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Chronic cholestasis results from bile secretory defects or impaired bile flow with few effective medical
therapies available. Thyroid hormone triiodothyronine and synthetic thyroid hormone receptor ago-
nists, such as sobetirome (GC-1), are known to impact lipid and bile acid (BA) metabolism and induce
hepatocyte proliferation downstream of Wnt/b-catenin signaling after surgical resection; however,
these drugs have yet to be studied as potential therapeutics for cholestatic liver disease. Herein, GC-1
was administered to ATP binding cassette subfamily B member 4 (Abcb4�/�; Mdr2�/�) knockout (KO)
mice, a sclerosing cholangitis model. KO mice fed GC-1 diet for 2 and 4 weeks had decreased serum
alkaline phosphatase but increased serum transaminases compared with KO alone. KO mice on GC-1 also
had higher levels of total liver BA due to alterations in expression of BA detoxification, transport, and
synthesis genes, with the net result being retention of BA in the hepatocytes. Interestingly, GC-1 does
not induce hepatocyte proliferation or Wnt/b-catenin signaling in KO mice, likely a result of decreased
thyroid hormone receptor b expression without Mdr2. Therefore, although GC-1 treatment induces a
mild protection against biliary injury in the early stages of treatment, it comes at the expense of
hepatocyte injury and is suboptimal because of lower expression of thyroid hormone receptor b. Thus,
thyromimetics may have limited therapeutic benefits in treating cholestatic liver disease. (Am J Pathol
2020, 190: 1006e1017; https://doi.org/10.1016/j.ajpath.2020.01.015)
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Many chronic liver diseases have few to no medical thera-
pies that are capable of halting or reversing disease pro-
gression, and the only life-extending treatment is orthotopic
liver transplantation. Primary sclerosing cholangitis (PSC),
a chronic cholestatic liver disease of unknown etiology, is
one such example. Patients with PSC have bile duct
inflammation and fibrosis, which results in end-stage liver
disease and reduced life expectancy.1,2 A significant number
(40%) of PSC patients will ultimately require liver trans-
plant and up to 25% of patients who receive liver transplant
will have recurrent PSC.3 Therefore, an effective therapeutic
strategy to treat PSC is a major unmet clinical need.

ATP binding cassette subfamily B member 4 (Abcb4�/�;
Mdr2�/�) gene knockout (KO) mice spontaneously develop
sclerosing cholangitis characterized by pericholangitis,
ductular proliferation, and onionskin-type periductal
fibrosis.4 This phenotype is due to lack of the Mdr2 gene, a
stigative Pathology. Published by Elsevier Inc
canalicular flippase that transports phospholipids into bile.5

The loss of protective phospholipids in the KO leads to
increased concentrations of free toxic bile acids (BAs),
which damages cholangiocytes and causes bile to leak into
the parenchyma.6 Because the resulting liver injury
resembles PSC, these mice have long been used to study the
pathogenesis and signaling pathways involved in this dis-
ease, as well as to test potential therapeutics.
TheWnt/b-catenin signaling pathway has a well-described

role in liver physiology and pathology, and its modulation
. All rights reserved.
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GC-1 Reduces Biliary Injury in Mdr2 KO
also alters the progression of cholestatic liver disease.7 Loss
or inhibition of b-catenin (alias catenin b 1) leads to
improved outcomes after bile duct ligation and
5-diethoxycarbonyl-1,4-dihydrocollidine, two commonly
used animal models of cholestasis.8,9 However, it was
recently shown that knockdown of b-catenin in Mdr2 KO
leads to increased inflammation, oxidative stress, fibrosis,
and impaired hepatocyte proliferation.10 In this case, b-cat-
enin is essential in maintaining homeostasis in the absence of
Mdr2, and its loss results in decompensation and increased
injury. Thus, in some types of cholestatic conditions, such as
those modeled by the Mdr2 KO mouse, activation of b-cat-
enin may be advantageous by balancing ongoing injury with
a robust regenerative response.

Thyroid hormones, such as triiodothyronine (T3), are
known to have mitogenic effects in many organs, such as the
liver, heart, and pancreas.11,12 In hepatocytes, T3 increases
proliferation in mice through interaction with thyroid hor-
mone receptor b (alias TRb).11,13 This occurs in a b-cat-
eninedependent manner via the cAMP-dependent protein
kinase A pathway, which, in turn, leads to phosphorylation of
b-catenin at Ser675 and subsequent activation.14,15 However,
because T3 is not liver specific, use of a selective TRb
agonist, such as GC-1 or sobetirome, is preferable because of
its lack of off-target effects.16 GC-1 is also well studied in the
liver and has been shown to recapitulate the mitogenic effects
of T3, stimulating b-cateninedependent hepatocyte prolif-
eration after partial hepatectomy.15 However, whether these
drugs can induce proliferation and repair during cholestatic
liver disease is unknown.

In this study, wild-type (WT) and Mdr2 KO mice were
treated with a GC-1econtaining diet to activate b-catenin in
hepatocytes. It was hypothesized that activation of b-catenin
in this model of cholestasis would induce compensatory
proliferation that may provide protection against injury. The
study results show that biliary injury is transiently decreased
in Mdr2 KO mice on GC-1 diet compared with Mdr2 KO
mice on normal diet. This decrease in biliary injury is likely
due to a lack of BA export by the hepatocytes, which spares
cholangiocytes but leads to increased hepatic injury due to
toxic BA retention. Also, although hepatocyte proliferation
is increased in Mdr2 KO mice, it is not further induced by
GC-1, nor is b-catenin activated in KO with GC-1. This is
because KO have decreased responsiveness to GC-1
because of lesser expression of thyroid receptor b. This
study shows that dysregulation of receptor targets during
chronic liver disease may affect drug efficacy, and that
caution should be used when considering the use of repur-
posed drugs to treat cholestatic liver diseases.

Materials and Methods

Animal Model

All animal studies were performed in accordance with the
guidelines of the Institutional Animal Use and Care
The American Journal of Pathology - ajp.amjpathol.org
Committee at the University of Pittsburgh School of Medicine
(Pittsburgh, PA) and theNIH (Bethesda,MD;protocol number
17071066). Five-weekeold Mdr2 (�/�) KO mice in an FVB/
NJ background (Jackson Laboratory, Bar Harbor, ME; stock
number 002539) or WT littermate controls were fed standard
mouse chow or GC-1/sobetirome-supplemented diet (5 mg/kg
of diet, GC-1/sobetirome purchased fromMedChem Express,
Monmouth Junction, NJ; diet from Animal Specialties and
Provisions LLC,Quakertown, PA) for up to 4weeks. After the
diet course was complete, mice were sacrificed, and blood
serumand liverswere collected. Liverswere sectioned,fixed in
10% formalin, and processed for paraffin embedding or frozen
in liquid nitrogen and stored at �80�C. For baseline, n Z 3
mice per genotype. For 1-week GC-1 or normal diet, n Z 4
WT, nZ 3 WTþ GC-1, nZ 4 KO, and nZ 3 KOþ GC-1.
For 2-weekGC-1 or normal diet, nZ 5WT, nZ 8WTþGC-
1, n Z 6 KO, and n Z 7 KO þ GC-1. For 4-week GC-1 or
normal diet, nZ 8 WT, nZ 7 WT þ GC-1, nZ 9 KO, and
nZ 8 KOþ GC-1. For 12-week GC-1 or normal diet, nZ 4
WT, nZ 3 WTþ GC-1, nZ 4 KO, and nZ 3 KOþ GC-1.

Serum Biochemistry

At the time of sacrifice, blood was collected and serum was
sent to the University of Pittsburgh Medical Center Clinical
Chemistry laboratory for biochemical analysis of total and
direct bilirubin, alkaline phosphatase (ALP), aspartate
aminotransferase, and alanine transaminase.

Immunohistochemical Analysis

Paraffin-embedded liver tissues were divided into sections
(4 mm thick). Sections were stained with hematoxylin and
eosin or Picro-Sirius Red (Abcam, Cambridge, UK).
Immunohistochemistry on paraffin-embedded sections was
performed on mouse livers, as described elsewhere.17 Pri-
mary antibodies used were antiesex-determining region
Y-box transcription factor 9 (Sox9) antibody (1:100;
Abcam), antiecytokeratin 19 (CK19) antibody (31 mg/mL;
TROMA-III-S; Developmental Studies Hybridoma Bank,
Iowa City, IA), and proliferating cell nuclear antigen anti-
body (PC10; 1:4000; Santa Cruz Biotechnology, Dallas,
TX). Secondary antibodies were goat anti-rabbit, goat anti-
rat, and donkey anti-goat (Chemicon, Temecula, CA), and
were used at 1 to 400, and staining was detected with
3,30-diaminobenzidine detection systems after incubation
with the Avidin-Biotin Complex Kit (Vector Laboratories,
Burlingame, CA). Apoptotic nuclei were detected by the
terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling staining using the ApopTag Peroxidase kit
(Millipore, Temecula, CA) at the University of Pittsburgh
Department of Pathology’s core immunohistochemistry
laboratory. Images (1280 by 1024 pixels) were taken on an
Olympus Provis scope (Olympus America, Center Valley,
PA) at the Center for Biological Imaging at the University
of Pittsburgh.
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Table 1 Primers Used for Quantitative RT-PCR Analysis

Primer name Sequence

PXR (forward) 50-CCCATCAACGTAGAGGAGGA-30

PXR (reverse) 50-GGGGGTTGGTAGTTCCAGAT-30

SHP (forward) 50-TCTGCAGGTCGTCCGACTATTC-30

SHP (reverse) 50-AGGCAGTGGCTGTGAGATGC-30

FXR (forward) 50-CTTGATGTGCTACAAAAGCTGTG-30

FXR (reverse) 50-ACTCTCCAAGACATCAGCATCTC-30

CAR (forward) 50-GGAGGACCAGATCTCCCTTC-30

CAR (reverse) 50-ATTTCATTGCCACTCCCAAG-30

NTCP (forward) 50-CACCATGGAGTTCAGCAAGA-30

NTCP (reverse) 50-AGCACTGAGGGGCATGATAC-30

Slco1b2 (forward) 50-GATCCTTCACTTACCTGTTCAA-30

Slco1b2 (reverse) 50-CCTAAAAACATTCCACTTGCCATA-30

MRP2 (forward) 50-GCTTCCCATGGTGATCTCTT-30

MRP2 (reverse) 50-ATCATCGCTTCCCAGGTACT-30

MRP3 (forward) 50-TGAGATCGTCATTGATGGGC-30

MRP3 (reverse) 50-AGCTGCGAGCGCAGGTCG-30

MRP4 (forward) 50-TTAGATGGGCCTCTGGTTCT-30

MRP4 (reverse) 50-GCCCACAATTCCAACCTTT-30

BSEP (forward) 50-ACACCATTGTATGGATCAACAGC-30

BSEP (reverse) 50-CACCAACTCCTGCGTAGATGC-30

Cyp7a1 (forward) 50-TGGGCATCTCAAGCAAACAC-30

Cyp7a1 (reverse) 50-TCATTGCTTCAGGGCTCCTG-30

Cyp3a11 (forward) 50-CCACCAGTAGCACACTTTCC-30

Cyp8b1 (forward) 50-GCCCTTACTCCAAATCCTACCA-30

Cyp8b1 (reverse) 50-TCGCACACATGGCTCGAT-30

Cyp27 (forward) 50-TGCCTGGGTCGGAGGAT-30

Cyp27 (reverse) 50-GAGCCAGGGCAATCTCATACTT-30

Cyp3a11 (reverse) 50-TTCCATCTCCATCACAGTATCA-30

Cyp2B10 (forward) 50-CAATGGGGAACGTTGGAAGA-30

Cyp2B10 (reverse) 50-TGATGCACTGGAAGAGGAAC-30

CK19 (forward) 50-GACCTGGAGATGCAGATTGAG-30

CK19 (reverse) 50-GCTCCTCAGGGCAGTAATTT-30

Sox9 (forward) 50-CAGGCAAGAATTGGGCAAAG-30

Sox9 (reverse) 50-CCTCCCAACACGCAGTAAA-30

HNF1b (forward) 50-AACCAGCCGGGAAACAATGA-30

HNF1b (reverse) 50-CTCCCGACACTGTGATCTGC-30

TRb1 (forward) 50-GGACAAGCACCCATCGTGAAT-30

TRb1 (reverse) 50-CTCTGGTAATTGCTGGTGTGAT-30

TRb2 (forward) 50-CCAGAGGTACACGAAGTGTGC-30

TRb2 (reverse) 50-AGGTTTCCAGGGTAACTACAGG-30

BSEP, bile salt export pump; CAR, constitutive androstane receptor; CK19,
cytokeratin 19; Cyp, cytochrome P450; FXR, farnesoid X receptor; HNF1b,
hepatocyte nuclear factor 1 homeobox B; NTCP, sodium-taurocholate
cotransporting polypeptide; PXR, pregnane X receptor; SHP, small hetero-
dimer partner; Slco1b2, solute carrier organic anion transporter family,
member 1b2; MRP, multidrug resistance protein; Sox9, sex-determining re-
gion Y-box transcription factor 9; TRb, thyroid hormone receptor b.
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Sirius Red images were quantified using ImageJ Fiji
version 2.0.0-rc-68/1.521 (NIH; https://imagej.nih.gov/ij).18

Each image was split into red, green, and blue channels,
from which the green channel was selected for optimal
separation of staining. The staining was isolated by using
threshold setting 0 for the upper level and 127 for the lower
level, and the percentage of the stained area to the total
image was measured. A total of five images per mouse liver
(n Z 3 mice) were quantified for each genotype.

CK19 images were quantified by splitting the image into
red/green/blue channels with ImageJ Fiji, and then quanti-
fying the blue channel using a threshold setting 0 for the
upper level and 63 for the lower level. The percentage of the
stained area to the total image was then calculated. A total of
five images per mouse liver (n Z 3 mice) were quantified
for each genotype.

Quantification of proliferating cell nuclear antigene and
terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labelingepositive cells was performed by counting the
number of positive hepatocytes per �100 field. A total of
five images per mouse liver (n Z 3 mice) were quantified
for each genotype.

Protein Extraction and Western Blot Analysis

Whole-cell liver lysates were prepared in radio-
immunoprecipitation assay buffer containing fresh phos-
phatase and protease inhibitor cocktails (Sigma Aldrich, St.
Louis, MO). Denatured proteins were separated on 10%
SDS-PAGE gels and transferred to polyvinylidene difluor-
ide membranes. Membranes were blocked using 5% nonfat
dry milk or 5% bovine serum albumin in 0.1% Triton X-100
in Tris-buffered saline at room temperature for 1 hour and
incubated at 4�C overnight with primary antibodies (diluted
in 3% blocking media). The following primary antibodies
were used: glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; 1:5000; Invitrogen, Carlsbad, CA), purified
mouse antieb-catenin (1:500; BD Biosciences, San Jose,
CA), nonphosphorylated (active) b-catenin (Ser33/37/
Thr41) (1:1000; Cell Signaling Technology, Danvers, MA),
and phosphorylated b-catenin (Ser675; D2F1; 1:1000; Cell
Signaling Technology). Membranes were washed three
times for 15 minutes each in Tris-buffered saline before
being probed with horseradish peroxidaseeconjugated sec-
ondary antibodies (1:20,000 diluted in 3% blocking media;
Santa Cruz Biotechnology) for 2 hours at room temperature.
Membranes were washed three times for 15 minutes each in
Tris-buffered saline and visualized using the Enhanced
Chemiluminescence System (GE Healthcare, Little Chal-
font, UK).

Quantitative Real-Time PCR

Total RNA was isolated from frozen liver tissue using
Trizol reagent (Invitrogen). RT-PCR was performed as
described elsewhere.17 Real-time PCR was performed on
1008
a CFX96 TouchReal-Time PCR Detection System (Bio-
Rad Laboratories, Hercules, CA) using SYBR Green
(Thermo Fisher Scientific, Pittsburgh, PA). Changes in
target mRNA were normalized to GAPDH mRNA for
each sample, and P value is presented as fold change
over the average from three normal livers. Three samples
per each condition were assayed in triplicate. Primer se-
quences are provided in Table 1.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Biliary injury improves in ATP binding cassette subfamily B member 4 (Abcb4�/�; Mdr2�/�) knockout (KO) mice at 2 and 4 weeks after GC-1, at
the expense of hepatic injury. A: Blood serum levels of alkaline phosphatase (ALP) show decreased biliary injury, whereas alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) indicate increased hepatic injury, in KO mice on short-term GC-1 diet compared with KO mice. B: Representative hematoxylin
and eosin images show equivalent parenchymal injury in KO mice on GC-1 diet for 2 and 4 weeks compared with KO mice on normal diet. n � 3 mice per group
(A). *P < 0.05, **P < 0.01, and ***P < 0.001 wild type (WT) versus WT GC-1; yyP < 0.01, yyyP < 0.001 KO versus KO GC-1; zP < 0.05, zzzP < 0.001 WT versus
KO at all time points analyzed. Original magnification, �100 (B).

GC-1 Reduces Biliary Injury in Mdr2 KO
Measurement of BAs

Total BAs (nZ 3 samples per condition) were isolated from
frozen liver using 70% ethanol, as previously described.8

Bile was also extracted from gallbladders and diluted 1:5
in distilled water. The Mouse Total Bile Acids Assay Kit
(Crystal Chem, Downers Grove, IL) was used to measure
BAs in both liver and bile, and the calibration curve and
mean change in absorbance value for each sample were used
to determine the concentration of each sample.
Statistical Analysis

Data are presented as means, SD, and/or individual data
points. Data were analyzed, and graphs were generated
using Prism GraphPad 7.0c (GraphPad Software, San
Diego, CA). P values were determined using the two-tailed
t-test, one-way analysis of variance followed by an appro-
priate post hoc test, or two-way analysis of variance fol-
lowed by the appropriate post hoc test. P < 0.05 was
considered statistically significant.
The American Journal of Pathology - ajp.amjpathol.org
Results

Biliary Injury Is Decreased in KO after Short-Term GC-1
Diet

WTandKOmicewere fed normal diet orGC-1 supplemented
diet for 1, 2, 4, and 12 weeks and assessed for serum
biochemical markers of liver injury. GC-1 diet did not affect
total serum bilirubin levels nor liver weight/body weight
ratios in KO mice, although conjugated bilirubin levels were
decreased at 12 weeks (Supplemental Figure S1). Surpris-
ingly, hepatic injury, as assessed by measurement of serum
transaminases aspartate aminotransferase and alanine trans-
aminase, was significantly increased in KO fed GC-1 as early
as 2 weeks after the start of diet, although these numbers
tended to normalize or decrease at 12 weeks (Figure 1A).
Terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling staining also revealed increased hepatocyte
death in KO þ GC-1 treated livers at 2 and 4 weeks of diet
(Supplemental Figure S2). On the contrary, biliary injury in
KO mice on GC-1 diet was significantly decreased compared
with KOmice on normal diet at both 2 and 4 weeks, as shown
1009
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Figure 2 ATP binding cassette subfamily B
member 4 (Abcb4�/�; Mdr2�/�) knockout (KO)
mice treated with GC-1 have decreased liver
fibrosis but similar ductular response compared
with KO mice on normal diet. A and B: Represen-
tative Sirius Red (A) and cytokeratin 19 (CK19; B)
images. C: Quantification of Sirius Red stain shows
less fibrosis in KO mice of GC-1 diet compared with
KO mice after 2 weeks on diet. D: Quantification of
CK19 shows that KO mice both on and off GC-1 diet
have increased ductular response compared with
wild-type (WT) mice after 2 and 4 weeks. E:
Quantitative RT-PCR analysis of cholangiocyte
markers sex-determining region Y-box transcrip-
tion factor 9 (Sox9), CK19, and hepatocyte nuclear
factor 1 homeobox B (HNF1b) in WT mice, WT mice
fed GC-1 diet, KO mice, and KO mice fed GC-1 diet
for 2 and 4 weeks shows decreased expression of
these markers in KO treated with GC-1. n Z 3 mice
per group (E). ****P < 0.0001 WT versus WT GC-1;
yP < 0.05, yyyyP < 0.0001 KO versus KO GC-1;
zP < 0.05, zzP < 0.01, zzzP < 0.001, and
zzzzP < 0.0001 WT versus KO; xP < 0.05, xxP <

0.01 WT GC-1 versus KO GC-1. Original magnifica-
tion: �100 (A); �200 (B).

Kosar et al
by a reduction in serumALP, but was comparable in KOwith
and without diet at 12 weeks. To investigate parenchymal
injury, hematoxylin and eosin stains of liver sections were
performed. KO mice fed GC-1 diet show equivalent portal
damage, including inflammation and ductular reaction, as
early as 2weeks comparedwith KOmice on normal diet, with
this trend following into 4 weeks as well (Figure 1B). Thus,
despite a transient decrease in biliary injury, KO mice treated
1010
with GC-1 have an overall similar phenotype to KO on
normal diet after long-term exposure.

Fibrosis and Ductular Response Are Equivalent in KO
Mice Fed GC-1

To determine if lower ALP levels in KO with GC-1 at 2 and
4 weeks correlate with decreased ductular mass and portal
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Bile acid excretion is dysregulated in ATP binding cassette subfamily B member 4 (Abcb4�/�; Mdr2�/�) knockout (KO) mice on GC-1 diet,
concomitant with altered nuclear receptor and cytochrome P450 (Cyp) gene expression. A: Total hepatic bile acids are increased in KO mice on GC-1 diet after 2
weeks compared with KO controls, but after 4 weeks, bile acid retention in the liver of KO on GC-1 is similar to KO on normal diet. B: Measurement of bile acids
collected from the gallbladder shows a trend toward decreased bile excretion in KO after 4 weeks of GC-1. C: Quantitative RT-PCR analysis of farnesoid X
receptor (FXR), small heterodimer partner (SHP), pregnane X receptor (PXR), and constitutive androstane receptor (CAR) shows that, after GC-1 diet, both wild-
type (WT) and KO mice have decreased FXR, whereas after 4 weeks of diet, KO mice have increased PXR and decreased SHP; CAR is decreased generally in KO
with and without diet. D: Bile acid synthesis gene Cyp family 7 subfamily A member 1 (Cyp7a1) is increased in KO þ GC-1 at 2 weeks, but repressed in KO after
4 weeks of GC-1 treatment, whereas Cyp family 8 subfamily B member 1 (Cyp8B1) and Cyp family 27 (Cyp27) are decreased in KO irrespective of GC-1 treatment.
Detoxification genes Cyp family 3 subfamily a polypeptide 11 (Cyp3a11) and Cyp family 2 subfamily b polypeptide 10 (Cyp2b10) decreased in both WT and KO
after 4 weeks of GC-1. n Z 3 mice per group (AeD). *P < 0.05, **P < 0.01, and ***P < 0.001 WT versus WT GC-1; yP < 0.05, yyP < 0.01, yyyP < 0.001, and
yyyyP < 0.0001 KO versus KO GC-1; zP < 0.05, zzP < 0.01, and zzzP < 0.001 WT versus KO; xP < 0.05, xxP < 0.01, and xxxxP < 0.0001 WT GC-1 versus KO GC-1.

GC-1 Reduces Biliary Injury in Mdr2 KO
fibrosis, the fibrotic content of these livers was assessed by
Sirius Red staining and quantification. KO mice on GC-1
diet have significantly less portoportal bridging fibrosis after
2 weeks of diet exposure compared with KO mice, and a
trend toward decreased fibrosis at 4 weeks (Figure 2, A and
C). Quantitative PCR analysis of biliary markers Sox9,
cytokeratin 19 (official name Krt19), and hepatocyte nuclear
The American Journal of Pathology - ajp.amjpathol.org
factor 1 homeobox B (official name Hnf1b) shows that
expression of common cholangiocyte markers is also
decreased in KO mice on GC-1 compared with KO mice
alone at both 2 and 4 weeks (Figure 2E). Immunohisto-
chemistry for Sox9, however, indicates that the reduction in
biliary markers may be due to notably fewer hepatocytes
expressing biliary markers after GC-1 compared with KO
1011
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Figure 4 Bile acid transporter genes are altered after
GC-1 diet, which leads to toxic bile retention in hepato-
cytes. A: Quantitative RT-PCR analysis of uptake trans-
porters sodium/taurocholate cotransporting polypeptide
(NTCP) and solute carrier organic anion transporter family,
member 1b2 (Slco1b2), shows decreased expression in
wild-type (WT) and knockout (KO) after 4 weeks of GC-1
diet, although both are suppressed in KO on normal diet
as well. B: Efflux transporter ATP binding cassette sub-
family C member 2 gene [Abcc2; alias multidrug resistance
protein 2 (MRP2)] is decreased at 4 weeks in both WT and
KO on GC-1 compared with controls, whereas bile salt
export pump (BSEP) is unchanged. C: ATP binding cassette
subfamily C member 3 (Abcc3; alias MRP3) is significantly
repressed in both WT and KO on GC-1 at 2 and 4 weeks,
whereas ATP binding cassette subfamily C member 4
(Abcc4; alias MRP4) is unchanged. n Z 3 mice per group
(AeC). *P < 0.05, **P < 0.01, and ***P < 0.001 versus
WT GC-1; yyP < 0.01, yyyP < 0.001 versus KO GC-1;
zzP < 0.01, zzzP < 0.001, and zzzzP < 0.0001 versus KO;
xP < 0.05, xxxP < 0.001 GC-1 versus KO GC-1.

Kosar et al
mice on normal diet (Supplemental Figure S3), rather than a
reduction in the number of biliary structures. To directly
assess biliary mass in KO after GC-1, immunohistochem-
istry and quantification of CK19, a marker of fully differ-
entiated cholangiocytes, were performed. No significant
differences in the amount of CK19 positivity between KO
with or without GC-1 at either 2 or 4 weeks was observed
(Figure 2, B and D). It is concluded that although fibrosis is
transiently decreased in KO after 2 weeks of diet, on the
whole, neither fibrosis nor ductular response is significantly
changed over time in response to GC-1.

GC-1 Alters the Amount and Location of BAs in Mdr2
KO Mice through Differential Regulation of Hepatic BA
Transporters and Synthesis Enzymes

Despite insignificant differences during the 12-week time
point, this study intended to further characterize the
phenotype of KO mice at the early stage of GC-1 treatment.
1012
Because hepatic injury increases simultaneously with
decreased biliary injury in KO fed GC-1, it is hypothesized
that alterations in BA synthesis, detoxification, or transport
may be responsible.
Measurement of BAs shows that KO mice on GC-1 for 2

weeks have higher total hepatic BAs compared with both
KO on normal diet and WT mice on GC-1 (Figure 3A).
However, at 4 weeks, KO mice with and without GC-1 have
similar levels of hepatic BAs, which are both elevated
compared with WT mice (Figure 3A). At 4 weeks, a trend
was also noted toward decrease in BA excretion, as KO fed
GC-1 for 4 weeks have decreased biliary (gallbladder) BA
levels compared with KO alone (Figure 3B). Thus, by 4
weeks, KO have compensated for increased BA accumula-
tion after GC-1 by altering the amount and location of BA in
the liver.
Quantitative PCR analysis was then used to determine if

nuclear receptors associated with BA synthesisdfarnesoid
X receptor [FXR; alias nuclear receptor subfamily 1 group
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 GC-1 has no effect on either hepatocyte or cholangiocyte proliferation in ATP binding cassette subfamily B member 4 (Abcb4�/�; Mdr2�/�)
knockout (KO) mice. A: Representative proliferating cell nuclear antigen (PCNA) images. B: PCNA quantification shows that hepatocyte proliferation increases
after GC-1 in wild type (WT) and increases significantly between WT and KO, but not between KO and KO þ GC-1. Cholangiocyte proliferation in livers of KO
mice fed GC-1 diet is also comparable to mice fed normal diet. **P < 0.01 versus WT GC-1; yP < 0.05 versus KO GC-1. Original magnification, �200 (A).

GC-1 Reduces Biliary Injury in Mdr2 KO
H member 4 (Nr1h4)], small heterodimer partner [alias
nuclear receptor subfamily 0 group B member 2 (Nr0b2)],
pregnane X receptor [alias nuclear receptor subfamily 1
group I member 2 (Nr1i2)], and constitutive androstane
receptor [alias coxsackie virus and adenovirus receptor
Ig-like cell adhesion molecule (Cxadr)]dwere altered after
GC-1 exposure. FXR and its downstream target small het-
erodimer partner are master regulators of BA synthesis,
whereas pregnane X receptor and constitutive androstane
receptor regulate expression of cytochrome P450 (Cyp)
genes involved in detoxifying and transporting BAs.19,20

This study found that GC-1 reduced expression of FXR
after 2 and 4 weeks of treatment, a finding that was
consistent across both genotypes (Figure 3C). On the other
hand, only KO show a decrease in small heterodimer partner
after 4 weeks of GC-1 exposure, despite similar expression
levels to WT at 2 weeks. Interestingly, expression of preg-
nane X receptor is dramatically increased in KO after 4
weeks of GC-1 diet, whereas constitutive androstane
receptor expression is suppressed in KO generally, and
GC-1 decreases expression further at 4 weeks (Figure 3C).
The American Journal of Pathology - ajp.amjpathol.org
Thus, the disparate regulation of some nuclear receptors,
with the exception of FXR, indicates a compensatory
response to GC-1 that is exclusive to KO.

To determine the impact on BA synthesis and detoxifi-
cation, the expression of the Cyps involved in these pro-
cesses was next analyzed. Interestingly, Cyp7a1, the rate-
limiting enzyme involved in BA synthesis from cholesterol,
is induced in KO mice on GC-1 for 2 weeks compared with
KO mice, but significantly suppressed after 4 weeks of GC-
1 exposure; expression in WT is unchanged at either time
point after GC-1 (Figure 3D). Cyp8b1, which is downstream
of Cyp7a1 and synthesizes cholic acid, is suppressed in the
KO mice regardless of GC-1 treatment. Likewise, Cyp27,
which initiates the alternative BA synthesis pathway, is
decreased in KO at both 2 and 4 weeks. Finally, expression
of Cyp3a11 and Cyp2b10, which are involved in BA
detoxification, significantly decreases after GC-1 diet in
both WT and KO mice (Figure 4C). The results show that
alternations in BA synthesis and detoxification occur early
after GC-1 treatment, and may subsequently affect both BA
levels and toxicity.
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Figure 6 b-Catenin isnot activatedbyGC-1 inATP
binding cassette subfamily B member 4 (Abcb4�/�;
Mdr2�/�) knockout (KO) mice. Western blot analyses
(A) and densitometry of the Western blot analyses (B)
for phosphorylated (S675), nonphosphorylated active,
and total b-catenin shows that KO mice given GC-1
have decreased activation of phosphorylated (S675)
b-catenin comparedwithKOmice. *P< 0.05versusWT
GC-1; yP< 0.05, yyP< 0.01 versus KO GC-1; zP< 0.05
versus KO; xP < 0.05, xxP < 0.01, and xxxP < 0.001
versus KO GC-1. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; phospho, phosphorylated; WT,
wild-type.
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Finally, the expression of genes involved in BA transport to
identify any dysregulation in the presence of GC-1 was
analyzed. Bile acid uptake transporters sodium-taurocholate
cotransporting polypeptide [alias solute carrier family 10
member 1 (Slc10a1)] and solute carrier organic anion trans-
porter family, member 1b2 [Slco1b2; (Slo)1b2], which are
already decreased in KO mice compared with WT, are further
reduced in both WT and KO after 4 weeks of GC-1
(Figure 4A). Expression of apical BA efflux transporter, ATP
binding cassette subfamily Cmember 2 [Abcc2; alias multidrug
resistance protein 2 (MRP2)], is decreased in bothWT andKO,
albeit only after 4 weeks of GC-1, whereas the bile salt export
pump, another efflux transporter, is unchanged between WT
and KO with or without GC-1 at either time point (Figure 4B).
Decreased expression of MRP3, a basolateral BA efflux
transporter, officially known as ATP binding cassette sub-
family Cmember 3 (Abcc3), is also seen in bothWT and KO at
2 and 4 weeks, indicating a direct repression by GC-1, whereas
MRP4, another basolateral transporter officially known as ATP
binding cassette subfamily C member 4 (Abcc4), is unchanged
(Figure 4C). Overall, GC-1 induces down-regulation of FXR,
BA uptake and efflux transporters, and detoxification enzymes
in both WT and KO, with net result being that hepatocytes
retain more toxic BAs compared with hepatocytes from mice
on normal diet (Supplemental Figure S4). However, KO mice
on GC-1 also show increased Cyp7a1 expression at 2 weeks,
whichmay account for the elevated levels of BAs and increased
hepatic damage at this time point.

GC-1 Neither Induces Hepatocyte Proliferation nor
Inhibits Cholangiocyte Proliferation in Mdr2 KO Mice

Hepatocyte proliferation is an important component of the
reparative response in chronic liver injury, and is often
1014
deficient in patients with cholestasis.21e24 As GC-1 has
been shown to have mitogenic effects on hepatocytes, spe-
cifically after partial hepatectomy, the cell proliferation in
our model was analyzed.15 Quantification of proliferating
cell nuclear antigen immunohistochemistry shows increased
hepatocyte proliferation in WT mice administered GC-1, as
expected (Figure 5). However, hepatocyte proliferation in
Mdr2 KO mice on normal diet, which was significantly
elevated compared with WT, was not further induced by
GC-1. A previous study has also found that thyroid hor-
mone inhibits biliary growth both in vitro and in vivo,
suggesting a cell autonomous role of thyroid receptor acti-
vation in cholangiocyte proliferation.25 However, neither
WT nor KO mice exposed to GC-1 diet had any significant
changes in cholangiocyte proliferation compared with mice
fed normal diet (Figure 5). Thus, GC-1 diet does not affect
proliferation of cholangiocytes, and hepatocyte proliferation
is increased in WT but not Mdr2 KO after GC-1.
GC-1 Does Not Activate b-Catenin in Mdr2 KO Mice

As the effect of GC-1 on hepatocyte proliferation is b-cat-
enin dependent, a Western blot analysis of key phosphory-
lation sites that regulate b-catenin activation was performed.
Previous studies have shown that GC-1 increases phos-
phorylation of b-catenin at serine 675.15 However, KO mice
fed GC-1 diet have decreased S675 phosphorylated b-cat-
enin after 2 and 4 weeks of diet exposure compared with
KO mice on normal diet (Figure 6). This decrease in S675
phosphorylated b-catenin indicates that the changes seen in
the KO mice on GC-1 compared with the KO mice are not
driven by protein kinase Aedependent b-catenin activation.
To determine if GC-1 induces activation of b-catenin
through canonical Wnt signaling, an antibody against the
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 GC-1 induces deiodinase expression to a lesser extent in ATP
binding cassette subfamily B member 4 (Abcb4�/�; Mdr2�/�) knockout (KO)
livers than in wild-type (WT) livers, due to decreased expression of thyroid
hormone receptor b (TRb) receptor. A: Quantitative RT-PCR analysis of
deiodinase expression shows that KO have decreased induction after 2 and 4
weeks of GC-1 diet compared with WT mice (P < 0.01). B: Expression of the
two common isoforms of TRb is decreased in baseline KO mice compared with
baseline WT mice. n � 3 mice per group (A). **P < 0.01 versus WT GC-1;
yyP < 0.01, yyyP < 0.001 versus KO GC-1; zP < 0.05, zzP < 0.01 versus KO.

GC-1 Reduces Biliary Injury in Mdr2 KO
hypophosphorylated (nonphosphorylated) form of b-catenin
was used. No significant changes in Wnt-dependent b-cat-
enin activation were observed in KO treated with GC-1 at
either the 2- or 4-week time point, although b-catenin
activation was increased in KO livers compared with WT, as
shown previously.10

TRb Expression Is Decreased in Mdr2 KO, Resulting in a
Blunted Response to GC-1

The lack of b-catenin activation led us to question whether
GC-1 was being efficiently taken up and metabolized by the
liver. This study sought to verify the effectiveness of GC-1
by examining expression of deiodinase, which is a TRb
target gene. Interestingly, although deiodinase is signifi-
cantly up-regulated in WT, particularly at 4 weeks
(approximately 30-fold over control), expression is
The American Journal of Pathology - ajp.amjpathol.org
increased only approximately 10-fold in KO after 4 weeks
(Figure 7A). The study then analyzed the expression of the
two TRb isoforms in both WT and KO, and found that both
were decreased in KO compared with WT at baseline
(Figure 7B). Thus, GC-1 may be less effective in inducing
b-catenin activation and hepatocyte proliferation in KO
because of down-regulation of the receptors that interact
with this thyroid hormone analog.
Discussion

There is some evidence that activation of the Wnt/b-catenin
signaling pathway may be protective in a subset of patients
with cholestatic liver disease. Transgenic mice expressing a
mutated, nondegradable form of b-catenin had decreased
ALP, which is commonly used to monitor response to
treatment in PSC patients, after long-term treatment with
5-diethoxycarbonyl-1,4-dihydrocollidine.26 Mdr2 KO mice
also required b-catenin activation for maintenance of
homeostasis.10 Because TRb agonist was shown to activate
b-catenin, it is hypothesized that administration of GC-1
might alleviate injury in the Mdr2 KO mouse. However,
only a modest decrease in biliary injury and fibrosis in KO
mice given GC-1, which was restricted to early (2- and
4-week) time points, was observed. The improvement in
injury was not due to increased hepatocyte proliferation and
repair, but rather a decrease in the amount of toxic bile
entering the biliary tree.

Despite decreased biliary injury, however, KO showed a
significant increase in hepatic injury, as assessed by serum
aspartate aminotransferase and alanine transaminase as well
as apoptosis. Notably, serum ALP, aspartate aminotrans-
ferase, and alanine transaminase levels also increased in WT
mice treated with GC-1. Interestingly, patients with familial
hypercholesterolemia taking another thyroid hormone
mimetic, KB2115, also showed a dose-dependent increase
in transaminases and conjugated bilirubin.27 It is unknown
whether these effects were off target or due to the effect of
mimicking thyrotoxicosis in the liver; nonetheless, they are
consistent with previous findings and led to discontinuation
of treatment in some cases.27

The pathogenesis of injury in Mdr2 KO is complex and
multifactorial; however, increased concentration of free toxic
BAs in the biliary tree is one major contributor. One strategy
to reduce bile toxicity is to decrease BA output, which can be
accomplished by treating these mice with the dual FXR and
G-proteinecoupled membrane BA receptor (TGR5) agonist
INT767.28 In this study, GC-1 treatment of KO led to higher
BA levels in the liver but lower levels in gallbladder bile than
WT or KO on normal diet, resulting in less biliary injury. It
appears that GC-1 causes retention of BAs in hepatocytes,
thus sparing cholangiocytes from injury (Figure 7A). Indeed,
GC-1 has important roles in lipid metabolism, including
promoting conversion of cholesterol into BAs and regulating
secretion of cholesterol into bile.29,30
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It was intriguing to note that GC-1 enhanced BA toxicity
and decreased their export. Increased toxicity occurs
because of down-regulation of Cyp2b10 (and eventually
Cyp3a11). The increase in Cyp7a1 in KO on GC-1 at 2
weeks, despite simultaneous decreases in Cyp8b1 and
Cyp27, likely leads to additional BA accumulation and
increased total hepatic BA levels in these mice. Alternative
export of BAs from the basolateral membrane is suppressed
at both 2 and 4 weeks of diet in both WT and KO by GC-1,
as is export from the apical side at 4 weeks. The down-
regulation of BA uptake transporters from the blood is likely
a secondary effect of the increasing levels of hepatic BAs,
particularly in the KO. We believe that, although collec-
tively these changes due to GC-1 result in increased biliary
injury in WT due to the increased toxicity of bile, they
induce hepatic injury in KO, because the toxic BAs are
accumulating in hepatocytes rather than being dumped into
bile. Future studies will address if some of these effects of
GC-1 are indirect because of impact on cholesterol
metabolism.31

GC-1 led to an unexpected decrease in b-catenin
expression and activity in Mdr2 KO. A previous study had
shown GC-1 to activate both Wnt-dependent and Wnt-
independent (protein kinase Aemediated Ser675 phos-
phorylation) activation of b-catenin.15 However, both the
mode of GC-1 delivery and the length of treatment differed
between the two studies, which may explain the conflicting
results. The liver regeneration studies used mice injected
with GC-1 for up to 8 days and harvested 1 hour after the
final injection, which would allow for accurate measurement
of transient events, such as protein phosphorylation.
Conversely, in this study, mice consumed GC-1econtaining
diet ad libitum for a much longer time period (2 and 4
weeks), and were sacrificed without fasting. These condi-
tions may not have been optimal for assessing phosphory-
lation events, as these are highly temporal within a cell.

Furthermore, TRb expression was suboptimal in KO. It is
possible that chronic liver injury may induce hepatocyte
dedifferentiation, and decreased TRb expression occurs as a
result of this reprogramming. Thus, although compensatory
hepatocyte proliferation in the Mdr2 KO likely occurs as a
response to tissue damage, and may provide some protec-
tion against chronic injury,32 these cells are less responsive
to therapies, such as thyromimetics, which rely on the
presence of receptors expressed in fully differentiated
hepatocytes. Further studies are needed to investigate the
efficacy of thyromimetics in cholestatic models like Mdr2
KO after forced expression of TRb.

Interestingly, a recent article demonstrated TRb ago-
nists to increase Mdr2 expression transcriptionally.33

This promoted phosphatidylcholine secretion into the
bile, increasing bile flow and biliary BA output. It is
unclear whether this is a reciprocal relationship, with
down-regulation of Mdr2 leading to decreased TRb, but
these results suggest that this may be the case. None-
theless, although the effect on Mdr2 induction was not
1016
tested in mouse models of cholestasis, in vitro studies
using T3 and an FXR agonist showed that the effects of
combination therapy are additive, resulting in stimulation
of Mdr2 expression and sustained repression of
Cyp7a1.33 This study demonstrates that reducing expo-
sure of the biliary system to toxic BAs has an overall
beneficial effect, and that the combination of TRb
agonists with other therapeutic modalities, such as FXR
agonists, may be synergistic in reducing accumulation of
BAs in hepatocytes and subsequent hepatic injury. More
optimization of TRb expression would be necessary to
test this hypothesis, but because thyromimetics are
already undergoing preclinical and clinical trials, these
findings have important implications for drug repurpos-
ing and personalized medicine.
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