
This article is available online at http://www.jlr.org Journal of Lipid Research  Volume 60, 2019 85

Copyright © 2019 Wang et al. Published under exclusive license by The American Society 
for Biochemistry and Molecular Biology, Inc.

nutrients, and as signaling molecules to maintain lipid ho-
meostasis (1, 2). Bile acids, especially the more hydro-
phobic ones, are lipolytic and are cytotoxic when in high 
concentrations. Thus, bile acids constitute a constant po-
tential source of inflammatory stress in the liver, particu-
larly in cholestatic conditions (1, 3, 4).

Progressive familial intrahepatic cholestasis (PFIC) is a 
group of heterogeneous genetic defects leading to imbal-
ances in bile formation (5, 6). Three types of PFIC have 
been described: PFIC1, caused by mutations in the ATP8B1 
gene; PFIC2, caused by mutations in the ABCB11 [bile salt 
export pump (BSEP)] gene; and PFIC3, caused by muta-
tions in the ABCB4 [multidrug resistance protein 3 (MDR3)] 
gene. Animal models, in which orthologs of these genes 
have been inactivated, have been generated. In the current 
study, we focus on the mouse models for PFIC2 and PFIC3.

The ABCB11 gene, associated with PFIC2, encodes the 
major energy-dependent BSEP translocating bile salts 
across the canalicular membranes in the liver (7–9). This is 
the rate-limiting step in the enterohepatic circulation of 
bile salts and a major driving force for bile flow. Severe 
BSEP deficiency in humans causes a fatal childhood dis-
ease, PFIC2, with low or normal serum -glutamyl transfer-
ase (-GT), secretion of bile salts into the bile reduced to 
less than 1% of normal (10), hepatic inflammation, dilated 
canalicular lumens lacking microvilli (6, 11), and an in-
creased propensity for developing hepatocellular carci-
noma (HCC) (12) and cholangiocarcinoma (13). Unlike 
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Bile acids, the major organic solutes of bile, are am-
phipathic molecules derived from cholesterol. They func-
tion to drive bile flow, as detergents to aid digestion of fatty 
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PFIC2 patients, mice with null mutations of the Bsep gene 
have normal life spans, generate adequate bile flow, do not 
exhibit progressive cholestasis, and do not develop HCC 
(9). These mice appear to shift the composition of their 
bile acids to a more hydrophilic (less toxic) one, notably by 
producing a novel class of tetrahydroxylated bile acids 
(THBAs), which, together with significant canalicular se-
cretion of THBA via an alternative canalicular transporter 
mechanism, appears to protect the Bsep/ mice from suf-
fering the otherwise expected severe pathogenesis of 
PFIC2 (9, 14, 15).

The ABCB4 gene associated with PFIC3 encodes MDR3, 
a protein functioning as a flippase translocating phosphati-
dylcholine (PC) into the bile (16). PC, together with cho-
lesterol, is required to form mixed micelles with bile acids 
in the canaliculus to neutralize the toxic detergent effects 
of bile acids in the bile (3, 4). A lack of PC in the bile causes 
patients to develop a progressive disease that includes jaun-
dice, pale stools, hepatosplenomegaly, pruritus, elevated 
serum bile acids, and elevated serum -GT. ABCB4 defi-
ciency can also result in formation of cholesterol gallstones, 
drug-induced cholestasis, and adult biliary cirrhosis (17). A 
genetic model for PFIC3 is the Mdr2/ mouse, with an in-
activated Abcb4 gene, ortholog of the human ABCB4. These 
mice suffer from bile acid toxicity and develop liver lesions 
resembling those found in PFIC3 patients, featuring chol-
angitis, ductular proliferation and periportal fibrosis, for-
mation of gallstones, and eventually HCC (16, 18, 19). As 
in PFIC3 patients, nonmicelle-bound cytotoxic bile acids in 
bile result in progressive liver injury. The Mdr2/ mice de-
velop severe periductular inflammation, starting from the 
second week of age (16, 20). Cholangiopathy progresses 
rapidly in the first several weeks of life. Because of the se-
vere and progressive nature of the Mdr2/ phenotype, 
these mice are often used as an efficacy model in the devel-
opment of therapeutics for primary sclerosing cholangitis 
(PSC) (19, 21).

In this study, we asked whether the hepatoprotective bile 
acid composition of the Bsep/ mice, involving high levels 
of hydrophilic bile acids such as THBAs, could prevent pro-
gression of cholangitis in the Mdr2/ mice lacking PC. We 
therefore crossed a Bsep null mutation into the Mdr2/ 
genetic background to create a double-KO (DKO; Bsep/ 
and Mdr2/) mouse. We followed the development of the 
homozygous DKO mice in comparison with their Bsep het-
erozygote or WT and Mdr2/ littermates. The DKOs did 
not exhibit any features of the PSC-like progression seen in 
the Mdr2/ mice, even after 13.5 months. We report here 
a detailed analysis of the histological, physiological, and ge-
netic regulatory consequences of combining the Bsep/ 
and Mdr2/ mutant lines. Our observation is that, con-
comitant with a reduction of toxic bile acids in the bile 
canaliculi and cholangiocyte network, the Bsep/ muta-
tion suppresses almost all of the pathological signs as-
sociated with the Mdr2/ phenotype at the histological, 
cellular, and genetic levels. We also fed Mdr2/ mice with 
a novel synthetic THBA to examine whether addition of 
such a hydrophilic bile acid would also be able to alleviate 
cholangiocyte damage in the Mdr2/ mice.

MATERIALS AND METHODS

Animal husbandry
Mice were maintained in a 12 h light and dark cycle, at 22°C, 

with access to food and water at liberty. The progression of liver 
damage seen in the Mdr2/ mice is sensitive to sex (22), back-
ground genetics (19), and to the diet used (unpublished observa-
tion). For example, we noted that disease progression was slower 
when a relatively low-fat diet (LabDiet 5001, St. Louis, MO), such 
as is typically used for the maintenance of adult mice, was used, 
compared with the relatively high-fat Harlan diet (Teklad Global 
2019 Extruded Rodent Diet, Harlan Laboratories, Teklad Diets, 
Madison, WI) routinely used for breeding pairs and adolescent 
mice in our facility. In this study, we only used female mice on the 
FVB genetic background maintained on the high-fat Harlan diet. 
Experiments were performed using approved protocols of the 
Committee on Animal Care, University of British Columbia, ac-
cording to the guidelines of the Canadian Council on Animal 
Care.

Generation of DKO mice for the Bsep and Mdr2 genes
DKO mice carrying null mutations of both the Bsep and Mdr2 

genes were generated by crossing Bsep/ mice (9, 15) with 
Mdr2/ mice (16, 22), both of which were congenic strains on an 
FVB/NJ genetic background. The null genotype of the DKO mice 
was confirmed by genomic PCR showing the absence of a WT al-
lele for Bsep and Mdr2 (supplemental Table S1) (9, 16).

We used female mice, which are the more severely affected sex 
on the FVB genetic background, for comparative analyses in the 
current study. The observations presented here also apply to male 
mice, but liver injury in male Mdr2/ mice was generally milder 
(22). Our analyses focused on age groups of 8 weeks, 20 weeks, 40 
weeks, and 13.5 months. We used littermates as controls. For sim-
plicity of analysis, we combined the data obtained from 22 week 
old mice with those of 20 weeks; we also combined Bsep+/ with the 
WT (Bsep+/+) littermates of Bsep/ mice, as they were phenotypi-
cally indistinguishable (23), and for the same reason, we com-
bined Bsep+//Mdr2/ with Bsep+/+/Mdr2/ littermates of the 
DKO (Bsep//Mdr2/) mice.

Synthesis of 3,6,7,12-tetrahydroxy-5-cholanoic acid 
and 3,6,7,12-tetrahydroxy-5-cholanoic acid

The syntheses of 3,6,7,12-tetrahydroxy-5-cholanoic acid 
and 3,6,7,12-tetrahydroxy-5-cholanoic acid were based on 
those reported by Iida et al. and Aggarwal et al. (24, 25). This 
chemistry was performed on a subgram scale, and minor modifi-
cations were made to the reported experimental and purification 
procedures in order to optimize yields (Supplemental Material 2). 
The final compounds were purified by flash chromatography to 
achieve purity greater than 95% as indicated by 1H NMR analysis 
and homogeneity by HPLC. Scale-up synthesis of 3,6,7,12-
tetrahydroxy-5-cholanoic acid for the feeding study was per
formed by UHN Shanghai R&D Co. Ltd., China.

Measurement of bile flow
Bile flow rates in WT mice, after 2–4 h of fasting, were mea-

sured using gall bladder cannulation as previously described (9). 
Briefly, the abdomen was opened, and the gall bladder was can-
nulated using a PE-10 catheter after distal common bile duct liga-
tion (9). After 20 min of equilibration, bile was collected into 
pre-tared tubes at 5 min intervals for 10 min. A bolus of a bile acid, 
either ursodeoxycholic acid (UDCA) (Sigma-Aldrich, Darmstadt, 
Germany) or THBA, was injected into the tail vein over a 20 s in-
terval. Bile was further collected through the cannula at 2 min 
intervals for 20 min, followed by 10 min intervals for 20 min.
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THBA feeding
Female mice were fed a diet supplemented with 1% (wt/wt) 

3,6,7,12-tetrahydroxy-5-cholanoic acid (6,7-THBA), us-
ing the high-fat Harlan diet as the base diet, from week 3 to week 
20, for 17 weeks.

Tissue collection, liver indicator tests, liver histology, and 
immunohistochemistry

After 2–4 h fasting, fresh fecal samples were collected, weighed, 
and snap-frozen in liquid nitrogen, and stored at 80°C until fur-
ther analysis. Mice were euthanized with an overdose of anes-
thetic. Blood was collected by cardiac puncture, and plasma was 
obtained by centrifugation at 12,000 g for 5 min, using a bench-
top centrifuge.

After bleeding, the liver was carefully removed and weighed, 
the gall bladder was separated, and bile was collected. Two 
slices of the left lateral lobe were fixed in 10% neutral buffered 
formalin for 40–48 h and then transferred to 70% ethanol for 
paraffin embedding and staining with H&E and Sirius Red. Re-
maining left lateral lobe and other lobes were snap frozen in 
liquid nitrogen and stored at –80°C. Liver indicator tests were 
performed by IDEXX Laboratories Canada (Markham, On-
tario, Canada). Histopathological assessment was conducted 
independently by a certified pathologist (I.W.) and scored for 
five histopathological parameters using the scoring system re-
ported by van Nieuwerk et al. (22).

For immunostaining, 5 µm tissue sections were stained with 
polyclonal rabbit anti-cytokeratin antibody (Dako) in a dilution of 
1:400, followed by biotinylated anti-rabbit IgG in a dilution of 
1:200 (Vector). Binding of the pan-CK antibody was detected by 
using the ABC kit (Vector, CA) with DAB (DAKO) as a substrate 
(Sigma, Canada). 

Bile acid analysis
Bile acid analysis in the plasma, liver, bile, and feces were  

performed by ultra-high-performance liquid chromatography/
multiple-reaction monitoring-mass spectrometry (UPLC/MRM-MS) 
using the procedure previously reported (26). The quantitation of 
bile acids utilized 60 bile acid standards and 14 deuterium-labeled 
analogs as internal standards. The 60 targets included all of the 
major bile acids and some atypical ones, such as THBAs (26, 27).

RNA analysis
RNA-sequencing (RNA-Seq) analysis was undertaken in order 

to interrogate the total complement of genes expressed in a quan-
titative and unbiased manner (28). This allows for the discovery of 
gene expression changes not previously reported or anticipated. 
Total RNA was isolated as previously described using a Qiagen 
RNeasy Mini Kit (Toronto, Ontario, Canada) (15). Gene ex-
pression analysis by RNA-Seq was performed by Novogene (Sacra-
mento, CA), using their standard protocol (Supplemental 
Material 1). Paired-end reads (75 bp from each end) were ob-
tained from cloned fragments on an Illumina HiSeqTM2500  
machine, and raw reads were stored as FASTQ files. P values  
were adjusted for multiple testing in order to control the false 
discovery rate (29, 30). Only genes with adjusted P values <0.05 
were considered.

Statistical analysis
Data, other than RNA-Seq, are presented as means ± SD of the 

mean. One-way ANOVA tests were used for multiple comparisons. 
Student’s t or Fisher’s exact test was used for comparison between 
the DKO mice and their Mdr2/ littermate controls.

RESULTS

Progression of liver injury in Mdr2/ mice
The Mdr2/ mice exhibit characteristic stage-specific 

liver injuries (18) (Fig. 1), although the progression of dis-
ease can differ significantly, depending on sex, genetic 
background, and diet (see Materials and Methods). Under 
the conditions used in the current study, Mdr2/ FVB 
mice develop inflammation in the portal triads, ductular 
proliferation, and periportal fibrosis as early as 3 weeks, 
with fibrosis progressing rapidly in the first several weeks, 
up to 10–12 weeks, and peaking around 20 weeks (Fig. 2D). 
The progression of liver injury in our mice appears to be 
more rapid than reported previously (22), which may be due 
to our maintaining the mice on the high-fat Harlan diet 
(see Materials and Methods). Our Mdr2/ mice all displayed 
advanced inflammation in portal triads and periportal 
fibrosis at 8 weeks of age, and 40% developed gallstones 
(Table 1). The faster progression observed in our mice was 
reflected also in their liver indicator profiles. For instance, 
the average alkaline phosphatase (ALP) and alanine ami-
notransferase (ALT) were both 400 IU/l (Fig. 1B) in the 
plasma, twice as high as those of the same sex reported by 
van Nieuwerk et al. (22).

Bsep inactivation reversed bile acid toxicity caused by 
Mdr2 null mutation in DKO mice

DKO mice exhibited liver enlargement, similar to Mdr2/ 
controls and Bsep/ mice, and at 8 weeks their relative 
liver weight (liver to body weight ratio) was around 10% 
(Fig. 1A), whereas the relative liver weight of WT mice  
was typically around 5%. As the animals grew, the relative 
liver weight of Bsep/ mice improved to about 7%, at 40 
weeks, significantly better than the Mdr2/ and DKO mice 
which remained at about 10% (Fig. 1A). Although their 
livers were enlarged, the DKO mice suffered minimal liver 
damage with near normal liver indicator profiles in the 
plasma, generally much lower than their Mdr2/ litter-
mates and closer to WT levels (Fig. 1B). Specifically, DKO 
mice had significantly lower ALP and ALT than their 
Mdr2/ littermates. Liver indicators in the DKO mice did 
not increase with age, suggesting a lack of progressive liver 
damage. The lack of progression in DKO mice is also sup-
ported by histological evidence (Fig. 2 and supplemental 
Fig. S1C–G). Immunostaining indicated that the Bsep/ 
genotype prevented ductular proliferation in the DKO 
mice (Fig. 2E, F).

Even at the age of 13.5 months, the livers and gall blad-
ders of DKO mice appeared to be relatively normal, in 
sharp contrast to their Mdr2/ littermates, where livers 
with multiple large nodules and gall bladders with discol-
ored bile were observed (supplemental Fig. S1A, B). The 
DKO mice did not develop liver nodules or neoplastic le-
sions in any age group examined, whereas in the Mdr2/ 
controls, 50% of the mice developed multiple neoplastic 
lesions and nodules at 40 weeks (Table 1). At the age of 
13.5 months, 100% of Mdr2/ mice carried multiple liver 
tumor nodules, with the largest observed often 1–2 cm in 
diameter (Table 1; supplemental Fig. S1). Histologically, 
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DKO mice, at any age up to 13.5 months, did not display 
any of the liver damage commonly seen in Mdr2/ mice 
(supplemental Fig. S1). In addition, we very rarely observed 
gallstone formation in DKO mice, across all age groups ex-
amined (only one case observed), whereas in the Mdr2/ 
controls, the gallstone rate increased from 40% at the age 
of 8 weeks to 100% at 40 weeks (Table 1).

Hydrophilic shift in the bile acid composition of DKO 
mice

The DKO mice suffered no significant liver injury, de-
spite carrying the Mdr2/ mutation and a lack of PC in the 
bile to neutralize the toxicity of their bile acids. To gain an 
insight into how such hepatic protection is achieved, we 
measured the bile acid composition in the DKO mice using 
UPLC/MRM-MS (26). We found that total bile acid con-
centrations in the liver and plasma of DKO, Bsep/, and 

Mdr2/ mice at 8 weeks of age were significantly higher, 
compared with the WT, indicating that these KO mice all 
suffered from some degree of cholestasis (Fig. 3A). For ex-
ample, bile acid concentrations in Mdr2/ mice were 19-
fold higher in the plasma and 5-fold higher in the liver, 
compared with WT. Accumulation of total bile acids in the 
liver of the DKO mice, like in the Bsep/ mice, was 3-fold 
higher still than that of the Mdr2/mice, which is consis-
tent with a lower fecal bile acid level in the DKO and 
Bsep/ mice (Fig. 3A). However, the DKO mice suffered 
none of the histological liver damage observed in the 
Mdr2/ mice (Fig. 2).

It appears that the 3-fold increase of bile acids in the 
liver of DKO mice was due primarily to increased produc-
tion of hydrophilic bile acids, THBAs, and -muricholic 
acid (-MCA) (Fig. 3B), with about a 50% decrease in the 
production of hydrophobic cholic acid (CA). This hydrophilic 

Fig.  1.  Body weights, relative liver weights (liver to body weight ratios, percent), and liver indicators of DKO (Bsep/ and Mdr2/) mice 
and their parental genotypes. A: Body weights and relative liver weight of DKO mice at the ages of 8, 20, and 40 weeks, in comparison with 
control Mdr2/, Bsep/, and WT mice. B: Liver indicators of DKO mice in comparison with parental genotypes at 8, 20, and 40 weeks of 
age. Bilirubin, ALP, ALT, and total plasma bile acids are measured. Table indicates statistical significance between genotypes obtained by 
one-way ANOVA tests. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. ns, not significant.
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shift in the bile acid composition in the livers of DKO mice 
resulted in a bile that is essentially nontoxic, even though 
the level of bile acids in the liver of these mice was about 
15-fold higher than WT. The bile acid composition of the 

Mdr2/ mice, on the other hand, remained similar to WT, 
with relatively high levels of hydrophobic CA and about the 
same proportion of -MCA (Fig. 3B). Similarly the CA lev-
els in the bile of Bsep/ and DKO mice were very much 

Fig.  2.  Histology and immunohistochemistry of the livers of the DKO mice (A, C, E) compared with the livers of Mdr2/ mice (B, D, F) at 
the age of 20 weeks. H&E staining: DKO mouse showing normal liver morphology (A) and Mdr2/ liver with an inset showing marked in-
flammatory cell infiltration (B). C: Sirius Red-stained DKO liver with no detectable fibrosis. D: Sirius Red-stained Mdr2/ liver displayed 
stage 3 bridging fibrosis, according to the scale of van Nieuwerk et al. (22). Arrows, bridging fibrosis; pt, portal triads; asterisks, central vein. 
E, F: Anti-pan-CK immunostaining (dark brown staining) showing normal morphology in the DKO liver and extensive ductular proliferation 
in the Mdr2/ liver (20×), respectively.
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lower than in Mdr2/ and WT mice, whereas the THBA 
levels were much higher (Fig. 3B). Thus, it appears that the 
hydrophilic shift in bile acid composition in DKO mice 
protects them from developing the PSC-like progression 
seen in Mdr2/ mice.

Comparative gene expression profiling by RNA-Seq 
analysis

In order to characterize the Bsep/ and Mdr2/ mice in 
greater detail, we undertook comprehensive RNA-Seq 
analyses of expressed genes in the livers of all four groups 
of mice. Cluster analysis shows that the Pearson correlation 
(R2 = 0.983 or greater) between individual mouse samples, 
by gene expression, demonstrated the coherence of each 
group, and thus the recessivity of both Mdr2/ and Bsep/ 
mutations (supplemental Fig. S2). RNA-Seq results of indi-
viduals from each group were pooled for analysis.

The overall finding is that the principal consequence  
of introducing the Bsep/ mutation onto the Mdr2/ back-
ground is to suppress over 4,000 changes in gene expres-
sion associated with the Mdr2/ mutation. Bsep/ mice 
exhibit significant expression changes in 2,545 genes, rela-
tive to their phenotypically WT littermates. Mdr2/ muta-
tion, however, results in differential expression of 6,134 
genes. Remarkably, comparing Bsep/ mice with DKO 
mice found only 141 differentially expressed genes (see 
volcano plots in supplemental Fig. S3 A–D). Thus, the Bsep 
mutation acts epistatically to suppress much of the Mdr2/ 
phenotype. Of the 6,134 gene expression changes associ-
ated with Mdr2 mutation, 1,659 were common changes also 
observed in Bsep/ mice, and of the other 4,475 changes 
that differentiate the Mdr2/ mouse from both WT and 
Bsep/ mice, only 65 remained significantly altered in the 
DKO (supplemental Fig. S3E and Table S5). The differential 
expression of these 65 genes presumably reflects the under-
lying defect in MDR2 transporter function, independent of 
the liver pathology caused by toxic bile acids.

The compensating regulatory responses that protect the 
Bsep/ mouse from developing a PFIC2-like liver pathol-
ogy may be deduced from the gene expression data, and 
these were generally shared with the DKO mice (supple-
mental Table S4 and Fig. 4). Changes in expression of over 
170 genes, ordered into 11 functional categories relevant 
to liver function in Mdr2/ mice, are shown in supplemen-
tal Table S4. These include categories such as cytochrome 
P450 enzymes, cholesterol and lipoprotein metabolism, 
nuclear receptors, hepatocyte-expressed transporters, in-
flammatory response genes, fibrosis-related genes, etc. 
(supplemental Table S4). The variation in expression of 

this set of genes across all 16 mice used in our study is fur-
ther illustrated in the form of a heatmap (Fig. 4). The 
genes in this figure are not necessarily the most representa-
tive of the overall pattern of expression changes seen in 
this dataset, but the broad tendency for expression in the 
DKO liver to resemble that of the Bsep/, more than the 
Mdr2/, mouse liver is still evident.

Specifically, there is an upregulated gene expression 
of cytochrome P450 oxidases involved in the hydroxyl-
ation of bile acids, particularly the Cyp2c family (Cyp2c29, 
Cyp2c37, Cyp2c38, Cyp2c40, Cyp2c50, Cyp2c54, Cyp2c55, 
Cyp2c68, and Cyp2c69) (31) and Cyp3a11 (32); ABC trans-
porters involved in the apical (Mdr1a) and basolateral (Mrp3, 
Mrp4 and Ost) export of bile acids (33–35); as well as 
phase II detoxification enzymes responsible for sulfation 
(Sult2a1 and Sult2a2) (36), glucuronidation (Ugt1a1 and 
Ugt1a5) (37) and glutathione conjugation, of bile acids 
(Gsta1, Gsta2, and Gstm3) (38, 39).

Both MDR1 and MRP2 have been proposed as possible 
apical exporters for the THBA that dominates the bile acid 
pool in Bsep/ mice (9, 14, 40). In the Bsep/ and DKO 
mice, we find that Mdr1a is upregulated, to a greater extent 
than in Mdr2/ mice, whereas Mdr1b is upregulated in DKO 
and Mdr2/ mice, but essentially unchanged in Bsep/ 
mice. Mrp2 remained unchanged in all three mutant strains.

Higher production of biliary CA, relative to -MCAs 
and/or THBAs, in the Mdr2/ mice relative to the DKO, 
was reflected in the underlying genetic regulatory re-
sponses of these two genotypes. In all three KO mouse 
strains examined, the bile acid synthetic enzyme Cyp7a1 
(41) was upregulated, which seems paradoxical as a re-
sponse to cholestasis; however, this was compensated for 
by downregulation of downstream enzymes, particularly 
Cyp8b1, responsible for CA synthesis, which was particu-
larly marked in the Bsep/ strain. Cyp7b1 and Cyp27a1, 
enzymes of the muricholic acid (MCA) synthesis pathways 
(41), were also downregulated in all three strains, but more 
so in the Mdr2/ mouse, indicating a shift toward CA syn-
thesis over -MCA, relative to WT, and a shift in the oppo-
site direction, toward -MCA in the Bsep/ strain and, to a 
lesser extent, in the DKO. The DKO mouse had a higher 
-MCA:CA ratio in its bile (Fig. 3B). It is notable that Cftr 
expression, which is involved in a CA-induced increase in 
biliary secretion, and liver growth response, in mice (42) 
rose to 14 times normal in the Mdr2/ mice, three times 
above normal in the DKO mice and fell to 0.6× of normal 
in Bsep/ mice (supplemental Table S4).

In addition, a subset of differentially expressed genes, 
known to be of some significance for the development of 

TABLE  1.  Rates of gallstone and nodule formation in DKO mice

Gallstones Nodules

Age DKO Control Mdr2/ P* DKO Control Mdr2/ P*

8 weeks 0% (0/4) 40% (4/10) >0.25 0% (0/4) 0% (0/10) >0.9999
20 weeks 14.3% (1/7) 81.5% (22/27) 0.002 0% (0/7) 3.7% (1/27) >0.9999
40 weeks 0% (0/5) 100% (10/10) 0.0003 0% (0/5) 50% (5/10) 0.1009
13.5 months 0% (0/4) 88.9% (8/9) 0.007 0% (0/4) 100% (11/11) 0.0007

*P values were obtained using Fisher’s exact test.
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Fig.  3.  Bile acid profiles in different compartments of the DKO and their Mdr2/ controls, Bsep/, and their controls (n = 4 per geno-
type), measured using UPLC/MRM-MS. A: Total bile acids in the plasma, liver, bile, and feces of female mice at 8 weeks of age. B: The per-
centage distribution of major bile acids. Asterisks indicate the statistical significance between genotypes obtained by one-way ANOVA tests.  
* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. ns, not significant.
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liver pathology in the Mdr2/ mice, finds several instances 
of the general where the DKO mouse tends to either return 
toward the WT or to adopt the Bsep/ pattern of gene ex-
pression. These include genes involved in cholesterol syn-
thesis (Hmgcr), FA metabolism (Pxr), basolateral import of 
bile acids (Ntcp. Oatp1, Oatp2, and Oatp4), markers of in-
flammation (Ccl2, Nfb1, Pdg f ß, Spp1, Tlr4, Tnf, Vegfc, Cxcr2, 
Cxcr4, Cxcl2, Cxcl4, Icam1, Cd14, and several others), prolif-
eration (Ccnd1, Egr1, Ets2, and S100a11), fibrosis (Tgf1, 
Tgf 2, Col1a1 and Timp), and apoptosis (Krt18 and Trail) 
(Fig. 4 and supplemental Table S4).

THBAs are hydrophilic choleretic agents
The Bsep/ mice produce a large amount of THBA, which 

is associated with a much less severe cholestatic outcome 
compared with the consequences of null mutations in hu-
man BSEP (9, 14, 15, 43). To demonstrate the properties of 
THBA and to evaluate their potential therapeutic benefits, 
we synthesized two stereoisomers of THBA (see Materials 
and Methods). We examined whether or not administered 
THBA can promote bile flow, as other bile acids do, in WT 
FVB mice. As shown in Fig. 5A, the iv injection of either 
THBA compound resulted in an immediate and marked 

Fig.  4.  Heatmap of expression changes among genes associated with liver phenotypes. Genes displayed are those listed in supplemental 
Table S3. Columns represent individual liver samples from 8-week-old female mice, four of each genotype. Genes are clustered according to 
their expression patterns, determined by RNA-Seq analysis, using the web service Heatmapper (http://www.heatmapper.ca/expression/) 
(54) with the default settings (Euclidean distances and average linkage).
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increase in bile flow in WT mice in a dose-dependent fash-
ion. The degree of bile flow stimulation by THBA was, on an 
equimolar basis, equivalent to that of UDCA. Interestingly, 
the dose dependencies of the two tested THBAs behaved dif-
ferently: 6,7-THBA had a greater effect on the time inter-
val of bile flow, but 6,7-THBA affected the maximum flow 
rate (Fig. 5A). HPLC analysis of bile collected after iv injec-
tion of THBA showed that recovered THBA was predomi-
nantly in the taurine-conjugated form (data not shown). 

These results are consistent with the idea that injected  
THBAs in mice are metabolized similarly to other bile acids, 
including their rapid uptake into the liver, subsequent tau-
rine conjugation, and transport into the bile canaliculus, prin-
cipally by a functional Bsep in the WT mice, to drive bile flow.

THBA feeding reduced liver damage in the Mdr2/ mice
To determine whether or not the high levels of THBA 

found in DKO mice played a functional role in alleviating 

Fig.  5.  Choleretic activity of THBA and characterization of Mdr2/ mice fed either a 1% THBA diet or control diet. A: Synthetic 
3,6,7,12-THBA and 3,6,7,12-THBA can stimulate bile flow in a dose-dependent fashion in WT mice. They displayed a very similar 
potency to UDCA in stimulating bile flow after iv injection of 65 mol/kg body weight, the maximum nonlethal dose of UDCA in this assay. 
B: Body weight, liver weight, and relative liver weight (liver to body weight ratios, percent). C: Liver indicators in the plasma of Mdr2/ mice 
fed a 1% THBA diet or the control diet. D: Feeding of 1% THBA reduced gallstone formation and resulted in healthier gallbladders, with 
clearer bile, in the Mdr2/ mice. Asterisks indicate the statistical significance between THBA-fed and regular diet-fed groups obtained by 
Student t-tests. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. ns, not significant.
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liver damage caused by Mdr2 mutation, we supplemented 
the diet of female Mdr2/ mice with synthetic 6,7-THBA 
(1% by weight). The mice were fed for 17 weeks starting at 
3 weeks of age, when the mice had already developed chol-
angiocyte damage (16, 20). Feeding Mdr2/ mice with 
THBA resulted in significantly reduced body weights, liver 
weights, and relative liver weights. The relative liver weights 
were 8.1%, on average, compared with 10% of the Mdr2/ 
mice fed the control diet (Fig. 5B). This reduced relative 
liver weight was associated with an improved liver indicator 
profile in the plasma of THBA-fed Mdr2/ mice, notably, 
reduced ALP, consistent with reduced cholangiocyte dam-
age, reduced bilirubin, and, interestingly, reduced total bile 
acids in plasma, despite high-dose feeding of a bile acid, i.e., 
THBA (Fig. 5C). Significantly less gallstone formation (30% 
vs. 80%) (Fig. 5D), compared with Mdr2/ mice on the 
control diet, was also noted in the THBA-fed mice. How-
ever, no significant difference in the extent of liver fibrosis 
was observed between THBA-fed and control mice, using a 
semiquantitative scoring system (the scoring system used in 
supplemental Table S3) (22).

We further analyzed the bile acid profiles of the Mdr2/ 
mice fed THBA using UPLC/MRM-MS. It was found that 
the THBA-fed Mdr2/ mice had significantly reduced to-
tal bile acid in plasma, consistent with a relief in cholestasis. 
There were no significant changes in the concentration of 
bile acids in the liver and bile (Fig. 6A). However, signifi-
cant changes to the bile acid composition can be seen in 
these latter two compartments (Fig. 6B). In the liver, the 
THBA level increased, whereas in the bile, the CA level de-
creased in both instances, leading to a more hydrophilic 
bile acid composition. The underlying causes of these 
changes are currently not understood, but, collectively, 
these changes appear to result in an overall reduced hydro-
phobicity and, presumably, less toxicity, of bile acids, par-
ticularly in the bile, of Mdr2/ mice fed with THBA. 
Unsurprisingly, THBA-fed mice had greatly increased lev-
els (about 45×) of bile acid in feces, which appears to be 
almost entirely made up of THBA (Fig. 6B).

DISCUSSION

Genetic defects in the canalicular transporters BSEP 
(ABCB11) and MDR3 (ABCB4) can cause fatal childhood 
diseases—PFIC2 or PFIC3, respectively. Mouse models of 
human genetic defects often do not mimic the behavior of 
their human counterparts. The inactivation of the mouse 
ortholog of ABCB11 (Bsep/), the major bile transporter, 
results in greatly impaired biliary secretion of bile acids, 
but with only mild cholestasis and no evident liver injury. 
Null mutation of ABCB4 (Mdr2/), on the other hand, re-
sults in compromised biliary secretion of PC to form mixed 
micelles with bile acids in bile, the absence of which subse-
quently causes severe and progressive bile duct damage 
due to the inherent detergent-like toxicity of unmasked 
bile acids. The phenotype of Mdr2/ mice resembles 
chronic PSC (16, 18, 19), eventually leading to HCC (16, 

Fig.  6.  A: Total bile acids in the plasma, bile, and feces of female 
Mdr2/ mice, at 20 weeks of age, after 17 weeks fed a 1% THBA 
supplemented diet, or the control diet, measured using UPLC/
MRM-MS (n = 5 per group). B: Percentage distribution of major 
bile acids. Asterisks indicate the statistical significance between 
THBA-fed and regular diet-fed groups obtained by Student t-tests. 
* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. ns, not 
significant.

18, 19, 44). Over 6,100 gene expression changes are ob-
served in the hepatocytes of these mice at 8 weeks, com-
pared with WT (supplemental Fig. S3B), in response to the 
toxic effects of unmasked bile acids.
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On the other hand, the mouse model of PFIC2, the 
Bsep/ mouse, displays only a mild phenotype, with no 
progressive liver damage. A key feature of the hepatopro-
tective mechanism in the Bsep/ mice appears to be the 
ability of their hepatocytes to shift the composition of their 
bile acid to a more hydrophilic, and less toxic, one by up-
regulating a series of P450 enzymes, favoring production of 
the less hydrophobic primary bile acids (-MCA over CA) 
and conversion of trihydroxy bile acids into THBAs (45). 
The reduced hepatoxicity of these bile acids is significant 
because these mice do have 5-fold higher levels of bile 
acids in the liver, but they do not suffer the pathology ex-
pected of a cholestatic phenotype. Moreover, the coordi-
nated response of an upregulated Mdr1, the presumptive 
canalicular alternative transporter, working in concert with 
this change in bile acid composition, enables moderate 
biliary secretion of hydrophilic bile acids, reduces cholesta-
sis, and prevents liver injury when the normal bile acid 
transporter Bsep is impaired (1, 9, 43).

In the present study, we asked whether the hydrophilic 
bile acids of the Bsep/ mice could protect the liver of 
Mdr2/ mice from suffering a PSC-like progression, in an 
environment where micelle-forming PC in the bile does 
not attenuate the detergent-like properties of these hydro-
philic bile acids. The DKO mice displayed a very mild phe-
notype and, like the Bsep/ mice, produced more -MCA 
and THBA, while reducing the amount of CA secreted into 
bile (Fig. 3C and supplemental Table S2). This hydrophilic 
shift of bile acids seen in the Bsep/ and DKO mice ap-
pears to be absent in the Mdr2/ mice. The molecular trig-
ger for this hydrophilic shift is not known and may be 
complex; however, we speculate that an accumulation of 
hydrophobic bile acid to some critical intrahepatic concen-
tration may be required. The Mdr2/ mice may not be 
able achieve such a concentration, because they carry a 
functional Bsep transporter protein, thereby maintaining a 
relatively lower level of intrahepatic hydrophobic bile acid. 
It is noteworthy that the total bile acid in the livers of 
Bsep/ and DKO mice is severalfold higher than in the 
Mdr2/ mice, consistent with the concept that a rise in 
hydrophobic bile acids could trigger P450 hydroxylases to 
reduce the intrahepatic concentration of hydrophobic bile 
acids, while the hydrophilic bile acids accumulate, result-
ing in the dramatic shift to a more hydrophilic bile acid 
composition in Bsep/ and DKO mice. This hepatoprotec-
tive response appears to coincide with a change in expres-
sion of the Cyp2c family genes, downstream of Cyp27a1 in 
the production of MCA (31), particularly Cyp2c55. Cyp2c70 
and nine other members of the Cyp2c family, plus the bile 
acid 6-hydroxylase Cyp3a11 (32, 45), were expressed at 
higher levels in the Bsep/ and/or DKO livers than in the 
Mdr2/ mouse, making these likely candidates for the en-
zymes responsible for THBA production from trihydroxyl 
bile acids in Bsep/ and DKO mice. Taken together, the 
dramatic hydrophilic shift of bile acid composition, coupled 
with the presence of an alternative canalicular transporter 
with the ability to transport hydrophilic bile acids, to pro-
mote bile flow in the DKO mice, protect them from the 
toxicity of nonmicelle-bound bile acids in the bile duct.

Bile acids can be genotoxins and cause DNA damage (46–
51). Thus, it is not surprising that, when the toxicity of the 
primary bile acids is unleashed in the absence of complexing 
lipids, we observe over 6,000 gene-expression changes in the 
liver of Mdr2/ mice, compared with their DKO littermates 
and WT mice. This is consistent with the work of Katzenel-
lenbogen et al. (44), who also showed that at least 15 func-
tional categories of genes were affected in the Mdr2/ mice. 
It is therefore remarkable that, in the present study, the 
Bsep/ mutation was able to epistatically suppress more than 
4,000 of the Mdr2/-associated gene-expression changes. 
The DKO mice do not develop any of the progressive PSC-
like features of the Mdr2/ mice, even after 13.5 months, 
even though the hydrophilic bile acids in these mice were still 
not complexed with lipids. We believe that this is the clearest 
demonstration to date of the hepatoprotective nature of  
hydrophilic bile acids. It is noteworthy that reducing the 
hydrophobicity of the bile acids appears to be a common 
adaptive reaction to cholestatic stress in patients (52, 53).

To determine whether THBA played a direct functional 
role in alleviating liver damage, we showed that synthetic 
THBAs, when administered intravenously to mice, are taken 
up from the bloodstream into the liver, conjugated, and 
secreted into the bile canaliculus (by BSEP), where they  
act as osmotic drivers of bile flow, as other bile acids are 
(Fig. 5A). We also showed that feeding Mdr2/ mice with 
a 1% synthetic THBA diet resulted in significantly reduced 
relative liver weight, a more favorable liver indicator profile 
in plasma, and reduced gallstone formation (Fig. 5B). 
These results are consistent with THBA playing a direct 
role in alleviating liver damage caused by the Mdr2/ mu-
tation. However, the feeding of THBA did not restore the 
Mdr2/ mice to the full DKO phenotype; notably lacking 
was any significant improvement in liver fibrosis. We note 
that the feeding regime used did not achieve the concen-
tration of THBA and degree of bile acid hydrophilicity, 
found in the liver and bile of the DKO mice (compare Fig. 
6A, B with Fig. 3A, B). Although supplementation with 
synthetic THBA dramatically reduced CA in the bile of the 
Mdr2/ mice (Fig. 6B), their bile acid profile was still less 
hydrophilic, with much less THBA, than was seen in the 
DKO mice. It appears that the vast majority of the THBA 
fed to the Mdr2/ mice passed through into the feces and 
was not efficiently absorbed (Fig. 6B). It is possible that bet-
ter hepatoprotection by THBA might be achieved were a 
THBA with better oral bioavailability used instead, because 
the biology of the DKO clearly shows that adequate biliary 
secretion of sufficiently hydrophilic bile acids can fully pro-
tect these mice from the toxicity due to the lack of PC in 
their bile. Therefore, the potential for THBAs to act as 
therapeutics for PSC, and other liver pathologies brought 
on by abnormalities of bile flow (cholestases), will be of 
considerable interest for future studies.

In conclusion, the present study shows that in cholesta-
sis, the concentration of toxic bile acids is the determining 
factor that leads to progressive liver injury. Hydrophilic 
bile acids, such as THBAs, in concert with an enabled cana-
licular transporter, were hepatoprotective, even on the 
Mdr2/ genetic background, where hydrophilic bile acids, 
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whether produced endogenously or introduced orally, en-
counter a biliary tract entirely without the cytoprotection 
of PC in the bile.

The authors thank Rebecca Wu from Y. Z. Wang’s team at BC 
Cancer for the immunostaining.
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