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A B S T R A C T

The use of animal models, particularly genetically modified mice, continues to play a critical role in studying the
relationship between bile acid metabolism and human liver disease. Over the past 20 years, these studies have
been instrumental in elucidating the major pathways responsible for bile acid biosynthesis and enterohepatic
cycling, and the molecular mechanisms regulating those pathways. This work also revealed bile acid differences
between species, particularly in the composition, physicochemical properties, and signaling potential of the bile
acid pool. These species differences may limit the ability to translate findings regarding bile acid-related disease
processes from mice to humans. In this review, we focus primarily on mouse models and also briefly discuss
dietary or surgical models commonly used to study the basic mechanisms underlying bile acid metabolism.
Important phenotypic species differences in bile acid metabolism between mice and humans are highlighted.

1. Introduction

Interest in bile acids can be traced back almost three millennia to
the widespread use of animal biles in traditional Chinese medicine [1].
By the early 19th century, bile acids as a biliary constituent became the
subject of more detailed investigation by chemists and physiologists
[2]. Since that time, much has been learned regarding the structure,
physicochemical properties, metabolism, and physiological functions of
these essential detergents and signaling molecules [3]. Moreover, the
study of bile acids and their relationship to the pathophysiology and
treatment of human disease continues to be relevant today with the
advent of new bile acid-based therapies [4,5].The use of animal models
has played a seminal role in promoting our understanding of bile acid
synthesis, metabolism, and role in human disease [6–8]. Bile acids are
absent from invertebrates [9], but present in all vertebrate species [10].
Bile acid metabolism has been studied in many vertebrate animal
models including lamprey, skate, zebrafish, rat, mouse, hamster, rabbit,
prairie dog, and monkey. Of the small animal models, bile acid bio-
synthesis and metabolism in hamsters appears to be most similar to that
of humans [11–13], however over the past 3 decades, mice have be-
come the preferred model for study [14,15]. This is due to their

characteristics such as small size, short gestation period and life span,
which facilitated large-scale laboratory breeding and housing, the
availability of inbred and specialized strains as genome sequencing
technology was rapidly expanding [15], and the similarities between
the mouse and human genomes. Moreover, the development of ex-
pedient technologies for mouse phenotyping and genome manipulation,
and the emergence of a substantial infrastructure of mouse-related re-
search resources, including biorepositories and databases from colla-
borative consortium and commercial sources, spurred the use of mice as
a model organism for the study of human disease [16,17]. Although
invaluable as a research model, mice and humans diverged about 80
million years ago and have adapted to different environments. As such,
there are myriad species differences that may impede our ability to
translate specific findings with regard to basic biological mechanisms,
such as bile acid metabolism (this review) or disease processes from
mice to humans [18–20].

In the present review, we focus on the laboratory mouse as a model
to study bile acid biosynthesis, enterohepatic cycling, and metabolism.
For each section, we introduce the major concepts and highlight simi-
larities and important species differences between mice and humans
with regard to bile acid homeostasis. Special emphasis is directed
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toward knockout mouse models of human genetic disorders impacting
bile acid biosynthesis and transport. The regulatory factors that control
bile acid homeostasis, such as the nuclear receptor FXR and Fibroblast
Growth Factor (FGF)15/19, the interactions of bile acids with the mi-
crobiome, and the role of bile acids in the pathogenesis of liver disease
are only briefly mentioned and the reader is referred to recent com-
prehensive reviews on those topics [20–25] and other articles in this
series (“Animal Models in Liver Disease”).

2. Mouse models to study bile acid biosynthesis and metabolism

The major mouse genetic models available to study bile acid bio-
synthesis and metabolism are described in Table 1.

2.1. Overview of bile acid biosynthesis and metabolism

Bile acids are synthesized from cholesterol in pericentral hepato-
cytes, and this represents the major pathway for cholesterol catabolism
[26]. In humans, approximately 0.5 g of cholesterol is converted to bile
acids per day (~7mg per day per kg body weight) to balance fecal loss,
and this accounts for almost half of the cholesterol eliminated from the
body per day. In mice, the amount of cholesterol converted to bile acids
(approximately 1.25mg of cholesterol per day; ~50mg per day per kg
body weight) is quantitatively greater on a body weight basis, reflecting
their higher cholesterol biosynthesis rate and significant daily choles-
terol intake (expressed per kg body weight) [27,28]. However in both
species, cholesterol catabolism to bile acids accounts for a similar
overall fraction (~45%) of daily cholesterol elimination [28]. The bile
acids that are newly synthesized from cholesterol in the hepatocytes are
termed primary bile acids. These include cholic acid (CA) and cheno-
deoxycholic acid (CDCA) in humans, and CA, muricholic acid (MCA),
CDCA, and ursodeoxycholic acid (UDCA) in mice (Fig. 1). In contrast,
the bile acids generated by subsequent modifications carried out by the
gut microbiota or host are termed secondary bile acids [29,30]. Under
normal physiological conditions, the primary bile acids are synthesized
via two major pathways, the “classical” (neutral) and “alternative”
(acidic) pathways [31], with variable contributions by the Yamasaki
and 25-hydroxylation pathways in the developing fetus or under pa-
thophysiological conditions [32]. Of the major pathways, the classical

(Cholesterol 7α-hydroxylase; CYP7A1) pathway is quantitatively more
important and favors the synthesis of CA in humans and mice [33]. The
alternative (Oxysterol 7α-hydroxylase; CYP7B1) pathway is also
quantitatively significant and favors the synthesis of CDCA in humans
and 6-hydroxylated bile acids such as MCA in mice [31,34]. Since the
biosynthetic intermediates in these pathways are often substrates for
more than one enzyme and little is known regarding the intracellular
trafficking of these compounds in hepatocytes, the mechanisms re-
sponsible for metabolic channeling of cholesterol toward CA versus
CDCA or MCA remain unclear. Moreover, the specificity is not absolute,
with the classical and alternative pathways capable of yielding some
CDCA and CA, respectively [35–37].

The overall biosynthetic pathway is complex and involves at least
seventeen different enzymes, one or more transporters, and multiple
cellular compartments, which includes the cytosol, endoplasmic re-
ticulum, mitochondria, and peroxisomes [38]. In the classical pathway,
the microsomal cytochrome P450 (CYP) enzyme cholesterol 7α-hy-
droxylase (gene symbol: CYP7A1) is the rate-limiting enzyme for bile
acid synthesis, whereas the microsomal CYP sterol 12α-hydroxylase
(gene symbol, CYP8B1) controls the amount of CA synthesized. In the
alternative pathway, the first step is catalyzed by sterol hydroxylases
present in liver and extra-hepatic tissues, with the contribution of sterol
27-hydroxylase (gene symbol: CYP27A1) being quantitatively most
important [31,33]. This reaction is followed by an oxysterol 7α-hy-
droxylation, which is mediated primarily by CYP7B1 in liver, with
varying contributions by CYP39A1 [24,31,38–41]. The classical and
alternative biosynthetic pathways then converge at an isomerization
step catalyzed by the enzyme 3β-hydroxy-Δ5-C27-steroid oxidor-
eductase (HSD3B7). In the next step, 7α-hydroxy-4-cholestene-3-one
directly undergoes steroid ring isomerization and saturation or is first
converted by CYP8B1 to 7α,12α-hydroxy-4-cholestene-3-one before
proceeding to those steps. The subsequent steroid ring modifications
are carried out by Δ4-3-oxosteroid 5β-reductase (aldo-keto reductase
1D1; AKR1D1) and 3α-hydroxysteroid dehydrogenase (aldo-keto re-
ductase 1C4; AKR1C4). Following the steroid ring modifications,
CYP27A1 acts on the product of the neutral (CYP7A1) pathway, 5β-
cholestan-3α,7α,12α-triol to create a carboxyl group at the C-27 posi-
tion. The di- and trihydroxycoprostanoic C27 bile acid derivatives are
then converted to their corresponding CoA esters by very-long-chain

Table 1
Genetic mouse models used to study bile acid biosynthesis and metabolism.

Model enzyme Description (bile acid-related phenotype)

Cyp7a1 KO Constitutive KO (mixed B6/129; UT-Southwestern colony); ↑postnatal mortality; ↓fat & fat-soluble vitamin absorption; ↓BA pool size; ↓fecal BAs, ↓
intestinal cholesterol absorption; milder phenotype reported for independent colony [43,117,118]

Cyp7a1 KO Cyp7a1 KO (JAX 002751 B6;129S7-Cyp7a1tm1/Rus/J) backcrossed into C57Bl/6J background; normal survival & growth; ↓BA pool size w/ ↓proportion
TCA, ↑TMCA; ↑liver Cyp8b1 & Cyp7b1 expression [36]

Cyp7a1 Tg Tg mouse expressing rat Cyp7a1 driven by apoE hepatic control region (C57Bl/6); ↑BA pool size w/ ↓proportion TCA, ↑TMCA, TCDCA, TUDCA;
↓Cyp8b1 expression; ↑fecal BAs; ↑fecal cholesterol [119]

Humanized CYP7A1 Tg Tg mouse with BAC encompassing human CYP7A1 gene (1 copy) crossed into Cyp7a1 KO background (C57Bl/6J); ↔ BA pool size w/ ↑proportion TCA;
human CYP7A1 Tg expression is not induced by cholesterol-feeding [67]

Cyp8b1 KO Constitutive KO replacing Cyp8b1 coding sequence w/ lacZ (mixed B6/129; JAX 018771 B6;129S7-Cyp8b1tm1/Rus/J); ↑BA pool size w/ ↑proportion
TMCA, TCDCA, TUDCA; ↑Cyp7a1 expression & activity; ↑fecal BAs, ↑fecal neutral sterols; ↓intestinal cholesterol absorption [121]

Cyp8b1 KO Constitutive KO replacing Cyp8b1 sequence w/lacZ (Cyp8b1tm1(KOMP)Vlcg); ↑serum BAs; ↑Cyp7a1 expression; ↓intestinal fat absorption [66]
Cyp8b1 KO Taconic (C57Bl/6); constitutive KO model #11784; floxed conditional model #12015; ↔BA pool size w/ ↑proportion TMCA, TCDCA; ↓intestinal fat

absorption [65]
Cyp27a1 KO Constitutive KO (mixed B6/129; JAX 009106 B6.129-Cyp27a1tm1Elt/J); ↓BA pool size w/ ↑proportion of side-chain hydroxylated BAs; ↑liver Cyp7a1,

Cyp3a11; ↓fecal BAs; ↑fecal neutral sterols; ↓intestinal cholesterol absorption [37,40,130]
Cyp27a1 KO Cyp27a1 KO (JAX 009106 B6.129-Cyp27a1tm1Elt/J) backcrossed into C57Bl/6J background; hepatomegaly; ↑liver Cyp7a1; ↑fecal neutral sterols [281]
CYP27A1 Tg Tg mouse expressing human CYP27A1 under control of actin promoter; no gross morphological changes; ↑serum & liver 27-hydroxycholesterol levels;

↔ biliary BAs [282]
Cyp7b1 KO Constitutive KO (mixed B6/129Sv; JAX 016108 B6.129-Cyp7b1tm1Rus/J); also backcrossed into C57Bl6 background; sex steroid metabolism alterations;

↔ BA pool size or composition; ↑serum & liver 25- and 27-hydroxycholesterol levels [39]
Cyp7b1 KO Constitutive KO inserting IRES-lacZ; backcrossed into C57Bl/6 background; alterations in neurosteroid and sex steroid metabolism [283,284]
Cyp2c KO Constitutive Cyp2c gene cluster KO (C57Bl/6N; Taconic model #9177); blocks synthesis of 6-hydroxylated primary BAs; ↑proportion TCDCA; ↑fecal

LCA [47]
Humanized CYP2C9 Tg Targeted replacement of Cyp2c gene cluster with cassette expressing human CYP2C9 under control of albumin promoter; (C57Bl/6N; Taconic model

#11746); blocks synthesis of 6-hydroxylated primary BAs; ↑proportion TCDCA; ↑fecal LCA [47]
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acyl-CoA synthetase (VLCS; SLC27A2; FATP2) and transported by
ABCD3 into peroxisomes to undergo side chain β-oxidation and short-
ening. These intermediates are converted to their respective (25S)-iso-
mers by alpha-methylacyl-CoA racemase (AMACR) or enoyl-CoA hy-
dratase/3-hydroxy CoA dehydrogenase (EHHADH; L-Bifunctional
protein; peroxisomal multifunctional enzyme-1), and then oxidized by
acyl-coA oxidase 2 (ACOX2). D-bifunctional protein (HSD17B4) then
catalyzes the subsequent hydration and dehydrogenation reactions
prior to side chain cleavage by thiolase 2/sterol carrier protein 2. Note
that there are two enzymes capable of synthesizing bile acid CoA-
thioesters [42]. During bile acid biosynthesis, the bile acid-CoA thioe-
ster intermediate is synthesized by VLCS (SLC27A2; FATP2). However,
for previously synthesized unconjugated bile acids carried back to the
liver in the enterohepatic circulation, a distinct bile acid CoA ligase
(Bile Acid-CoA Synthetase, BACS; SLC27A5; FATP5) is used. Regardless
of the source of the bile acid-CoA thioester, bile acids are then con-
jugated to taurine or glycine by the bile acid-CoA amino acid N-acyl-
transferase (BAAT). This last step is remarkably efficient, and>98% of
the bile acids secreted into bile are in taurine or glycine-conjugated
form.

Our understanding of rare inherited bile acid biosynthetic defects in
patients has been advanced in part through the use of knockout mouse
models [43–45]. Conversely, characterization of the clinical presenta-
tion of the patients and the phenotype of the corresponding knockout
mouse models has yielded insights to human-mouse species differences
in bile acid biosynthesis and metabolism. Disease-associated mutations
in humans have been described for eleven enzymes and one transporter
involved in bile acid biosynthesis, and include CYP7A1, CYP27A1,
CYP7B1, HSD3B7, AKR1D1, AMACR, ACOX2, HSD17B4, SCP2,

SLC27A5, BAAT, and ABCD3 [32]. The phenotype of knockout mouse
models with mutations in many of those genes is described below.

2.2. Bile acid biosynthesis and metabolism: species differences between
humans and mice

Humans and mice have substantially different bile acid pool com-
positions (Fig. 1), with mice possessing a more hydrophilic complement
of bile acid species. These human-mouse species differences are sum-
marized in Fig. 2 and reflect: i) synthesis of UDCA as a primary bile acid
[46]. ii) Hydroxylation at the 6-position of the bile acid steroid nucleus
to generate MCA [47]. Notably this host differences may be accom-
panied by changes in the gut microbiome bile acid metabolism, which
affects the diversity of secondary bile acids [48]. iii) The amino acid
specificity for bile acid N-acyl-amidation (conjugation) [10]. iv) Hepatic
7α-rehydroxylation of conjugated deoxycholic acid (DCA) [49], and v)
species differences in bile acid detoxification [50,51]. These species
differences are discussed individually below.

2.2.1. Synthesis of UDCA
UDCA is a secondary bile acid in humans and only a very minor

component of the bile acid pool. In humans, UDCA is generated from
CDCA by the gut microbiota via a 2-step process involving oxidation by
a 7α-hydroxysteroid dehydrogenase (7α-HSDH) and stereospecific re-
duction of the 7-keto functionality by a 7β-HSDH [52] or by hepatic
reduction of the bacterial 7α-HSD-derived 7-oxolithocholic by the host
liver enzyme 11β-hydroxysteroid dehydrogenase 1 [53]. In mice, stu-
dies using germ-free mice demonstrated that UDCA is a primary bile
acid synthesized in the absence of the gut microbiota (Fig. 1). However,

Fig. 1. Bile acids present in humans and mice. (A) Structure and sites of hydroxylation on the steroid nucleus for bile acid species found 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 β-orientation are located above the steroid nucleus and are equatorial to the plane of the steroid nucleus. (B) Relative biliary bile acid composition in humans
and in conventionalized and germ-free mice (modified from Wahlström et al.; [48]).
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even in the mouse, UDCA is a very minor component, constituting
about 1% of the total bile acid pool [46,54]. Indeed, the significance of
this finding may be not the abundance of UDCA, but rather that UDCA
is an apparent biosynthetic precursor to β-muricholate (βMCA), a 6-
hydroxylated bile acid and major bile acid species present in mice (see
following section).

2.2.2. Biosynthesis of 6-hydroxylated bile acids
With regard to bile acid metabolism, the most important mouse-

human difference is the abundant synthesis of 6-hydroxylated bile acids
in mice. In mice, 6-hydroxylated bile acids constitute half or more of
the bile acid pool (Fig. 1). In contrast, 6-hydroxylated bile acids are
typically present at very low concentrations in humans under normal
physiological conditions, but can be detected in fetal and early neonatal
development or under pathophysiological conditions such as cholestatic
liver disease [55–57]. Hydroxylation at the C-6 position of the steroid
nucleus significantly alters the bile acid's physicochemical and de-
tergent properties, with 6-hydroxylated bile acids being more water-
soluble and relatively poor detergents [58–60]. Moreover, 6-hydro-
xylation of bile acids dramatically alters their signaling properties

[46,61,62], making them poor activators or even antagonists of FXR.
This human-mouse species difference is an important consideration
when trying to extrapolate findings in mouse models to bile acid-related
diseases in humans [63]. Pathways or interventions that shift the bile
acid composition in mouse models toward or away from 6-hydroxylated
bile acids have dramatic effects on FXR signaling, and on intestinal
cholesterol and lipid absorption, often with profound metabolic effects
[61,64–67]. Since humans typically synthesize very little 6-hydro-
xylated bile acids, it is unclear whether these mechanisms can be en-
gaged. On the other hand, the findings raise the interesting question of
whether administration of pharmacological doses of exogenous 6-hy-
droxylated or polyhydroxylated bile acids to humans or pharmacolo-
gically stimulating their production may have phenotypic actions
comparable to those observed in mouse models.

Although it was known that the synthesis of 6-hydroxylated bile
acids involved a cytochrome P450 [59], the identity of the specific
enzyme(s) (CYPs) remained unclear. Indirect correlative evidence sug-
gested that Cyp3a11 functioned as the bile acid 6-hydroxylase re-
sponsible for the synthesis of the muricholates as a primary bile acid in
mice. However that hypothesis turned out to be incorrect [68]. Very

Fig. 2. Bile acid synthesis and metabolism in humans
and mice. Major pathways for bile acid synthesis and
metabolism in humans and mice. (A) The classical
pathway for bile acid synthesis begins with choles-
terol 7α-hydroxylase (CYP7A1) and intermediates
synthesized via this pathway are substrates for the
sterol 12α-hydroxylase (CYP8B1), which generates
CA. The alternative pathway begins with sterol 27-
hydroxylase (CYP27A1) and generates pre-
dominantly CDCA. In mice, CDCA and UDCA un-
dergo 6β-hydroxylation by the cytochrome P450,
Cyp2c70 to generate αMCA and βMCA. (B) In hu-
mans, bile acids in the liver are conjugated (n-acyl-
amidated) with glycine (G) or taurine (T), whereas
mice use almost exclusively taurine. (C) Primary bile
acids are biotransformed by the gut microbiota.
These reactions include deconjugation, which is
catalyzed by bile salt hydrolases (BSH), epimeriza-
tion to change the orientation of the hydroxyl groups
on the steroid nucleus of the bile acids, and 7-de-
hydroxylation. (D) After returning to the liver, con-
jugated DCA can be rehydroxylated at the C-7 posi-
tion to regenerate conjugated CA. This reaction
occurs in mice and other species but is apparently
absent in humans. (E) Bile acids undergo Phase 1 and
Phase 2 metabolism, including additional hydro-
xylation, sulfation (sulfonation), and glucuronida-
tion. In humans, sulfation of bile acids such as LCA is
a primary pathway for their detoxification, whereas
in mice hydroxylation plays a dominant role. The
locations of these additional modifications to the bile
acid structure are indicated.
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recent analysis of knockout mouse models lacking all members of the
Cyp1a, Cyp2c, Cyp2d, or Cyp3a families found that only the murine
Cyp2c enzymes are required [47,68]. The murine liver-specific isoform,
Cyp2c70 was subsequently shown capable of efficiently 6-hydro-
xylating CDCA to α-muricholic acid (αMCA) and UDCA to βMCA,
whereas the major human CYP2C enzyme, CYP2C9, was unable to
hydroxylate bile acids [47]. The identification of Cyp2c enzymes as the
major source of 6-hydroxylated primary bile acids in mice was a
landmark observation and as discussed below, opens the door to de-
velopment of new mouse models with “humanized” bile acid pool
compositions for the study of liver disease [63]. However, it should be
noted that this finding still leaves a number of questions to be answered
regarding bile acid biosynthesis and metabolism in mice and humans.
For example, Cyp2c70 converts CDCA to αMCA and UDCA to βMCA,
with an apparent substrate preference for UDCA [47]. Since conjugated
and unconjugated forms of βMCA are the major 6-hydroxylated bile
acid species in liver and gallbladder bile of conventional as well as
germ-free mice [48], these results suggest that hepatic bile acid bio-
synthesis in mice preferentially yields UDCA, as an intermediate, which
is then efficiently converted βMCA. In this postulated murine pathway,
an as yet unidentified hepatic 7α-hydroxysteroid dehydrogenase oxi-
dizes CDCA to 7-oxolithocholic acid [69], which can then be reduced to
UDCA by 11-β-hydroxysteroid dehydrogenase 1 [70]. Also, while the
findings establish a clear role for Cyp2c enzymes in the biosynthesis of
the muricholates, additional studies will be required to determine the
role of these enzymes in the murine synthesis of polyhydroxylated bile
acids, which are appear under pathophysiological conditions such as
bile salt export pump (Bsep; Abcb11)-deficiency [71,72]. In humans,
previous studies suggested that these rehydroxylation reactions involve
CYP3A enzymes [73–75], whereas most attention has been focused on
Cyp3a11 and Cyp2b10 in mice.

In addition to their hepatic synthesis, bile acids can be modified by
the gut bacteria to generate secondary bile acids. In the mouse, their gut
microbiota is capable of efficiently epimerizing the 6-hydroxy group of
unconjugated βMCA, converting it to the 3α,6α,7β-trihydroxy bile acid,
ωMCA (Fig. 2). Interestingly, in germ-free mice conventionalized using
the gut microbiota from human donors, the ability of the humanized
gut microbiome to convert βMCA into ωMCA was markedly attenuated
[48]. Those results suggest that gut microbiota differences between
species likely affect their ability to generate secondary bile acids, an
additional factor that should be considered when using murine or other
animal models to understand human bile acid metabolism and gut-liver
signaling.

2.2.3. Species differences in bile acid conjugation (N-acyl-amidation)
In most non-mammalian vertebrates, the bile acid side chain is

sulfated or N-acyl-amidated to taurine [9,10,76]. By contrast in mam-
mals, the side chain is primarily N-acyl-amidated (conjugated) to
taurine or glycine, with an amino acid conjugation pattern ranging
from almost exclusively glycine in rabbits and guinea pigs to almost
exclusively taurine in sheep, dogs, and mice [10,77–79]. In humans,
bile acids are conjugated to glycine or taurine, with glycine conjugates
constituting the majority of the biliary bile acids (about 3:1 glycine-to-
taurine conjugated species). The selection of taurine or glycine for bile
acid conjugation is controlled by the BAAT enzyme [80,81], and the
availability of the taurine precursor [82]. In species such as humans and
rats, the BAAT enzyme can utilize either taurine (Km~1 to 2mM) or
glycine (Km~5 to 6mM). In humans, changes in diet or taurine intake
have been shown to influence the proportion of glycine versus taurine-
conjugated bile acids [83,84]. However, in some species such as mice,
there is evidence that the BAAT enzyme is particularly inefficient at
using glycine for conjugating bile acids. The evidence in mice includes:
1) In the original characterization of the mouse BAAT cDNA by Barnes
and colleagues, the recombinant enzyme exhibited significant cholyl-
CoA conjugating activity with taurine (Km=1.9mM) but had no de-
tectable activity with glycine [81]. Using similar methods, both the

human and rat BAAT orthologs utilized taurine and glycine to conjugate
cholyl-CoA [80,85]. 2) Reducing the availability of taurine in mouse
liver would be predicted to significantly increase the proportion of bile
acid glycine conjugates. However, that has not been the finding in
studies using mouse models defective in taurine transport or bio-
synthesis. In the taurine transporter (taut; Slc6a6) knockout mice, liver
taurine content was reduced from ~17.7 μmol/g to 1.6 μmol/g, but the
proportion of bile acid glycine conjugates in bile of the taut knockout
mice remained at ~3% of the total versus 93% taurine-conjugated and
~3% unconjugated bile acids [86]. In the cysteine dioxygenase (Cdo1)
knockout mice, liver taurine levels were reduced to<5% of the WT
hepatic levels, and the hepatic content of bile acids in those mice was
increased by ~30–40% [87]. However, the liver bile acid pool was
comprised of ~95% unconjugated bile acids, ~4% taurine-conjugated
bile acids, and< 1% glycine conjugated bile acids, suggesting that the
mouse BAAT enzyme is unable to efficiently utilize glycine in place of
taurine. 3) The species differences in conjugation are also observed in a
chimeric mouse models with a “humanized” liver [88]. Although there
was considerable variation in the engraftment with human hepatocytes
in that study, the fraction of glycine conjugated bile acids in gallbladder
bile increased from ~0.2% to ~7% in mice with the humanized livers.
As noted above, the strong preference of the BAAT enzyme for taurine is
not unique to the mouse among mammals, and partially purified BAAT
enzyme from dog liver yielded bile acid conjugates only with taurine
[89,90], whereas partially purified enzyme from human, pig, and rat
liver formed both glycine and taurine bile acid conjugates [90]. Similar
to the taurine-restricted genetic mouse models described above, short-
term depletion of dietary taurine in a cholic acid perfused dog model
leads to an enrichment in biliary output of unconjugated bile acid ra-
ther than a shift toward glycine-conjugated species [91]. The evolu-
tionary forces driving selection of the amino acid(s) used for conjuga-
tion in a particular species remains a mystery. Both the taurine and
glycine-conjugated bile acids are resistant to hydrolysis by the pan-
creatic peptidases encountered in the intestinal lumen during digestion
[92]. However, taurine conjugated bile acids are more water-soluble
and have a lower pKa than their respective glycine conjugates. As such,
the taurine conjugates will remain ionized over a broader range of pH
conditions and their transport across cell membranes is restricted to
active or facilitative transport, with little passive diffusion [93,94]. In
studies employing in vitro or in vivo models, the taurine conjugates of
bile acids appear to be less cytotoxic than their corresponding glycine-
conjugated or unconjugated forms [95–97]. This increased proportion
of more hydrophilic taurine-conjugated, 6-hydroxylated, and poly-
hydroxylated bile acid species is likely an important contributor to the
attenuated pathology often observed in mouse models of human liver
diseases [25,97–99].

2.2.4. Deoxycholate 7α-rehydroxylation
Most of the conjugated bile acids that pass into the small intestine

are reabsorbed intact. However, a fraction of the bile acid pool is bio-
transformed by the gut microbiota in the distal small intestine and
colon. The initial gateway reaction is carried out by bacterial bile salt
hydrolases (BSH), which remove the glycine or taurine moiety. The
unconjugated bile acids generated can then undergo additional micro-
bial-mediated reactions. These reactions include modifications of the
hydroxy groups on the bile acid steroid nucleus, such as 7α-dehy-
droxylation, dehydrogenation, epimerization, or elimination to form an
unsaturated bile acid (with a double bond in the steroid nucleus) [52].
Among the most important of those reactions is bacterial 7α-dehy-
droxylation, which in humans converts CA and CDCA to the major
secondary bile acids DCA and lithocholic acid (LCA), respectively. In
mice, CA is also efficiently converted to DCA. Additional studies suggest
that in rats (and most likely also in mice), unconjugated α, β, and
ωMCA undergo bacterial 7α or 7β-dehydroxylation to yield hyo-
deoxycholic acid (HDCA) or murideoxycholic acid (MDCA) [100].
However, based on the low abundance of these bile acid species in
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murine cecal contents or feces, these reactions appear to be of only
minor quantitative importance as compared to the 7α-dehydroxylation
of CA [48]. Although there does not appear to be substantial 7α-de-
hydroxylation, of the muricholates, it should be noted that gut micro-
bial epimerization of the hydroxy group at the C-6 position is a quan-
titatively important reaction, converting βMCA to ωMCA.

A fraction of the gut microbiome-generated DCA and LCA is ab-
sorbed from the colon and returned to the liver in the portal circulation.
After uptake by hepatocytes, the DCA and LCA is reconjugated to gly-
cine or taurine and potentially 7α-rehydroxylated to reform conjugated
CA and CDCA, respectively. Whereas this reaction may not be im-
portant for LCA, which is efficiently sulfated in many species [101],
hepatic bile acid 7α-rehydroxylation is an important determinant of the
concentration of DCA in the bile acid pool and this activity varies
considerably between species. Hepatic bile acid 7α-rehydroxylation
activity is relatively high in mice (as well as rats, prairie dogs, and
hamsters; species with low biliary DCA concentrations; [102–105]),
however the hepatic enzyme activity is apparently lacking in humans
(also rabbits, dogs, walruses, and sperm whales) [10,106,107]. A CYP
enzyme is likely responsible for the hepatic rehydroxylation of TDCA to
TCA, as indicated by partial characterization of the purified rat liver
enzyme and studies using a hepatic-specific cytochrome P450 reductase
knockout mice, which reduces the activity of all liver CYP enzymes by
deletion of the shared electron donor enzyme, CYP oxidoreductase
[59,108]. Notably, the earlier purification and characterization studies
of the rat liver TDCA 7α-hydroxylase (monooxygenase) and cholesterol
7α-hydroxylase indicated that these are distinct enzymes [108,109].
However, there has been little additional characterization of the con-
jugated DCA 7α-hydroxylase activity [110], and the identity of the
specific enzyme responsible for this important species bile acid meta-
bolism difference remains to be determined.

2.2.5. Detoxification of bile acids by sulfation and hydroxylation
Among the phase II detoxification reactions for bile acids is sulfation

(sulfonation), where a member of the SULT sulfotransferase family
catalyzes the transfer of a sulfonate group (SO3

−) preferentially to the
C-3 position in humans and to the C-7 position group in mice [49,50].
In humans, it has been known for many years that sulfation is carried
out in the liver by SULT2A1. This reaction serves as a means to detoxify
and eliminate bile acids, and sulfation (sulfonation) has profound ef-
fects on the physicochemical properties and fate of bile acids. For ex-
ample, sulfation is particularly important for metabolism of the
monohydroxy bile acid, LCA [101]. As compared to humans [50],
sulfation is a relatively minor pathway for bile acid metabolism in rats
and mice, species that can carry out more extensive phase I hydro-
xylation of secondary bile acids [51,93,99]. In contrast to humans, the
major hepatic enzyme responsible for sulfating bile acids in mice was
only recently identified [111,112]. The murine enzyme proved difficult
to identify in part because the mouse genome encodes eight Sult2a
genes, whereas there is only one SULT2A gene in humans. Bile acid
sulfation activity had long been attributed to Sult2a1 or Sult2a2 in
rodents, but new evidence such as its high level expression in livers of
both male and female mice strongly supports Sult2a8 as the major
hepatic bile acid sulfating enzyme [111]. Indeed, Sult2a8 is likely to be
particularly important in male mice, which express only low levels of
the other Sult2a genes in liver. As indicated above, along with species
differences in the quantitative significance of bile acid sulfation, the
location of the sulfate group on the steroid nucleus differs between
humans and mice. The metabolic and signaling consequences asso-
ciated with sulfation at the C-3 (humans) versus C-7 (mice) position are
not clear, but C-7 sulfates have been reported to be more resistant to
hydrolysis and metabolism by the gut microbiota.

Whereas phase II sulfation [50] and to a lesser extent glucur-
onidation [113] reactions are important pathways for bile acid detox-
ification in humans, rats and mice are more reliant on hepatic phase I
hydroxylation, thought to be mediated in part by rodent Cyp2b10 and

Cyp3a11 [51,114,115]. The increase synthesis of polyhydroxylated bile
acids is perhaps best characterized in Bsep-deficient mice [72,99].
Overall, these rehydroxylation reactions appear to play a particularly
important protective role and likely contribute to the attenuated phe-
notype often observed in mouse models of human liver disease.

2.3. Mouse models of bile acid biosynthesis defects

2.3.1. Cyp7a1 knockout mice
Inherited defects in CYP7A1 have been reported in two brothers that

are homozygous for a frameshift mutation, who presented with pre-
mature gallstone disease and statin-resistant hypercholesterolemia
[35]. Loss of CYP7A1 reduced bile acid synthesis by> 90%, as esti-
mated by measuring fecal bile acid loss using a single 24-h collection
from one sibling. However, the subjects exhibited no apparent stea-
torrhea or fat-soluble vitamin malabsorption. In contrast to the human
subjects, the original line of Cyp7a1 knockout mice exhibited a more
complex phenotype, with a high rate of postnatal death, malabsorption
of fat and fat-soluble vitamins, as well as skin and vision abnormalities
in early life [43]. Induction of the alternative pathway for bile acid
synthesis at approximately 3 weeks of age effectively compensated for
loss of Cyp7a1, and the mice become indistinguishable from their wild-
type littermates with regard to their growth and appearance [116]. The
original Cyp7a1 knockout mice were not hypercholesterolemic, and
exhibited significantly reduced levels of intestinal cholesterol absorp-
tion, reflecting a smaller bile acid pool [117]. Subsequently, an in-
dependent colony of the Cyp7a1 knockout mice was established from
the original cryopreserved mice stored at the Jackson Laboratory. The
Cyp7a1 knockout mice in this colony exhibited a mild phenotype, with
no apparent increases in postnatal mortality, and were hypercholes-
terolemic, similar to the CYP7A1-deficient human subjects [118].
Postnatal survival similar to that of wild type littermates was also ob-
served for Cyp7a1 knockout mice after backcrossing the Cyp7a1 null
allele into a C57Bl/6J background [36]. As a major determinant of the
size and composition of the bile acid pool, Cyp7a1 knockout and rat or
human CYP7A1-overexpressing transgenic mice have been used effec-
tively by Chiang and coworkers to explore the relationship of bile acid
synthesis to the pathogenesis of liver and metabolic disease. These
models have provided important new insights to the molecular me-
chanisms and pathways that are engaged by changes in the size, com-
position, hydrophobicity, and signaling potential of the bile acid pool
[36,67,119,120].

2.3.2. Cyp8b1 knockout mice
No inherited defects in human CYP8B1 have been reported. Cyp8b1

knockout mice have been generated and phenotyped [121]. Loss of
Cyp8b1 activity has profound effects on bile acid metabolism, which
includes an inability to synthesize CA, shifting the bile acid pool toward
more hydrophilic bile acids such as the MCAs and UDCA, and an in-
creased bile acid pool size as a result of increased Cyp7a1 expression. In
agreement with the poor detergent properties of 6-hydroxylated bile
acids [58] and despite an increase in the whole-body bile acid pool size,
intestinal cholesterol absorption is significantly reduced in Cyp8b1
knockout mice [121–123]. In that regard, it is illustrative to compare
the effects of inactivation of Cyp7a1, Cyp8b1, and the ileal apical so-
dium-dependent bile acid transporter (Asbt; Slc10a2) on intestinal
cholesterol absorption in mice [117,121,124]. The rank ordering for
bile acid pool size in these models is: Cyp8b1 knockout (~130% of
WT) > Cyp7a1 knockout (~35% of WT) > Asbt knockout (~20% of
WT), whereas the rank ordering for intestinal cholesterol absorption is:
Asbt knockout (~70% of WT) > Cyp8b1 knockout (~55% of WT) >
Cyp7a1 knockout (~10% of WT). Although pool size influences in-
testinal cholesterol absorption, enrichment of the bile acid pool with
the MCAs appears to be particularly important. As such, a smaller and
CA-enriched (MCA-deficient) bile acid pool (such as in the Asbt
knockout mice) is more effective at promoting intestinal absorption of
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cholesterol then the substantially larger, but MCA-enriched bile acid
pool in Cyp8b1 knockout mice. In Cyp7a1 knockout mice [117], the
bile acid pool is both smaller and includes a significant proportion of
MCAs, providing a biophysical explanation for the particularly low
intestinal cholesterol absorption. The effects of a hydrophilic MCA-en-
riched bile pool on the detergent solubilization of intestinal luminal
contents is not restricted to cholesterol, and more recent studies using
the Cyp8b1 knockout mice have also demonstrated inhibitory effects of
the MCAs on intestinal fat absorption [65,66,123]. Since the bile acid
pool in humans is more hydrophobic and largely lacks 6-hydroxylated
species, alterations in human CYP8B1 expression are not predicted to
yield these profound effects on intestinal lipid absorption or metabo-
lism observed in mouse models. However, more subtle effects on bile
acid signaling or bile acid-gut microbiota interactions are possible.

2.3.3. Other knockout mouse models of bile acid biosynthetic gene defects
Knockout mouse models have been generated for other enzymes

important for bile acid biosynthesis, including CYP27A1, CYP46A1,
CH25H, CYP7B1, HSD3B7, AKR1D1, AMACR, ACOX2, HSD17B4, SCP2,
SLC27A5, and ABCD3 [38,125]. As in humans, a single enzyme defect
in mice is generally not sufficient to eliminate production of all bile
acids because multiple biosynthetic pathways exist. The most com-
monly reported inherited bile acid biosynthesis defect in humans is
HSD3B7-deficiency, and loss of this enzyme affects both the classical
and alternative pathways for bile acid biosynthesis. HSD3B7-deficiency
is characterized by an early and progressive intrahepatic cholestasis
[126], and phenotypic manifestations such as the paucity of primary
bile acids, poor growth, and clinical response to bile acid and fat-so-
luble vitamin supplementation are also evident in the Hsd3b7 knockout
mice [45].

In humans, mutations in CYP27A1 caused Cerebrotendinous xan-
thomatosis (CTX), a rare autosomal recessive disease associated with
transient neonatal cholestasis and progressive neurological dysfunction,
cerebellar ataxia, premature atherosclerosis, cataracts, and tendinous
xanthomas later in life. In humans, the pathophysiology appears to be
related to the deposition of cholesterol and oxysterols such as choles-
tanol in tissues, especially tendons and brain [32]. CYP27A1 is involved
in both the acidic and neutral biosynthetic pathways [31]. As such,
compensatory increases in CYP7A1 and the microsomal 25-hydroxylase
pathways are unable to fully compensate and the bile acid pool size is
decreased and enriched in bile acid intermediates. Cyp27a1 knockout
mice have been generated and characterized [37,40]. As compared to
CTX patients, Cyp27a1 knockout mice exhibit a milder phenotype with
smaller elevations in the levels of oxysterols and bile acid inter-
mediates, and somewhat lower levels of cholestanol in brain and ten-
dons [127]. The attenuated phenotype in the Cyp27a1 knockout mice is
thought to be secondary to increased hydroxylation of bile acids and
bile acid intermediates by Cyp3a11 and other murine Cyp enzymes
[128–130].

In humans, CYP7A1 activity appears to be low in newborns [44]. As
such, neonates with a CYP7B1-deficiency have reduced synthesis of bile
acids via the classical and alternative pathways. These patients can
exhibit severe liver disease [44], which responds favorably to bile acid
(CDCA) replacement therapy [131]. Mutations in CYP7B1 are also as-
sociated with a rare cause of spastic paraplegia (spastic paraplegia-5A,
SPG5A), a recessive neurological disorder [132]. However, the patho-
genesis of this progressive motor-neuron degenerative disease is likely
due to loss of CYP7B1-dependent metabolism of cholesterol and neu-
rosteroids in the central nervous system rather alterations in bile acid
synthesis [133]. Inactivation of Cyp7b1 in mice had little effect on the
bile acid pool size and composition, as a result of a compensatory in-
crease in Cyp7a1 expression and bile acid synthesis via the classical
pathways. In contrast to the human patients, there was no evidence of
liver or neurological disease in the mouse model [39]. In agreement
with its role in oxysterol metabolism, both 25- and 27-hydro-
xycholesterol accumulate in the serum and tissues of Cyp7b1 knockout

mice, but not 24-hydroxycholesterol, which is metabolized by Cyp39a1
[134].

2.3.4. Cyp2c knockout mice as a mouse model with a “humanized” bile acid
pool

The CYP2C enzymes constitute one of the largest subfamilies of the
cytochrome P450 enzymes, and includes four CYP2C genes (CYP2C8,
CYP2C9, CYP2C18, and CYP2C19) in humans, nine Cyp2c genes in rats,
and fifteen (nineteen if the four pseudogenes are counted) in mice. The
humans CYP2C isoforms play an important role in metabolism of many
drugs and endogenous compounds [135]. However, the murine Cyp2c
subfamilies' complexity and high level of sequence identity between the
isoforms has made it difficult to identify the murine orthologs for in-
dividual human CYP2C genes. In order to study CYP2C function, Cyp2c
gene cluster knockout and CYP2C9 humanized mouse models have
been generated [136]. The models either delete fourteen full-length
mouse Cyp2c genes (Cyp2c55, 2c65, 2c66, 2c29, 2c38, 2c39, 2c67,
2c68, 2c40, 2c69, 2c37, 2c54, 2c50, 2c70) or replace those fourteen
Cyp2c genes with an expression cassette encoding the human CYP2C9
under control of a liver specific albumin promoter. The models are
commercially available, viable, and apparently unable to synthesize the
muricholates [47,136]. As such, the use of these models would permit
analysis of experimental interventions in the setting of a substantially
more human-like bile acid composition. However, it should be noted
that there is a paucity of information on these models under different
experimental conditions, and the effects on many parameters of bile
acid homeostasis such as pool size, enterohepatic cycling, bile acid
signaling, and bile acid interactions with the gut microbiota remain to
be determined. In the initial characterization of the mice, small in-
creases in serum levels of ALT and AST were observed, along with
variable liver histological changes, including a small increased in-
filtration by lymphocytes and neutrophils [136]. Still, this is a mild
phenotype in light of the presumed important detoxification function of
these enzymes. Finally, it should be noted that eliminating the murine
Cyp2c genes is not predicted to alter the murine taurine-predominance
for bile acid conjugation or hepatic TDCA rehydroxylation, which must
be carried out by another CYP [47]. However even with those potential
limitations, the Cyp2c knockout mice are predicted to be an important
new model for studying the relationship between bile acid metabolism
and liver disease.

3. Mouse models to study bile acid transport

The major mouse genetic models available to study bile acid
transport and enterohepatic cycling are described in Table 2.

3.1. Overview of bile acid transport – major pathways

The enterohepatic circulation of bile acids is summarized in Fig. 3.
Bile acids are secreted into bile and pass into the small intestine where
the majority (> 90%) is reabsorbed from the distal small intestine and
returned to the liver via the portal venous circulation. For conjugated
bile acids, there is efficient first pass clearance by hepatocytes and re-
secretion into bile [137]. The unconjugated bile acids returning from
the intestine in the portal circulation are also taken up by hepatocytes,
reconjugated to taurine or glycine, and resecreted into bile. Because
these processes are very efficient, less than 10% of the bile acids se-
creted into bile are newly synthesized, and most have previously un-
dergone enterohepatic cycling. In hepatocytes, bile acids are taken up
across the sinusoidal membrane by sodium-dependent and independent
mechanisms involving the Na+-taurocholate cotransporting polypep-
tide (NTCP; SLC10A1) and members of the Organic Anion Transport
Protein (OATP) family. After internalization, monovalent bile acids are
secreted into bile across the canalicular membrane by BSEP, which
exhibits greater affinity for conjugated (amidated) versus unconjugated
bile acids [138]. Bile acids in the hepatocyte that have been modified
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by the addition of sulfate or glucuronide are secreted into bile by the
multidrug resistance-associated protein-2 (MRP2; ABCC2) and possibly
the breast cancer related protein (BCRP; ABCG2), whereas bile acids
modified by additional hydroxylations are secreted into bile by MRP2,
P-glycoprotein (MDR1; ABCB1A), and BSEP [139]. In the distal small
intestine, bile acids are efficiently taken up across the enterocyte brush

border membrane by the apical sodium-dependent bile acid transporter
(ASBT; SLC10A2). The bile acids then bind to the Ileal bile acid binding
protein (IBABP; FABP6) and are shuttled to the basolateral membrane
for export into the portal circulation by the heteromeric transporter,
OSTα-OSTβ (SLC51A, SLC51B) [29].

Table 2
Genetic mouse models used to study bile acid biosynthesis and metabolism.

Model transporter Description (bile acid-related phenotype)

Slc10a1 KO (Ntcp) Constitutive KO (mixed B6/129; Taconic model #TF1367); altered BA phenotype in subset of KO mice: ↑serum BAs; ↑urinary BAs; ↓liver Oatp
expression ↓fecal BAs [162]

Abcb11 KO (Bsep) Constitutive KO (mixed B6/129); backcrossed into FVB/N; ↑liver BAs w/ ↑proportion polyhydroxylated BAs; ↑serum & urine BAs; ↓liver Cyp8b1; ↑
liver Mdr1a/b [72,99,174,184]

Abcb11 KO Abcb11 KO (JAX 002751 B6;129S7-Cyp7a1tm1/Rus/J) backcrossed into C57Bl6/J background; ↔ BA pool size; ↑liver BAs w/ ↑proportion of TMCA,
polyhydroxylated BAs; ↑serum & urine BAs; ↓liver Cyp7a1, Cyp7b1, Cyp8b1, Cyp27a1 expression [185]

Abcb11 Tg Tg mouse expressing murine abcb11 under control of transthyretin promoter (FVB/NJ); ↑biliary BA; ↓BA pool w/ ↓proportion TMCA; also
backcrossed into C57Bl/6 background [285–287]

Slco1a/1b KO (Oatp1a/1b) Constitutive Slco1a/1b gene cluster KO [(FVB.129P2-Del(Slco1b2-Slco1a5)1Ahs)]; Taconic model #10707; ↑serum unconjugated BAs; ↑serum
conjugated bilirubin [152,180]

Humanized SLCO1B1 Tg mouse expressing human OATP1B1 driven by apoE hepatic control region crossed into Slco1a/1b KO (FVB/129; Taconic model #10708); ↔
serum conjugated bilirubin [152]

Slco1b2 KO (Oatp1b2) Constitutive Slco1b2 KO (backcrossed into C57Bl/6J); ↑ serum unconjugated BAs; ↓ hepatic CA clearance [182]
Atp8b1 KO Constitutive KO (Amish PFIC G308V mutation knock-in); ↑ BA pool size w/↑ proportion TMCA; ↑ hydroxylation of TDCA to TCA; ↑ serum

polyhydroxylated BAs; ↔ fecal BAs [97,98,288]
Abcb4 KO (Mdr2) Constitutive KO (FVB/N; JAX 002539 FVB.129P2-Abcb4tm1Bor/J); ↓↓ biliary phospholipid; ↓ biliary cholesterol; ↑ liver BAs; ↑ serum BAs; also

backcrossed into Balb.cJ and C57Bl/6J backgrounds [188,189,203,289]
Slc10a2 KO (Asbt) Constitutive KO (129Sv; JAX 005213 129-Slc10a2tm1Pda/J); also backcrossed into C57Bl6 background; ↓ BA pool size w/ ↑proportion TCA; ↑liver

Cyp7a1 expression & activity; ↑fecal BAs, ↑ fecal neutral sterols; ↓ intestinal cholesterol absorption [124,290]
Slc51a KO (Ostα) Constitutive KO (mixed B6/129; JAX 009082 B6.129S6-Slc51atm1Pda / J); also back-crossed into C57Bl/6J background; altered ileal morphology; ↓

BA pool size; ↔ liver Cyp7a1 expression & activity; ↔ fecal BAs, ↑fecal neutral sterols; ↓intestinal cholesterol absorption [218,224]
Slc51a KO Constitutive KO (C57Bl/6); ↓ BA pool size; ↓ liver Cyp7a1 expression; ↔ fecal BAs [225]

Fig. 3. Enterohepatic circulation of bile acids showing the major transport proteins. (Left panel) After their synthesis, conjugated monovalent bile acids are secreted
into bile canaliculi by the bile salt export pump (BSEP), whereas modified (sulfated, glucuronidated and polyhydroxylated) bile acids can be secreted by the
canalicular transporters, MRP2 and MDR1. Alternatively, monovalent or modified bile acids can be effluxed across the basolateral (sinusoidal) membrane of the
hepatocyte by OSTα-OSTβ, MRP3, MRP4, and possibly other transporters as a mechanism to protect the hepatocytes from bile acid overload. A fraction of the bile
acids secreted into bile undergo “Cholehepatic Shunting” (green dotted line), whereby the bile acids are prematurely absorbed in the biliary tract and returned directly
to the liver. Unconjugated bile acids or bile acid analogs such as norUDCA undergo passive absorption, whereas conjugated bile acids can be absorbed by cho-
langiocytes via the ASBT and exported by OSTα-OSTβ for return to the hepatocyte in the periductular circulation. Ultimately, the bile acids secreted into bile move
through the biliary tract, empty into the intestinal lumen, and are passively absorbed along the length of the intestine and actively absorbed in the ileum. The bile
acids are then carried back to the liver in the portal circulation for hepatocellular reuptake and resecretion into bile (red dotted line). (Right panel) The transporters
that maintain the enterohepatic circulation of bile acids are largely conserved between humans in mice. In mice but not humans, members of the Oatp family appear
to play an important secondary role in hepatic uptake of conjugated bile acids.
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3.1.1. Overview of bile acid transport – sinusoidal membrane bile acid
efflux and hepatocyte hopping

In the liver, unconjugated, conjugated, or modified (sulfated, glu-
curonidated, and polyhydroxylated) bile acids can be backfluxed across
the hepatocyte sinusoidal membrane into the space of Disse by OSTα-
OSTβ, MRP3, multidrug resistance-associated protein-4 (MRP4;
ABCC4), and possibly other carriers [140–144]. This is thought to be a
protective mechanism to prevent bile acid overload in a cycle analogous
to the “hepatocyte-hopping” observed for conjugated bilirubin and
certain drugs such as sorafenib [145,146]. In this iterative fashion, bile
acids are backfluxed across the sinusoidal membrane of periportal he-
patocytes and carried in sinusoidal blood to more pericentral hepato-
cytes for reuptake and secretion into bile. This process dynamically
recruits additional hepatocytes within the liver lobule to maintain the
clearance and secretion of bile acids into bile, while safeguarding vul-
nerable zone 1 periportal hepatocytes, particularly under cholestatic
conditions [147]. The backflux of bile acids has been modeled recently
in human subjects using an innovative 11C-bile acid PET tracer [148]. In
healthy subjects, the rate constant for 11C-cholylsarcosine transport
from hepatocytes to bile was approximately 20 times greater than the
rate constant for backflow (hepatocytes into blood). But in cholestatic
subjects, hepatocyte transport of 11C-cholylsarcosine into bile was re-
duced, and backflux into blood was increased. As a result, the prob-
ability of 11C-cholylsarcosine secretion into bile was reduced about
90%, and the mean hepatocyte residence time was increased> 2.5-fold
[148].

The relative contribution in humans and mice of the different bile
acid efflux transporters remains to be determined. However current
results suggest significant roles for MRP4, which cotransports glu-
tathione along with bile acids, and possibly OSTα-OSTβ [142,144]. For
MRP3, it should be noted that there are important rodent-human sub-
strate specificity differences with regard to bile acids. Along with glu-
curonidated substrates, amidated (taurine and glycine-conjugated) and
sulfated bile acids are transported with high affinity by rat [149] but
not human MRP3 [150]. Based on MRP3's strong preference for glu-
curonidated substrates, as well as results from knockout mice, MRP3 is
not thought to be a significant contributor to the sinusoidal efflux of
monovalent bile acids [151].

3.2. Bile acid transport: species differences between humans and mice

The enterohepatic circulation of bile acids and role of the trans-
porters controlling that process are remarkably similar in humans and
mice, despite differences in the composition of their bile acid pools. The
human-mouse species differences in bile acid transport include: i) a
greater reliance on members of the OATP family in mice for hepatic
clearance of conjugated bile acids [152]; ii) OATP gene family differ-
ences due to gene duplication [153]; iii) differences in hepatic expres-
sion of select transporters [154], and iv) increased intestinal passive
absorption of bile acids in humans versus mice, reflecting the increased
proportion of glycine-conjugated and hydrophobic bile acids in humans
[29,155,156].

3.2.1. Hepatocyte sinusoidal membrane bile acid uptake
NTCP is responsible for transporting the majority of glycine/taurine

conjugated bile acids across the hepatic sinusoidal membrane
[157,158]. In humans, serum bile acid levels are significantly elevated
in patients with an inherited NTCP deficiency [159,160], and to a lesser
extent in healthy human subjects after administration of the NTCP in-
hibitor, myrcludex B [161]. In contrast, serum bile acid levels were not
consistently elevated in Ntcp knockout mice. In that model, more than
half of the adult mice are normocholanemic (serum bile acid le-
vels < 20 μM) and only a subset of mice were markedly hyperchola-
nemic (serum bile acid levels as high as 1000 μM) [162]. The findings
for Ntcp knockout mice suggest the presence of compensatory transport
mechanisms and follow from mathematical simulations of hepatic

clearance and enterohepatic cycling of bile acids that were carried out
by Hofmann and colleagues [163]. In those modeling studies, sig-
nificant reductions in unidirectional hepatic uptake of bile acids had
little effect on plasma bile acid concentrations, which were predicted to
rise dramatically only after the majority of hepatic bile acid capacity is
lost [152]. As such, in the absence of NTCP, small quantitative changes
in the residual secondary hepatic bile acid clearance mechanisms or in
the bile acid pool size can tip the balance, resulting in dramatic rises in
serum bile acid levels (hypercholanemia). Notably, the hyperchola-
nemic Ntcp knockout mice expressed lower hepatic levels of several bile
acid transporting OATPs, particularly Oatp1a1 [162]. A subsequent
study using knockout mice lacking the entire group of Oatp1a/Oatp1b
(Slco1a/1b) transporters and pharmacological inhibition of Ntcp con-
vincingly demonstrated that both Ntcp and members of the Oatp family
participate in the hepatic clearance of conjugated bile acids in mice
[152].

3.2.2. Hepatocyte canalicular membrane bile acid export
The bile salt export pump (BSEP, ABCB11) mediates hepatocyte

secretion of bile acids across the canalicular membrane [164], and loss
of BSEP activity is responsible for progressive familial intrahepatic
cholestasis type 2 (PFIC2) and benign recurrent intrahepatic cholestasis
type 2 (BRIC2) [165]. Hallmarks of the disease include hepatocellular
bile acid accumulation and liver injury, which can progress to cirrhosis,
hepatic failure, hepatocellular carcinoma, and death [97,166–168]. For
these patients, the extent of BSEP impairment correlates with the se-
verity of disease [169]. Mutations in BSEP also contribute as predis-
posing factors to intrahepatic cholestasis of pregnancy [170,171], and
BSEP inhibition has been proposed as a mechanism for drug-induced
liver injury [172,173]. In contrast to humans, Bsep-deficient mice (in a
mixed genetic or FVB background) do not exhibit progressive liver in-
jury [99,164]. The compensatory mechanisms underlying this im-
portant species difference is thought to be related to the substantial
hepatic phase I bile acid rehydroxylation activity in rodents. These CYP-
mediated reactions generate polyhydroxylated bile acids, which are less
injurious and are exported into the canalicular space by Mdr1a/1b and
Mrp2 [99,139,164]. In support of the concept of a compensatory role
for Mdr1, mice lacking Bsep and Mdr1a/1b (triple knockout) exhibit
cholestatic injury [174].

3.3. Mouse models of bile acid transporter defects

3.3.1. Ntcp knockout mice
Slijepcevic and coworkers reported the first phenotypic character-

ization of an Ntcp (Slc10a1) knockout mouse [162]. As described
above, the serum bile acid levels were within a normal range for ~70%
of the experimental Ntcp knockout mice (1–20 μM; normocholanemic),
and dramatically elevated (> 1000 μM; hypercholanemic) in the re-
maining ~30%, with no mice found with intermediate serum bile acid
levels. Morphologically, the Ntcp knockout mice were similar to wild
type mice, with the exception of reduced body weight, which was more
evident in the hypercholanemic mice. Bile acid synthesis and en-
terohepatic cycling appear to be unperturbed in normocholanemic
mice, but were altered in the hypercholanemic mice, which exhibit
changes in bile flow, biliary bile acid secretion, and fecal and urinary
bile acid excretion [162]. Analysis of the normocholanemic mice sug-
gested that hepatic Oatps were compensating for loss of Ntcp. In con-
trast, hepatic expression of several Oatps were down-regulated in the
hypercholanemic mice, perhaps secondary to increased ileal Fgf15
production and enterohepatic signaling [152,160]. In addition to its
role as a bile acid transporter, human NTCP was recently identified as
the entry receptor for hepatitis B (HBV) and hepatitis D virus for liver
cells [175]. This breakthrough finding and subsequent studies provided
an explanation for the hepatocyte and species-specificity for HBV in-
fection. For example, studies have used in vitro cell-based assays to
compare the ability of human NTCP versus NTCP from cynomologous
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monkey, rhesus monkey, pig, mouse, rat, and dog to promote cellular
entry of HBV or HDV. Notably, human NTCP was the only homologue
that efficiently mediated HBV and HDV entry, establishing its im-
portance as one of the host factors required for establishment of viral
infection [176]. Furthermore, myrcludex B, a synthetic preS1 lipopep-
tide derived from the HBV L-protein was shown to block viral entry and
NTCP-mediated bile acid uptake [162,177]. Thus, in addition to pro-
viding insight to bile acid metabolism, the use of NTCP knockout and
human NTCP transgenic mice is predicted to contribute to the study of
HBV and HDV hepatotropism [162,178].

3.3.2. Oatp-knockout mice
The OATPs are polytopic membrane glycoproteins that mediate

sodium-independent transport of bile acids and other organic com-
pounds, such as steroids, thyroid hormone, drugs, and toxins. The OATP
super gene family can be subdivided into 6 subgroups, which includes
eleven human and sixteen rodent genes [145]. Mice encode only a
single OATP1B ortholog (Oatp1b2; gene symbol: Slco1b2), whereas
humans encodes two genes, OATP1B1 and OATP1B3, which arose in
primates by duplication after divergence from rodents [179]. Con-
versely, the human genome encodes only one member of the OATP1A
family (OATP1A2), whereas the rodent genome encodes five Oatp1a
orthologs (Oatp1a1, Oatp1a3, Oatp1a4, Oatp1a5, Oatp1a6). These
arose by gene duplication and are clustered in the same chromosomal
region (chromosome 6G2 in mouse). In humans, the liver expresses
OATP1B1, OATP1B3, and OATP2B1, and the intestine expresses
OATP1A2 and OATP2B1. With regard to bile acid metabolism in hu-
mans, OATP1B1 and OATP1B3 are thought to account for the majority
of hepatic Na+-independent unconjugated bile acid clearance [180],
and loss of both SLCO1B1 and SLCO1B3, adjacent genes encoded on
chromosome 12p12.1, is responsible for Rotor Syndrome, an autosomal
recessive disorder characterized by elevated plasma levels of con-
jugated bilirubin and unconjugated bile acids [180]. In mice, several
bile acid-transporting Oatps are expressed on the hepatic sinusoidal
membrane, including Oatp1a1, Oatp1a4, and Oatp1b2 [181], with
Oatp1b2 thought to be particularly important for clearance of un-
conjugated bile acids [182]. Several mouse models have been devel-
oped to investigate the role of the Oatps in drug disposition and bile
acid metabolism. These models include single gene knockouts for
Oatp1a1, Oatp1a4, and Oatp1b2, as well as deletion of the entire
Oatp1a/1b locus (which includes Oatp1a1, 1a3, 1a4, 1a5, 1a6, 1b2),
and transgenic mice expressing human OATP1A2, OATP1B1, OATP1B3,
or OATP1B1 plus OATP1B3 in liver [183]. Due to functional re-
dundancy and gene duplication in humans and rodents, the mouse
model deleting the entire Oatp1a/1b locus has proven to be especially
useful for studying the in vivo role of the OATPs [145,152,180].

3.3.3. Bsep-knockout mice
To study the mechanisms by which loss of BSEP induces liver injury

and causes PFIC2, a Bsep knockout mouse was generated in 2001 [99].
Notably, the liver phenotype of the Bsep knockout mice (in mixed ge-
netic or FVB backgrounds) was markedly attenuated as compared to
PFIC2 patients. Further analysis revealed that Bsep knockout mice
continue to secrete polyhydroxylated bile acids into bile [99,164], and
did not show significant evidence of liver injury or inflammation unless
fed CA in the diet [184]. In contrast to the attenuated phenotype as-
sociated with Bsep-deficiency in mice with a mixed genetic or FVB
background, Bsep knockout mice backcrossed into a C57Bl/6J back-
ground exhibited progressive liver injury, with a phenotype more si-
milar to PFIC2 patients [185]. In those mice, the increased generation
of polyhydroxylated bile acids and induction of alternative efflux
transporters was not sufficient to protect the liver. Instead, the results
suggested that bile acid accumulation induces metabolic dysregulation,
which contributes to defective fatty acid oxidation, and synergizes with
the elevated intracellular bile acids to induce liver damage [185].

3.3.4. Mdr2 knockout mice
The multidrug resistance gene (MDR3 in humans, Mdr2 in mice;

gene symbol: ABCB4) encodes a canalicular membrane floppase that is
responsible for secretion of phospholipids (mainly phosphatidylcholine)
into bile [186,187]. Loss of ABCB4 effectively blocks phospholipid se-
cretion into bile, dramatically reducing the formation of less toxic bile
acid mixed micelles, thereby leaving high concentrations of bile acid
micelles and increased levels of non-micellar bile acids, which damage
the biliary epithelium [187–189]. The subsequent loss of plasma
membrane and tight junction functional integrity by cholangiocytes
allows bile to leak into the portal tract, where it can induce in-
flammation, ductular proliferation, and ultimately peribiliary deposi-
tion of fibrotic tissue [190]. Human cholestatic liver diseases associated
with ABCB4 defects include progressive familial intrahepatic choles-
tasis type 3 (PFIC3), intrahepatic cholestasis of pregnancy, and low
phospholipid-associated cholelithiasis [191–193]. An Mdr2 (Abcb4)
knockout mouse was generated in 1993 [188]. Similar to PFIC3 pa-
tients, the Mdr2 knockout mice are unable to secrete phospholipid into
bile. In the absence of phospholipid, bile acids damaged the bile ca-
naliculi and ducts, and eventually causing a destructive cholangitis
[188]. As one of the few models of a clearly defined “toxic bile”-asso-
ciated liver injury [25], the Mdr2 knockout mouse has proven to
especially useful for exploring the role of bile acids in the pathogenesis
human cholestatic liver disease [187,193–199]. The use of Mdr2
knockout mice as a model for the study of liver disease has been the
subject of recent reviews [20,200].

3.3.5. Atp8b1 and Atp11c knockout mice
ATP8B1 (ATPase, Class I, type 8B, member 1; formally FIC1) is not a

bile acid transporter, but rather a P4-type ATPase that flips amino-
phospholipids from the outer to the inner leaflet of the plasma mem-
brane to maintain the asymmetric lipid distribution [201–203]. This
lipid asymmetry and enrichment with cholesterol/sphingomyelin of
specialized membranes such as the hepatocyte canalicular membrane
plays an important protective role and makes the membrane more re-
sistant to hydrophobic bile acids [97]. In addition to the canalicular
membrane, ATP8B1 is expressed on apical membrane of the biliary and
intestinal epithelium, as well as in other tissues [98,168]. Studies of
Dutch and Amish patients revealed that BRIC type 1 (BRIC1) and PFIC
type 1 (PFIC1) are caused by mutations in ATP8B1 [168]. As compared
to patients with BSEP mutations, patients with ATP8B1-deficiency ty-
pically presents with somewhat milder liver damage, but also extra-
hepatic complications, such as secretory diarrhea, pancreatitis and
hearing loss, which are not alleviated by liver transplantation
[204–206]. In 2004, mice were generated that are homozygous for the
ATP8B1 G308V point mutation, which had been reported in Amish
PFIC patients [98,168]. Unlike PFIC1 patients, the Atp8b1 G308 V mice
did not develop cholestatic liver disease [98], likely as a result of their
more hydrophilic bile acid pool and enhanced ability to rehydroxylate
secondary bile acids.

ATP11C is also a phospholipid-flipping P4-ATPase, and mutations in
this X-linked gene were originally reported in mouse models with a
heritable B-cell deficiency [207]. Subsequently, the Atp11c mutant
mouse lines were also shown exhibit to hyperbilirubinemia and an
unconjugated hypercholanemia [208,209], a Rotor-syndrome-like
phenotype [180]. In contrast to the canalicular (apical) membrane lo-
calization for ATP8B1, ATP11C is expressed on the sinusoidal (baso-
lateral) membrane of central hepatocytes in the liver lobule. In the
Atp11c-deficient mice, sinusoidal membrane uptake of unconjugated
bile acids is impaired secondary to reduced expression and basolateral
membrane localization of Oatp1a1, Oatp1a4, Oatp1b2, and Ntcp in
central hepatocytes [209]. Despite these deficiencies, the Atp11c-defi-
cient mice are viable with an apparently normal lifespan. In humans, a
male patient was recently described with a mild hemolytic anemia and
a missense mutation (c.1253C > A; Thr418Asn) in ATP11C that was
associated with reduced erythrocyte phosphatidylserine flipping
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activity [210]. The liver phenotype and serum bile acids were not
analyzed in this patient, although conjugated bilirubin appeared to be
normal. Additional characterization of this patient and identification of
others patients with potentially more severe mutations in ATP11C will
be required to determine if the phenotypic changes in the Atp11c-mu-
tant mice are also evident in humans.

Finally, the plasma membrane routing and activity of the phos-
pholipid flipping P4-ATPases, ATP8B1 and ATP11C, require an acces-
sory protein, CDC50A (Tmem30A) [209,211]. Whole body knockout of
Tmem30a was embryonic lethal [212]. However, liver-specific in-
activation of Tmem30a results in hyperbilirubinemia, hyperchola-
nemia, reduced bile formation, impaired expression and localization of
bile acid transporters, and increased susceptibility to CA-induced liver
injury [213].

3.3.6. Asbt knockout mice
Mutations in the ASBT (SLC10A2) gene are responsible for primary

bile acid malabsorption. This congenital diarrheal disorder is associated
with steatorrhea, failure to thrive, interruption of the enterohepatic
circulation of bile acids, and reduced plasma cholesterol levels
[214,215]. Asbt knockout mice were generated in 2003 and have been
used to study the mechanisms controlling bile acid homeostasis and bile
acid-related disease [124,216–218]. Similar to patients with ASBT
mutations, the Asbt knockout mice exhibit impaired intestinal bile acid
absorption, induction of hepatic bile acid synthesis, and increased fecal
bile acid loss in the absence of ileal histological or ultrastructural
changes [124]. With regard to species differences, mice may be more
dependent upon Asbt-mediated intestinal bile acid absorption than
humans. In humans, a significant fraction of the glycine conjugates and
unconjugated bile acids are absorbed from the intestine by passive
diffusion across the apical brush border membrane [155,219,220]. In
contrast, the hydrophilic and taurine-conjugated bile acid pool in mice
is more reliant on carrier-mediated transport. Indeed, feeding Asbt
knockout mice (129SvEv background) a diet containing cholestyr-
amine, a bile acid sequestrant that blocks both passive and active me-
chanisms for intestinal bile acid absorption, did not further increase
fecal loss of bile acids, supporting a predominant role for the Asbt
[124]. In Asbt knockout mice, new hepatic bile acid synthesis is unable
to compensate for fecal loss. As a result, the bile acid pool size is re-
duced by almost 80% and the whole-body bile acid pool composition
becomes more hydrophobic, with an increased proportion of taurine-
conjugated CA and DCA and reduced amounts of βMCA. The shift away
from 6-hydroxylated species in these mice enhances the detergent
properties of the bile acid pool, partially attenuating the effects of the
smaller bile acid pool size on intestinal cholesterol and fat absorption
[221]. Reducing the return of bile acids to the liver in the enterohepatic
circulation is predicted to affect the development of liver disease. In
that regard, pharmacological approaches employing small molecule
inhibitors of the ASBT have been used in Mdr2 knockout mice and in
mouse models of fatty liver disease [6,222,223]. The use of Asbt
knockout mice, a complementary genetic model, is predicted to provide
additional mechanistic insight to the relationship of bile acids to the
pathophysiology of liver disease.

3.3.7. Ostα knockout mice
OSTα-OSTβ (gene symbols: SLC51A and SLC51B) is a heteromeric

transporter expressed in small intestine, colon, liver, biliary tract,
kidney, brain, and adrenal gland [154]. In the small intestine, OSTα-
OSTβ is expressed on the basolateral membrane of enterocytes and
responsible for the export of bile acids into the portal circulation to
maintain their enterohepatic circulation [154]. However, it should be
noted that OSTα-OSTβ functions as a bidirectional facilitative trans-
porter and potential substrates include a variety of steroids and organic
solutes in addition to bile acids. As such, OSTα-OSTβ may also be in-
volved in the mediating the uptake of these solutes under certain
physiological or pathophysiological conditions [152,154]. Ostα

knockout mice were developed to study the in vivo functions of this
unusual transporter. Since stable expression and trafficking of OSTα
and OSTβ from the endoplasmic reticulum requires co-expression of
both subunits, levels of Ostβ protein are reduced to almost undetectable
levels in the Ostα knockout mice [224]. Unlike Asbt knockout mice,
which have a classical bile acid malabsorption phenotype [124], Ostα
knockout mice exhibit a complex phenotype that includes a paradoxical
reduction in hepatic bile acid synthesis [224,225]. The changes in bile
acid metabolism in Ostα knockout mice are due to altered gut-liver bile
acid signaling through the FXR-FGF15/19-FGFR4 pathway [226]. The
ileal hypertrophy and altered morphology observed in Ostα knockout
mice are typical of that associated with epithelial damage and sub-
sequent healing. Recent evidence indicates that these ileal morpholo-
gical changes are secondary to enterocyte injury caused by bile acid
accumulation [218]. Disease-causing mutations in human OSTα have
not yet been reported, however a family with two affected brothers
suffering from an inherited OSTβ (SLC51B) deficiency were recently
identified. The clinical presentation of these pediatric patients included
congenital diarrhea, fat-soluble vitamin deficiency, and mildly elevated
liver serum chemistries [227]. It is unclear at this time whether the
phenotypic differences between the Ostα knockout mice and these
patients are due to OSTα versus OSTβ deficiency or to mouse-human
species differences. However, the generation and characterization of an
Ostβ knockout mouse model should provide additional insight with
regard to those questions.

4. Mouse models with “humanized” livers

In addition to the animal models discussed above, mouse models
with “humanized” livers are being used to study bile acid metabolism,
although only in a limited fashion [88,228,229]. These models are
distinct from the genetically engineered mice where individual or small
groups of genes are replaced by their human orthologs [230,231]. In
chimeric or humanized liver mouse models, the population of en-
dogenous mouse hepatocytes are selectively damaged and replaced
with human hepatocytes. The approach involves engrafting human
hepatocytes from donors with specific features, such as from healthy
donors to model normal metabolism or from patients to model different
forms of liver disease [232], or from hepatocytes derived from human
induced pluripotent stem cells (iPSCs) [233–235]. In these models,
repopulation of the mouse liver with>95% human hepatocytes has
been achieved. There are several approaches for generating mice with
humanized livers, but the underlying principles are similar. The mouse
models are severely immune deficient, e.g. NOD/Shi-scid Il2rg−/−

(NOG), NOD/LtSz-scid Il2rg−/− (NSG), or Balb/c Rag2−/−Il2rg−/−

(BRG), to prevent rejection of the transplanted human cells [232] and
use schemes to damage the endogenous murine hepatocytes such as
expression of a human transgene expressing urokinase plasminogen
activator, expression of herpes simplex virus thymidine kinase, or
knockout of the murine enzyme fumaryl acetoacetate hydrolase (FAH)
[236,237]. Such models have recently been used to study bile acid
metabolism and may provide additional insights to human-mouse
species differences [228,229]. For example, CYP7A1 expression and
bile acid synthesis is down-regulated in both human and mouse hepa-
tocytes in response to human FGF19, a critical regulator of bile acid
homeostasis. However, in the liver of humanized mice, CYP7A1 ex-
pression is elevated, reflecting an apparent inability of the human he-
patocytes to respond to the murine ortholog, Fgf15 [229]. This work,
which utilized an innovative model harboring a human FGF19 trans-
gene in the immune-deficient FAH−/− mice, also demonstrated the
importance of the circulating bile acid pool as a determinant of liver
size [229].

The human liver chimeric mouse models also have a number of
limitations. These include the need to use immune-deficient hosts for
the human transplanted cells, and variable or limited human liver
chimerism [236]. The remaining murine hepatocytes can greatly
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complicate the interpretation of findings from these models and has led
investigators to attempt new strategies such as conditionally knocking
out specific murine genes in an immune-deficient background to miti-
gate the murine contribution to the experimental endpoints. For ex-
ample, a mouse with a conditional knockout of NADPH-P450 oxidor-
eductase (Por) in a Rag2−/−Il2rg−/−FAH−/− background was
recently generated to reduce the background contribution of residual
murine tissue to hepatic drug metabolism in the human hepatocyte-
transplanted chimeric mice [238]. At this time for the study of bile acid
metabolism, it is unclear if similar improved human liver chimeric
mouse models can be generated and applications for the existing
models appear to be more limited.

5. Non-genetic models used to study bile acid metabolism

The non-genetic models used to study bile acid biosynthesis, bile
acid metabolism and the roles of bile acids in human liver disease are
described in Table 3.

5.1. Surgical models

Bile duct ligation (BDL) is a widely used experimental procedure for
the study of bile acid metabolism and cholestatic liver disease in mice
[239,240]. This surgical procedure is simple, reproducible, associated
with high survival rates (over 95%), and employs a sham operative
group with only midventral dissections as a necessary control. The
procedure was first performed on rats, and then successfully adapted for
mice [241]. The hepatocellular and cholangiolar changes induced by
BDL is highly reproducible for long-term bile duct ligation in rodents
and yields morphological changes comparable to that observed with
acute obstructive biliary lesions in patients [240]. The typical features
of BDL surgical model include extensive ductular reaction, proliferation
of cholangiocytes and oval cells (hepatic progenitor cells), obstructive
jaundice and cholestasis, portal inflammation, rapid biliary fibrosis, and
even long-term cholestasis-driven tumorigenesis [239,242,243]. On the
other hand, the rapid onset (up to 30 days) [244] of cirrhosis in BDL
models clearly does not reflect the slow progression of most human
chronic cholestatic liver diseases, which can take decades. Furthermore,
the acute obstructive lesions caused by BDL are rarely seen in human
chronic cholestatic liver diseases, except in the case of biliary atresia or
choledocolithiasis [239,242,245]. In the mouse BDL model, high mor-
tality is typically observed after approximately 7 to 10 weeks due to
liver failure [242].

5.2. Feeding bile acids or bile acid sequestrants

Bile acids cause liver cell injury by inducing plasma membrane
damage, mitochondrial damage, oxidative stress, and inflammation
[246,247], with a potency order that generally follows their hydro-
phobicity: LCA > DCA > CDCA>CA > UDCA, and their potential
for hepatotoxicity in humans and animal models has been reviewed
recently [248]. However, that rank order is not absolute. For example,
DCA feeding has been reported to be more hepatotoxic than LCA in rats
[249,250], which may reflect a greater metabolic ability to detoxify

LCA by hydroxylation or sulfation. Depending upon the research
questions being asked, different bile acid species, doses, and feeding
periods have been used and are critical considerations affecting the
severity of the hepatotoxicity and phenotype observed [248]. However,
there are few studies where side-by-side comparisons were carried out.
In one such example, different type and concentrations of bile acid were
fed for one week to wild type mice. That study found that the lowest
concentration of dietary bile acid that induces hepatotoxicity in mice is
0.3% for CA and CDCA, 0.1% for DCA, and 0.03% for LCA [251]. In this
case, the potency for inducing hepatotoxicity generally followed hy-
drophobicity, with a rank order of LCA > DCA > CDCA>CA >
UDCA [251]. As discussed in the following sections, diets containing
CA or LCA are typically fed to induce jury, whereas feeding UDCA is
hepatoprotective in animal models used study the pathogenesis of liver
disease.

5.2.1. CA feeding
Dietary CA feeding is a widely used model used to induce alterations

in bile acid homeostasis and cholestasis. In wild type mice, expression
of Cyp7a1, Cyp7b1, and the sinusoidal membrane bile acid uptake
transporters Ntcp and Oatp1a1 are down-regulated by CA feeding
[49,252], whereas expression of the canalicular membrane transporters
Bsep, Mrp2, and Mdr1a/b is up-regulated [252]. Liver morphological
changes induced by CA feeding includes disseminated hepatocyte ne-
crosis, increased cell size, increased number of mitotic figures, and di-
lation of interlobular bile ducts [252]. Feeding CA (typically ~0.5%) to
mice with genetic defects in bile acid biosynthetic enzymes or trans-
porters is typically used to unmask susceptibilities to liver injury. For
example, feeding CA to Mdr2 (Abcb4) knockout mice produces liver
damage, significantly elevated serum liver enzymes and bilirubin, bile
duct proliferation, peribiliary fibroblast activation, and fibrosis [253].
Bsep knockout mice typically exhibit features of mild cholestasis, in
contrast to the clinical presentation of PFIC2 patients. However, after
feeding CA, Bsep knockout mice develop a severe cholestatic pheno-
type, characterized by jaundice, weight loss, elevated plasma bile acids,
elevated transaminases, cholangiopathy, liver necrosis, and high mor-
tality [184]. For the recently generated liver-specific Tmem30a
(Cdc50a)-knockout mouse, short-term feeding a diet containing 0.5%
CA for twenty days exacerbated liver injury, as evident by significant
increases in ALT, AST, ALP. Over this time course, body weight and
survival of the wild type mice was unaffected, whereas the liver-specific
Tmem30a knockout mice exhibited significant reductions in body
weight with more than half of the knockout mice dying within the first
twelve days [213].

5.2.2. LCA feeding
LCA-feeding as a model to induce hepatotoxicity and cholestatic

liver injury in rodents was first reported in early 1960's [254]. The well-
accepted pathogenesis of LCA-induced cholestasis in rodents includes
biochemical alterations of the bile canalicular membrane [255,256],
crystalline plugs in bile canaliculi due to the poor solubility of LCA
[257,258], and impaired trafficking or increased retrieval of transpor-
ters from the canalicular membrane [259,260]. In mice, LCA-feeding
yields bile duct obstruction and a suppurative cholangitis-induced

Table 3
Non-genetic mouse models used to study bile acid metabolism.

Model Description (bile acid-related phenotype)

Bile duct ligation ↓ BA pool; ↑ liver BAs; ↑ urinary BAs; ↑ polyhydroxylated & sulfated BAs; [144,291]
CA feeding Typically 0.5–1.0% (w/w) in diet; ↑ Biliary CA and ↓ UDCA in bile; ↑ serum, hepatic, biliary, fecal & urinary total BAs; ↑ liver cholesterol levels [249]

[49,292,293]
LCA feeding Typically 0.5–1.0% (w/w) in diet to induce rapid hepatotoxicity; ↑ serum, hepatic, biliary fecal & urinary total BAs; ↑ BA hydroxylation & sulfation; ↑

liver cholesterol levels [249,261,294]
UDCA feeding Typically 0.5.–1.0% (w/w) in diet; ↑ Biliary BA output; ↑ serum BA level. ↑ liver BAs [49,196,295]
BA sequestrant feeding Typically 2% (w/w) in diet; ↔ or ↓ BA pool size; ↓ plasma BAs; ↑ fecal BAs; ↑ TCA synthesis; ↓ liver BAs; ↓ BA biliary output, ↔ bile flow [280,296]
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periductal fibrosis [261].

5.2.3. UDCA feeding
UDCA is used clinically for the treatment of cholestatic disorders

such as primary biliary cholangitis (PBC), intrahepatic cholestasis of
pregnancy, and cystic fibrosis-associated liver disease [262–264]. In
mouse models, UDCA is reported to improve portal inflammation,
ductular proliferation, and fibrosis in Mdr2 knockout mice [265,266].
However, the choleresis generated by UDCA in bile duct ligated mice
model can aggravate obstructive liver injury. UDCA feeding in BDL
mice increased biliary pressure, leading to rupture of cholangioles
(canals of Hering), exacerbating hepatocyte necrosis [194,252]. UDCA
also stimulates expression of hepatic, renal, and intestinal ABC trans-
porters independent of FXR without inducing liver toxicity [267].

5.2.4. BA sequestrant feeding
Bile acid sequestrants (BAS) are non-absorbable positively charged

polymeric compounds that bind negatively charged bile acids in the
intestinal lumen [268]. Clinically, BAS deplete the bile acid pool by
approximately 40% by diverting bile acids from enterohepatic circu-
lation, stimulating bile acid synthesis, and increasing fecal bile acid loss
[269]. The increase in bile acid synthesis is met by an increased hepatic
demand for cholesterol, which stimulates liver LDL receptor expression
and reduces plasma LDL cholesterol levels [269,270]. As such, BAS
were used to treat the dyslipidemias and atherosclerotic cardiovascular
disease, particularly prior to development of the HMG CoA reductase
inhibitors [271]. In addition to their use as a cholesterol-lowering
agent, BAS have been used in patients with bile acid diarrhea
[272,273]. With regard to liver disease, attempts to treat different
forms of cholestasis-associated pruritus with BAS has met with incon-
sistent success [274–276], and the use of BAS in a limited number of
patients with benign recurrent intrahepatic cholestasis [277] and a
patient with PSC [278] has been described. The BAS approved for
clinical use include cholestyramine, cholestipol, colestimide (in Japan),
and colesevelam [279]. For mouse model studies, bile acid sequestrants
are typically administered in the diet at concentrations from 1 to 2%
(w/w) and have been shown to effectively block intestinal bile acid
reabsorption [280]. The effects of feeding bile acids and BAS on mouse
bile acid metabolism are summarized in Table 3.

6. Conclusions

Experimental animal models, and particularly mouse models, have
played a critical role in elucidating the major pathways responsible for
bile acid biosynthesis, enterohepatic cycling, and metabolism. Among
the challenges faced by attempts to use these mouse models to study the
role of bile acids in the pathogenesis of human liver disease are im-
portant species differences with regard to the physicochemical and
signaling properties of the bile acid pool. As highlighted in this review,
new insights to the murine pathways responsible for production of
hydrophilic and less injurious bile acids will facilitate the generation of
mouse models with more a “human-like” bile acid pool. It is predicted
that these models will more closely emulate the pathophysiological
changes in human liver, with the potential to facilitate pre-clinical
development new bile acid-based therapeutics.
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