synthase (NOS) enzymes

(45). Our top candidate is the NADPH oxidase enzyme Nox1 which is found to be expressed in

the  ileal  epithelium  and  has  been  reported  to  be  a  major  contributor  of  ROS  under

pathophysiological conditions  (46, 47). Development of Ileitis and mucositis in mouse models

has been linked to the up-regulation of oxidases and overproduction of ROS in small intestine

(48, 49) and increased Nox1 activity has been linked to redox-signaling associated with epithelial

repair  (46, 49, 50). As described in previous studies, ileal Nox1 mRNA expression is induced

almost 50-fold in male and female Ostα-/- mice, raising the argument for the Nox1 generation of

ROS underlies the initial injury in our Ostα-/- mice, resulting in the induction of Nrf2-target genes

and restitution response (10). To directly test this hypothesis, we generated Ostα-/-/Nox1-/- mice

and observed no major improvement in the ileal phenotype from the  Ostα-/-  mouse, suggesting

that perhaps another source of ROS not generated by Nox1 is the underlying source of injury. To

address this point, we administered  N-acetyl cysteine (NAC) is a cell-permeable derivative of

cysteine and reverses thiol oxidation in cells and tissues by scavenging reactive oxygen species

and enhancing glutathione synthesis (51). Administration of NAC has been shown to protect the
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small intestine and colon from injury involving oxidative stress, such as exposure to radiation,

dextran sodium sulfate, and alcohol (52-54). In addition, oxidative DNA damage associated with

environmental toxins or genetic manipulations in fetuses has been protected by NAC feeding to

pregnant mice (55).However, supplementing the water for Ostα KO mice with NAC for 4 and 8

weeks did not improve the ileal phenotype. 

The  absence  of  improvement  with  Nox1-/-and  NAC  feeding  suggests  that  the  ileal

phenotype observed in Ostα-/- mice may be attributed to either reactive oxygen species generated

in  other  locations,  or  other  confounding factors  that  we have  not  yet  investigated.  In  these

studies, we have not addressed the outcomes of the complete ablation of the Nrf2/antioxidant

response element (ARE) associated pathways. Nrf2 is a basic leucine zipper protein that plays an

important  role  in  the  cellular  adaptive  response  to  counteract  endogenous  and  exogenous

oxidative stressors (56, 57). Nrf2 is regulated by Kelch-like ECH-associated protein 1 (Keap1).

Under basal conditions Nrf2 is bound to Keap1 and retained in the cytoplasm and undergoes

proteasomal  degradation  (58).  In  response  to  oxidative  stress,  the  Nrf2-Keap1  complex  is

disrupted  and  Nrf2  translocates  into  the  nucleus  where  it  binds  to  the  antioxidant  response

elements (AREs) of promoters to induce expression of target genes involved in GSH production,

utilization and protection against oxidative insult  (59-61). Furthermore, current drugs used to

treat cholestasis, such as oleanolic acid and baicalin, induce Nrf2 expression (59, 62). These data

suggest that the activation of Nrf2 acts on the front line to protect the cell from macromolecular

damage.  
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Supplementary Material 

Supplemental Table S1. Primers used for gene expression in mouse 

Gene Forward primer Reverse primer
Cyclophillin TTCTTCATAACCACAGTCAAGACC TCCACCTTCCGTACCACATC
GSTa1 GGCAGAATGGAGTGCATCA TCCAAATCTTCCGGACTCTG
GSTa3 AGGGAACAGCTTTTTAACAAGAAA CCATCAAAGTAATGAAGGACTGG
GSTa4 CCCCTGTACTGTCCGACTTC GGAATGTTGCTGATTCTTGTCTT
GSTmu1 GCAGCTCATCATGCTCTGTT CATTTTCTCAGGGATGGTCTTC
GSTmu3 CCCGCATACAGCTCATGATA TTGCCCAGGAACTCAGAGTAG
Nqo1 AGCGTTCGGTATTACGATCC AGTACAATCAGGGCTCTTCTCG
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Supplemental Figure S1. Ost-/- mice present with a shorten villus phenotype. 

Transmission electron microscopy of representative Ost-/- (right) villi morphology compared to

WT (left). Scale bar 0.2 m. 
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Supplemental  Figure  S2.  Changes  in  liver  and  body  weight  in  Ost-/- and  WT  mice

following 1, 2 and 4 weeks of ASBTi treatment

Median values (line), interquartile range (boxes), and min to max values (whiskers) are shown, n

= 6-14 mice per group. Distinct lowercase letters indicate significant differences between groups

(P < 0.05).
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Supplemental  Figure  S3.  Changes  in  liver  and  body  weight  in  Ost-/- and  WT  mice

following 4 weeks of 2% Colesevelam feeding.

Median values (line), interquartile range (boxes), and min to max values (whiskers) are shown, n

= 4-11 mice per group. Distinct lowercase letters indicate significant differences between groups

(P < 0.05).
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Supplemental  Figure  S4.  Changes  in  liver  and  body  weight  in  Ost-/- and  WT  mice

following 6 weeks of 0.2% UDCA feeding

Median values (line), interquartile range (boxes), and min to max values (whiskers) are shown, n

= 10 – 12 mice per group. 
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Supplemental  Figure  S5.  Changes in liver  and body weight in WT,  Ost-/-,  Nox1-/- and

Ost-/-/ Nox1-/- mice on chow

Median values (line), interquartile range (boxes), and min to max values (whiskers) are shown, n

= 10 – 12 mice per group. Distinct lowercase letters indicate significant differences between

groups (P < 0.05).
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Supplemental  Figure  S6.  Changes  in  liver  and  body  weight  in  WT  and  Ost-/- mice

following NAC treatment for 4 and 8 weeks

Median values (line), interquartile range (boxes), and min to max values (whiskers) are shown, n

= 3 – 5 mice per group. Distinct lowercase letters indicate significant differences between groups

(P < 0.05).
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Chapter 5: Discussion and Future Directions 

Sections of this chapter are adapted from below with permission from Elsevier Science:

Truong, J. K., & Dawson, P.A. (2021) Bile Acid Metabolism. In N. Ridgway & R. McLeod

(Eds). Biochemistry of Lipids, Lipoproteins and Membranes (pp. 395-428). Elsevier Science. 
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Impact and Significance

Investigation from 2015 to 2022 has uncovered additional details involving the pathways for bile

acid synthesis, transport, signaling and the regulation of their metabolism. With regard to bile

acid  synthesis,  identification  of  the  murine  enzymes  responsible  for  the  6-hydroxylation

(Cyp2c70) and 7-rehydroxylation (Cyp2a12) of bile acids represented important breakthroughs

in the field (1). There are substantial differences in the bile acid pool composition between mice

and humans, with mice making more hydrophilic and less-injurious bile acid species. This has

long hampered our ability to use the mouse to study the role of bile acids in human disease.

However, the generation and characterization of the Cyp2c70 KO and Cyp2c70-Cyp2a12 double

KO mouse models have begun to address the long-standing challenge of modeling of role of bile

acid retention and cytotoxicity in human cholestatic diseases. This breakthrough is predicted to

yield  novel  insights  to  the  connection  between  bile  acids  and  human  metabolic,  liver,  and

gastrointestinal disease and to promote the development of new therapies.

The concept that cholehepatic shunting can improve delivery of therapeutic compounds

to bile  acid ducts  has  considerable potential  but  may restricted in part  by the expression of

transporters involved in their uptake by hepatocytes and biliary epithelial cells. Our studies found

that  the  major  bile  acid  transporters  were  not  required  for  the  potent  bicarbonate-rich

hypercholeresis induced by  norUDCA, and indirectly support the hypothesis that cholehepatic

shunting of norUDCA is mediated by passive diffusion. Moreover, our results suggest that the

intestinal absorption and choleheptic distribution of  norUDCA is transporter-independent, with

the fate of norUDCA being controlled by its Phase 2 metabolism (primarily glucuronidation) and

excreted in the urine or feces. Although norUDCA does not behave like a native C-24 bile acid

for its distribution in the enterohepatic circulation and its hepatic/intestinal metabolism, we show
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for the first time that  norUDCA potently stimulates the Ca+-activated Cl- channel TMEM16A,

similar to native bile acids such as TUDCA. The discovery of TMEM16A dependent norUDCA-

induced chloride secretion that is bile acid transporter-independent yields new insights to the

superior ability of  norUDCA versus hydrophilic C-24 bile acids such as TUDCA to induce a

bicarbonate-rich hypercholeresis. In our current model, norUDCA stimulates extracellular ATP-

release and P2 purinergic receptor signaling through the IP3 receptor, resulting in cytosolic Ca2+

release and TMEM16A Cl- secretion. The Cl- secreted by TMEM16 then stimulates bicarbonate

secretion  via  the  plasma  membrane  Cl-/bicarbonate  exchanger  AE2  (SLC4A2)  (2-4).

Interestingly,  biliary  bicarbonate  secretion  and  stimulation  of  biliary  bile  flow  induced  by

norUDCA is partly CFTR-dependent  (5), suggesting that there are additional mechanisms by

which norUDCA may be stimulating ATP release or bicarbonate secretion.

Future Directions 

I predict that the use of Cyp2c70 KO mice as an experimental model will shed new light

on the role of hydrophobic bile acids in other cholestatic diseases such as the different forms of

progressive  familial  intrahepatic  cholestasis  (PFIC),  primary  biliary  cholangitis,  primary

sclerosing  cholangitis,  Alagille  syndrome,  biliary  atresia,  and  intrahepatic  cholestasis  of

pregnancy (ICP). With regard to ICP, we and others have observed that the liver injury is more

severe in female Cyp2c70 KO mice, although the underlying cause for the sex differences remain

largely  unexplained.  The  absence  of  liver  phenotypic  differences  between  male  and  female

during early postnatal development suggest the involvement of sex hormones in the more rapid

and serious liver disease progression in female Cyp2c70 KO. Male-female difference in bile acid

metabolism have been reported for humans and mice but are poorly understood. An important
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sex difference in  Cyp2c70 KO mice is the more significant reduction in 12-hydroxylated bile

acid synthesis in the female. Interestingly, expression of the rate-limiting enzyme for synthesis of

12-hydroxylated bile acids, Cyp8b1, has been shown to be repressed by estrogen (6),  providing

clues to the potential mechanism. In addition, females have a larger bile acid pool size per unit

body weight versus males. As such, if there exists a hepatic bile acid content threshold to induce

liver  injury,  females  may  exceed  that  boundary  more  readily  than  males.  In  humans,

approximately a quarter of pregnant woman develop ICP, which is commonly diagnosed after

hormones are elevated in the third trimester and resolves quickly after delivery when placental

hormone production ceases. Pruritis (itching) is a clinically significant symptom present in ICP

and other cholestatic disease patients. Despite intensive investigation, the molecular mechanisms

by which bile acids trigger pruritus remain unclear. With the Cyp2c70 KO mouse, the field will

be more well equipped to answer these questions. 

The studies performed in Chapter 4 demonstrating that  norUDCA stimulates the Ca2+-

activated Cl- channel TMEM16A in mouse cholangiocytes leaves many new questions to be

explored. It is not known if other side chain-shortened C-23 nor-bile acids behave similarly, or if

norUDCA can stimulate  other  channels  such as  CFTR or  LRRC8A, a  volume-activated  Cl -

channel recently identified in cholangiocytes. The questions of how norUDCA is secreted into

bile or if there a role for any other membrane transporter in the uptake and export of norUDCA

still remain to be answered. Although we were able to successfully show that the major bile acid

carriers  ASBT,  OSTα-OSTβ,  and  OATP1a/1b  transporters  are  not  required  for  orally

administered  norUDCA to stimulate a bicarbonate-rich hypercholeresis, there were additional

transporters  whose  expression  was  induced by  norUDCA treatment  that  we  did  not  pursue.

However, based on the physicochemical properties of norUDCA, our findings, and the weight of
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evidence in the literature, we conclude that the cholehepatic shunting of norUDCA is maintained

by passive membrane diffusion.  

Additionally, other unexpected properties of  norUDCA were discovered. Unlike other

bile  acids  that  are  efficiently  sequestered  by  Colesevelam,  it  was  surprising  that  norUDCA

showed  little  apparent  binding  to  the  resin,  despite  only  a  one  carbon  difference  from the

endogenous ursodeoxycholic acid. This result challenged our curiosity, and we were interested in

testing if norUDCA was sequestered by other bile acid resins. Early investigations I conducted

suggest  that  norUDCA does  not  bind  to  other  clinically  administrated  sequestrants  such  as

colestipol or cholestyramine. From that, I also discovered that unique bile acids have different

binding affinities to resins and lead me to wonder what specific property was influencing the

BA’s ability to be sequestrated. Pilot data I generated did not show any obvious trends, but it

would be interesting to follow up and explore the basis, which allows norUDCA to evade being

bound by these first and second generation bile acid sequestrants.   

Despite  our  efforts  described  in  Chapter  4,  the  molecular  mechanisms  by  which

enterocytes withstand bile acid injury still remain unclear. In our model of intestinal bile acid

stasis, we systematically tested various therapeutic approaches to interrogate components our

model for ileal phenotype in Ost KO mice. The absence of a significant effect of UDCA on the

villus structures in  Ost KO mice could be attributed to the hydrophilic muricholate-rich bile

acid pool in  these mice.  Thus,  increasing the amount  of UDCA in the bile  acid pool  has a

minimal  effect  on the overall  hydrophobicity.  This could be tested using a  Ost-/-/Cyp2c70-/-

mouse model, which we predict would show more severe ileal injury versus mice lacking Ost

alone. In our studies, ablating of Nox1 and NAC feeding did not have a large effect on the ileal

phenotype in Ost-/- mice. These data suggest that ROS is driving the ileal phenotype and other
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factors may be involved in the induction of Nrf target genes and ileal phenotype observed in the

Ost KO mice.  To  approach  this  question,  we  predicted  that  knocking  out  Nrf2  would  be

protective  in  our  intestinal  stasis  model  by  interrupting  the  antioxidant  response  to  protect

against oxidative damage. However, early phenotyping of intestine Nrf2-/-/Ost-/- mice suggested

that there was no change in Ost-/- ileal morphology upon ablation of Nrf2. In the Ost model,

the ileal enterocytes appear to have a protective mechanism or undergo a constant injury and

restitution response to protect themselves from bile acid induced damage. It is certainly possible

that mice are protected from more severe bile acid injury due to the very high turnover of the

intestinal epitheial cells in the ileum versus more long-lived hepatocytes or cholangiocytes.   

Beyond the liver and biliary tract, there is growing evidence that bile acids play a role in

the kidney injury observed in patients with high circulating levels of bile acids and liver disease

(7, 8). This presents a broader application of the therapeutics currently used to treat BA-related

injuries  and opens the possibilities  of  co-treating for  cholestatic  liver  diseases.  Additionally,

recent advancement in our knowledge of therapeutic molecular targets and etiologies for several

liver diseases has encouraged the use of bile acid-based therapies.  

Final Thoughts

With regard to bile acid transport in the enterohepatic circulation, many questions remain

to be answered regarding the intracellular movement and compartmentalization of bile acids.

There have been recent advances in our understanding of intracellular cholesterol transport, such

as the discovery of the Aster proteins. Similar studies are needed to extend our understanding of

the  molecular  pathways  for  directing  lipoprotein-derived  cholesterol  into  the  bile  acid

biosynthetic  pathway  and  the  intracellular  trafficking  of  bile  acids,  their  biosynthetic
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intermediates,  and  bile  acid  analogs.  An  exciting  byproduct  of  this  line  of  investigation  is

predicted  to  be further  insights  into  the molecular  mechanisms by which  different  bile  acid

species are delivered to and engage intracellular targets. These targets include nuclear receptors

such as FXR, PXR, and VDR, transcription factors such as yes-associated protein 1 (YAP), and

as yet unidentified mediators of bile acid signaling or cytotoxicity.

Over the next five years, high through-put sequencing technology and gene chips for

cholestatic liver disease will identify additional patients with inborn errors in the major bile acid

biosynthesis  and  transporter  genes,  but  also  identify  novel  genes  involved  in  bile  acid

homeostasis and human disease. Other areas of future investigation will include the interaction of

bile acids with the microbiome, bile acid signaling particularly in immune cells in the gut and

liver, and on the complex role of bile acids in the regulation of lipid, carbohydrate, and energy

metabolism. These pathways provide promising targets for pharmacological intervention in a

variety of liver, gastrointestinal and metabolic diseases, and will garner considerable attention

within and outside the bile acid field. Clearly, bile acids are much more than simple detergents

and much remains to be discovered.
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