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Hepatic fibrosis occurs during the progression of primary sclerosing cholangitis (PSC) and is charac-
terized by accumulation of extracellular matrix proteins. Proliferating cholangiocytes and activated
hepatic stellate cells (HSCs) participate in the promotion of liver fibrosis during cholestasis.
Gonadotropin-releasing hormone (GnRH) is a trophic peptide hormone synthesized by hypothalamic
neurons and the biliary epithelium and exerts its biological effects on cholangiocytes by interaction with
the receptor subtype (GnRHR1) expressed by cholangiocytes and HSCs. Previously, we demonstrated that
administration of GnRH to normal rats increased intrahepatic biliary mass (IBDM) and hepatic fibrosis.
Also, miR-200b is associated with the progression of hepatic fibrosis; however, the role of the GnRH/
GnRHR1/miR-200b axis in the development of hepatic fibrosis in PSC is unknown. Herein, using the
mouse model of PSC (multidrug resistance gene 2 knockout), the hepatic knockdown of GnRH decreased
IBDM and liver fibrosis. In vivo and in vitro administration of GnRH increased the expression of miR-200b
and fibrosis markers. The GnRH/GnRHR1 axis and miR-200b were up-regulated in human PSC samples.
Cetrorelix, a GnRHR1 antagonist, inhibited the expression of fibrotic genes in vitro and decreased IBDM
and hepatic fibrosis in vivo. Inhibition of miR-200b decreased the expression of fibrosis genes in vitro in
cholangiocyte and HSC lines. Targeting the GnRH/GnRHR1/miR-200b axis may be key for the manage-
ment of hepatic fibrosis during the progression of PSC. (Am J Pathol 2017, 187: 1551e1565; http://
dx.doi.org/10.1016/j.ajpath.2017.03.013)
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Kyritsi et al
In addition to secretion of water and electrolytes to modify
the composition of ductal bile before it reaches the
duodenum, cholangiocytes are the target cells of a number
of cholangiopathies, including primary sclerosing chol-
angitis (PSC) and primary biliary cholangitis.1,2 A number
of neuroendocrine factors regulate the homeostasis of the
biliary epithelium through changes in the balance between
biliary proliferation and apoptosis (hallmarks of chol-
angiopathies), leading to changes in liver fibrosis.3e7 PSC is
a chronic disease that affects the biliary epithelium, causing
biliary proliferation, inflammation, fibrosis, liver cirrhosis,
and ultimately death.1,2,7 Therapy for the management of
PSC is currently lacking because of the poor knowledge of
the pathogenesis of this disease; therefore, studies aimed to
better understand the molecular mechanisms underlying
PSC pathogenesis are necessary. The multidrug resistance
gene 2 knockout (Mdr2�/�; official gene name Abcb4)
mouse model is widely used for studying the mechanisms of
the pathogenesis and management of PSC.4,8e10 The
Mdr2�/� mouse serves as a genetic model of progressive
PSC coupled with biliary fibrosis.4,8,9

The peptide gonadotropin-releasing hormone (GnRH; ie,
synthesized and released from neurons within the hypo-
thalamus)11 exerts its effects by interaction with both
receptor subtypes, GnRHR1 and GnRHR2, that are also
expressed in peripheral organs, such as pancreas, colon, and
liver.12,13 We have previously shown that GnRH induces
biliary hyperplasia in normal and cholestatic bile ducteli-
gated rats by both paracrine/autocrine mechanisms by a
specific interaction with the receptor subtype, GnRHR1.

14

Supporting the selective role of GnRHR1 on biliary func-
tions, in mammals GnRHR2 transcription occurs but it does
not produce a functional C-terminal multitransmembrane
protein.15 No data exist regarding the role of the GnRH/
GnRHR1 axis in models of PSC and human PSC samples.

miRNAs are small noncoding RNA molecules that
regulate a number of pathophysiological processes,
including cell proliferation/apoptosis, stem cell differentia-
tion, and the progression of cholestatic liver disease.16,17

miR-200 is a highly conserved family of miRNAs that
regulate cellular proliferation and remodeling during liver
Table 1 Characteristics of Healthy Controls and PSC Patients

Groups Patient no. Diagnosis Sex Cirrhosis

Control 1 Normal liver Male
2 Normal liver Male
3 Normal liver Male
4 Normal liver Male

PSC 1 Late-stage
PSC

Male Yes

2 Late-stage
PSC

Male No

3 Late-stage
PSC

Male No

Unidentified human samples were obtained from Dr. Pietro Invernizzi (Humani
PSC, primary sclerosing cholangitis.
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injury, fibrosis, and hepatocellular carcinoma.18e21 The
miR-200 family includes miR-200a, miR-200b, miR-200c,
miR-141, and miR-429. A number of studies have demon-
strated the role of miR-200b in the management of liver
diseases, including cholangiopathies and hepatic
fibrosis.22e24 For example, one study has shown that
miR-200b is overexpressed in malignant cholangiocytes and
its inhibition increases sensitivity to chemotherapeutic
agents, such as gemcitabine.22 Furthermore, miR-200b is
up-regulated in patients with biliary atresia and accelerates
the activation and migration of hepatic stellate cells
(HSCs).24 Moreover, another study has demonstrated that
the progression of liver fibrosis in humans and mice posi-
tively correlates with overexpression of the miR-200b.23 No
information exists regarding the role of miR-200b in the
modulation of biliary damage and liver fibrosis in PSC. On
the basis of this background, we hypothesized that GnRH/
GnRHR1 stimulates biliary proliferation and liver fibrosis by
both autocrine/paracrine pathways (by coordinately acti-
vating cholangiocytes and HSCs) in Mdr2�/� mice and
human PSC through changes in miR-200b.

Materials and Methods

Reagents

Reagents were purchased from Sigma-Aldrich Co.
(St. Louis, MO) unless otherwise indicated. The rat antibody
against cytokeratin-19 (CK-19) was obtained from Devel-
opmental Studies Hybridoma Bank (Iowa City, IA). The
rabbit synaptophysin, the goat monoclonal antibody against
hepatocyte nuclear factor-4a, and the anti-desmin antibody
(Y66; Alexa Fluor 488) were purchased from Abcam
(Cambridge, MA). The rabbit antibodies for GnRHR1 and
GnRH were purchased from Santa Cruz Biotechnology, Inc.
(Dallas, TX). The Nova Ultra Sirius Red Stain kit to detect
interstitial collagen deposition was purchased from IHC
World (Woodstock, MD). The enzyme immunoassay kits to
measure GnRH levels in supernatants from isolated chol-
angiocytes (after incubation for 4 hours at 37�C)6 as well as
serum from healthy control and early- and late-stage male
Therapy Origin

Untreated BioChain (Newark, CA)
Untreated BioChain
Untreated BioChain
Untreated BioChain
Untreated Humanitas Research Hospital (Milan, Italy)

Untreated Humanitas Research Hospital

Untreated Humanitas Research Hospital

tas Research Hospital, Rozzano, Italy).
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Table 2 Characteristics of Healthy Controls and Early- and Late-Stage PSC Patients

Groups Patient no. Diagnosis Sex Cirrhosis Therapy Origin

Control 1 Serum from normal patient Male Untreated Humanitas Research Hospital
2 Serum from normal patient Male Untreated Humanitas Research Hospital
3 Serum from normal patient Male Untreated Humanitas Research Hospital
4 Serum from normal patient Male Untreated Humanitas Research Hospital
5 Serum from normal patient Male Untreated Humanitas Research Hospital
6 Serum from normal patient Male Untreated Humanitas Research Hospital
7 Serum from normal patient Male Untreated Humanitas Research Hospital

Early-stage PSC 1 Serum from PSC early stage Male No Untreated Humanitas Research Hospital
2 Serum from PSC early stage Male No Untreated Humanitas Research Hospital
3 Serum from PSC early stage Male No Untreated Humanitas Research Hospital
4 Serum from PSC early stage Male No Untreated Humanitas Research Hospital
5 Serum from PSC early stage Male No Untreated Humanitas Research Hospital
6 Serum from PSC early stage Male No Untreated Humanitas Research Hospital
7 Serum from PSC early stage Male No Untreated Humanitas Research Hospital
8 Serum from PSC early stage Male No Untreated Humanitas Research Hospital

Late-stage PSC 1 Serum from PSC late stage Male No Untreated Humanitas Research Hospital
2 Serum from PSC early stage Male No Untreated Humanitas Research Hospital
3 Serum from PSC late stage Male No Untreated Humanitas Research Hospital
4 Serum from PSC late stage Male No Untreated Humanitas Research Hospital

Unidentified human samples were obtained from Dr. Pietro Invernizzi (Humanitas Research Hospital, Rozzano, Italy).
PSC, primary sclerosing cholangitis.

GnRH Modulation of Liver Fibrosis
PSC patients were purchased from Phoenix Pharmaceutical
Inc. (Burlingame, CA). All real-time PCR primers and the
RNeasy kit for the purification of total RNA and reagents
for real-time PCRs were obtained from Qiagen (Valencia,
CA). We used the following mouse primers: GnRHR1

(PPM04852B); GnRH (PPM57676A); proliferating cell
nuclear antigen (PCNA; PPM03456F); Ki-67
(PPM03457B); transforming growth factor-b1 (TGF-b1;
PPM02991B); TGF-b1 receptor (TGF-b1R; PPM03072C);
Figure 1 A: Intrahepatic cholangiocytes and HSCs express GnRHR1. Nuclei we
hepatocytes. Localization of GnRHR1 and CK-19 in bile ducts is indicated by arrows
WT mice treated with GnRH and Mdr2�/� mice compared to WT mice. The express
GnRH Vivo-Morpholino compared to Mdr2�/� treated with mismatch Vivo-Morph
hepatocyte nuclear factor-4a.

The American Journal of Pathology - ajp.amjpathol.org
Serpine1 (PPM03093C); glyceraldehyde-3-phosphate
dehydrogenase (PPM02946E); and miRNA primers
[miR-200b (4427975: assay002251) and U6 snRNA
(4427975: assay 001973, housekeeping for miR-200b)]. For
real-time PCR analysis in human hepatic stellate cell lines
(HHSteCs), we used the following primers: TGF-b1
(PPH00508A), TGF-b1R (PPH00237C), matrix metal-
loproteinase 9 (PPH00152E), Serpine1 (PPH00215F), and
glyceraldehyde-3-phosphate dehydrogenase (PPH00150F).
re stained with DAPI (blue). The immunoreactivity of GnRHR1 is absent in
. B: There is enhanced immunoreactivity for GnRHR1 in cholangiocytes from
ion of GnRHR1 decreases in cholangiocytes from Mdr2�/� mice treated with
olino. Scale bars Z 25 mm (A). Original magnification, �40 (B). HNF-4a,
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Figure 2 A and B: mRNA expression of GnRHR1 in isolated chol-
angiocytes is enhanced but not in LCM-isolated stellate cells from Mdr2�/�

compared to WT mice (A) and in total liver samples from late-stage human
PSC samples compared to healthy controls (B). A: For isolated chol-
angiocytes, data are from eight PCRs from three cumulative preparations of
cholangiocytes from four mice. For LMC-isolated HSCs, data are from seven
real-time PCRs from one preparation of LCM-isolated HSCs from one mouse.
B: Data are from three PCRs from three different samples from four normal
healthy control and three PSC patients. C: There is immunoreactivity for
GnRHR1 in bile ducts from PSC samples but not in control human samples.
Data are expressed as means � SEM (A and B). n Z 12 isolated chol-
angiocytes (A); n Z 7 LMC-isolated HSCs (A); n Z 3 PSC patients (B); n Z
4 normal healthy controls (B); n Z1 control human samples (C); n Z1 PSC
patient (C). *P < 0.05 versus WT mice; yP < 0.05 versus healthy human
samples. Original magnification, �40 (C).

Kyritsi et al
GnRH and mismatched Vivo-Morpholinos were obtained
from Gene Tools, LLC (Philomath, OR). The GnRHR1

antagonist, cetrorelix acetate (referred to as cetrorelix),14,25

was purchased from R&D Systems (Minneapolis, MN).
Control and miR-200b inhibitors were purchased from
Ambion Inc. (Austin, TX).
Animal Models

FVB/NJ wild-type (WT) and Mdr2�/� mice (25 to 30 g, 12
weeks old) were purchased from Jackson Laboratories
(Sacramento, CA), were housed in a temperature-controlled
environment (22�C), were fed standard mice chow, and had
access to drinking water ad libitum. The studies were
performed in WT mice treated with saline or GnRH (250 ng/
kg body weight)26,27 by i.p. implanted Alzet osmotic
1554
minipumps for 1 week. In separate experiments, Mdr2�/�

mice were treated with the following: Vivo-Morpholino se-
quences against GnRH (50-GATCGTTTC-
CATTCTGTTTGGATGT-30, 1 mg/kg body weight/day to
reduce the hepatic expression of GnRH) or mismatch Vivo-
Morpholino sequences (50-GAACCTTTCGATTCTCTTTC-
GATGT-30) administrated by two tail vein injections for 1
week14; or cetrorelix (10 mg/kg body weight/day)28 by i.p.
implanted Alzet osmotic minipumps for 1 week. Before each
experimental procedure, animals were treated with 200 to
250 mg/kg body weight euthasol following the regulations of
the panel on euthanasia of the American Veterinary Medical
Association. All animal experiments were performed in
accordance with protocols approved by the Baylor Scott &
White Health Institutional Animal Care and Use Committee.

Isolated Cholangiocytes and HSCs, IMCLs, and HHSteCs

Cholangiocytes were isolated by immunoaffinity separa-
tion5,6 using a monoclonal antibody (IgM; a gift from Dr.
Ronald A. Faris, Brown University, Providence, RI). Cell
number and viability were assessed by trypan blue exclu-
sion. HSCs from mouse liver were isolated by laser capture
microdissection (LCM) as follows: briefly, frozen liver
sections (n Z 3, 10 mm thick) were incubated overnight
with a desmin (marker of HSCs)29 antibody. After washes,
sections were incubated with a fluorescent secondary anti-
body. Next, desmin-positive cells were captured from slides
by the LCM system Leica LMD7 (Leica Microsystems,
Buffalo Grove, IL) and collected. RNA was extracted with
the Arcturus PicroPure RNA isolation kit (Thermo Fischer
Scientific, Mountain View, CA). The in vitro studies were
performed in immortalized murine cholangiocyte lines
(IMCLs), which display morphological, phenotypic, and
functional characteristics similar to those of freshly isolated
mouse cholangiocytes,5,6,30 and in HHSteCs that were
purchased from Sciencell (Carlsbad, CA).

Expression of GnRHR1 in Liver Sections,
Cholangiocytes, and LCM-Isolated HSCs

The expression of GnRHR1 (the only GnRH receptor subtype
that mediates GnRH effects on cholangiocytes)14 was evalu-
ated by the following: immunofluorescence in frozen liver
sections (4 to 5 mm thick) costained with CK-19
(a cholangiocyte-specific marker),31 synaptophysin (a marker
of HSCs),4 or hepatocyte nuclear factor-4a (a hepatocyte
marker)32; and semiquantitative immunohistochemistry in
paraffin-embedded liver sections (4 to 5 mm thick, 10 different
fields analyzed from three samples from three different ani-
mals). We evaluated the expression of GnRHR1 by real-time
PCR in total RNA (1 mg) from isolated cholangiocytes and
LCM-isolated HSCs. After immunohistochemistry, sections
were then observed with Leica Microsystems DM 4500 B
Microscopy (Weltzlar, Germany) equipped with a Jenoptik
Prog Res C10 Plus Videocam (Jena, Germany). Observations
ajp.amjpathol.org - The American Journal of Pathology
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were processed with an Image Analysis System (Delta Sis-
temi, Rome, Italy). After immunofluorescence, sections were
stained with DAPI (ThermoFisher Scientific) and analyzed by
an Olympus Fluoview 300 confocal microscope (Olympus,
Center Valley, PA).

Measurement of GnRH Expression in Liver Sections,
Cholangiocytes, LCM-Isolated HSCs, and GnRH Levels
in Cholangiocyte Supernatant and Human Serum
Samples

We measured the expression of GnRH by the following:
i) immunofluorescence in frozen liver sections (4 to 5 mm
thick) costained with CK-19, hepatocyte nuclear factor-4a,
Figure 3 A: Bile ducts and HSCs (but not hepatocytes) display immunoreactivi
CK-19 in bile ducts is indicated by yellow arrows. B: By immunohistochemistry,
compared to WT mice; and decreases in Mdr2�/� mice treated with GnRH Vivo
mismatch Vivo-Morpholino. Scale bars Z 25 mm (A). Original magnification, �2

The American Journal of Pathology - ajp.amjpathol.org
or synaptophysin; ii) semiquantitative immunohistochemistry
in paraffin-embedded liver sections (4 to 5 mm thick, 10
different fields analyzed from three samples from three
different animals); and iii) real-time PCR in total RNA (1 mg)
from isolated cholangiocytes and LCM-isolated HSCs. To
demonstrate the specificity of the immunoreactions, negative
controls (the primary antibody was replaced with the same
dilution with normal serum from the same species) were
performed for all immunoreactions. Sections were analyzed in
a coded manner using Leica Microsystems DM 4500 B Mi-
croscopy equipped with a Jenoptik Prog Res C10 Plus Vid-
eocam (Jena, Germany). Observations were processed with an
Image Analysis System (Delta Sistemi). We measured the
levels of GnRH in the supernatant of purified cholangiocytes
ty for GnRH. Nuclei were stained with DAPI (blue). Localization of GnRH and
the immunoreactivity of GnRH (black arrows) increases in Mdr2�/� mice
-Morpholino compared to Mdr2�/� mice and Mdr2�/� mice treated with
0 (B). HNF-4a, hepatocyte nuclear factor-4a.
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Figure 4 A and B: There is enhanced mRNA expression of GnRH in iso-
lated cholangiocytes but not LMC-isolated stellate cells from Mdr2�/�

compared to WT mice (A) and increased expression of GnRH in total liver from
late-stage human PSC compared to healthy control samples (B). A: For iso-
lated cholangiocytes, data are from eight PCRs from three cumulative prep-
arations of cholangiocytes from four mice. For LMC-isolated HSCs, data are
from seven real-time PCRs from one preparation of LCM-isolated HSCs from
onemouse. B: Data are from three PCRs from three different samples from four
healthy controls and three late-stage PSC patients. C: There are enhanced
GnRH levels in the serum of early- and late-stage human PSC patients
compared to healthy controls. D: By immunohistochemistry, there is immu-
noreactivity for GnRH in cholangiocytes from late-stage PSC sample (a lower
and higher magnification are shown) but not in human control liver sample;
there is no immunoreactivity for GnRH in hepatocytes from control and PSC
liver sections. Data are expressed as means� SEM (A and B). nZ 12 isolated
cholangiocytes (A); nZ7 LMC-isolated HSCs (A); nZ 8 early-stage PSC (C);
n Z 4 late-stage PSC (C); n Z 7 healthy controls (C); n Z1 control human
samples (D); n Z1 PSC patient (D). *P < 0.05 versus WT mice; yP < 0.05
versus control human samples. Original magnification, �40 (D).

Kyritsi et al
as well as serum from the selected human samples using
commercially available enzyme-linked immunosorbent assay
assay kits following the manufacturer’s instructions (IBL-
America, Minneapolis, MN).
Table 3 Measurement of GnRH Levels in Cholangiocyte Supernatant

Treatment Normal WT mice

Body weight, g 25.3 � 0.8 (23)
Cholangiocyte GnRH supernatant, ng/mL 0.5 � 0.2 (20)

Data are expressed as means � SEM (n).
*P < 0.05 versus normal WT mice.
GnRH, gonadotropin-releasing hormone; Mdr2�/�, multidrug resistance gene 2

1556
Measurement of IBDM and Liver Fibrosis

Intrahepatic bile duct mass (IBDM) in liver sections (4 to 5
mm thick, 10 different fields analyzed from three samples
from three different animals) was measured by semi-
quantitative immunohistochemistry as the area occupied by
CK-19epositive bile ducts/total area � 1005. Sections were
examined using the Olympus Image Pro-Analyzer software
version 7.0 (Olympus, Tokyo, Japan). We also evaluated by
real-time PCR the mRNA expression of PCNA and Ki-67 in
total liver and isolated cholangiocytes from WT and
Mdr2�/� mice and Mdr2�/� mice treated with cetrorelix.
Hepatic fibrosis was evaluated by Sirius Red staining in

paraffin-embedded liver sections (4 to 5 mm thick, 10
different fields analyzed from three samples from three
different animals). Slides were scanned by a digital scanner
(SCN400; Leica Microsystems, Buffalo Grove, IL) and
quantified using Image-Pro Premier 9.1 (Media Cybernetics,
Rockville, MD). We evaluated in isolated cholangiocytes
the mRNA expression of the fibrosis genes, TGFB1,
TGFB1R, and Serpine1, by real-time PCR.

Expression of miR-200b in Total Liver and
Cholangiocytes

Todemonstrate that the effects ofGnRHonbiliary proliferation
and liver fibrosis are mediated by changes in biliary miR-200b
expression, we evaluated by real-time PCR the expression of
miR-200b in total liver and isolated cholangiocytes from WT
mice treatedwith saline orGnRHaswell asMdr2�/�mice. The
rationale for evaluating the role of miR-200b in thesemodels is
based on findings showing that the expression of miR-200b
markedly increased in Mdr2�/� mice compared to WT mice
as well as human PSC samples compared to healthy controls
(N. Wu and G. Alpini, unpublished data).

Effect of GnRH on the Expression of miR-200b and
Fibrosis Genes in Vitro

The in vitro experiments were performed in IMCLs and
HHSteCs that were stimulated with 0.2% bovine serum al-
bumin (basal) or GnRH (100 nmol/L)14 for 48 hours at 37�C
in the absence or presence of 10 nmol/L cetrorelix; after
stimulation, we measured the expression of miR-200b and/
or PCNA, Ki-67, and the fibrosis genes, TGFB1, TGFB1R,
and Serpine1, by real time-time PCR in IMCLs, and
TGFB1, TGFB1R, MMP9, and Serpine1 in HHSteCs.
Normal WT mice þ GnRH Mdr2�/� mice

28.1 � 0.4 (10) 26.4 � 0.4 (29)
7.95 � 1.0 (13)* 11.46 � 5.4 (21)*

knockout; WT, wild type.
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We evaluated the expression of GnRH in IMCLs and
GnRHR1 in IMCL and HHSteC smears by immunofluo-
rescence. In separate experiments, control (stable transfected
with the empty vector) or GnRH stable-transfected IMCLs
were cultured until confluency before evaluating the
following: GnRH levels in cholangiocyte supernatant (after
incubation for 4 hours at 37�C)6 by enzyme immunoassay
kits; and the expression of miR-200b and selected fibrosis
genes by real-time PCR. In separate experiments, HHSteCs
were incubated for 12 hours with the supernatant of Neg- or
shGnRH-transfected IMCLs (containing different levels of
GnRH) before evaluating the expression of miR-200b and
selected fibrosis gene factors by real-time PCR in these
cells. Control IMCLs (stable transfected with the empty
vector) or IMCLs lacking GnRH were established using
SureSilencing shRNA (Super-Array, Frederick, MD)
plasmid for mouse GnRH containing a marker for neomycin
resistance for the selection of stably transfected cells, ac-
cording to the instructions provided by the vendor.14 We
have previously used this approach to establish IMCLs
lacking the gene for secretin and its receptor.5,6

To demonstrate a link between GnRH, miR-200b, and
liver fibrosis, IMCLs and HHSteCs were treated with miR-
200b/control precursor and/or antisense inhibitors and con-
trols (Ambion, Austin, TX) in the absence or presence of 100
nmol/L GnRH for 24 hours before evaluating the expression
of selected fibrosis genes by real-time PCR assay.
Measurement of GnRH and GnRHR1 Immunoreactivity
and Expression of GnRH and GnRH Serum Levels in
Normal and PSC Patients

Unidentified human samples collected by needle biopsies
(Tables 1 and 2) were obtained from Dr. Pietro Invernizzi
(Humanitas Research Hospital, Rozzano, Italy) under a
protocol approved by the Ethics Committee by the
Humanitas Research Hospital and also reviewed by the
Central Texas Veteran’s Health Care System Institutional
Review Board and Research & Development Committee.
The protocol was also approved by the Texas A&M HSC
College of Medicine Institutional Review Board.

We evaluated the immunoreactivity of GnRHR1 and GnRH
in one liver section from a healthy male and a late-stage male
Figure 5 There is enhanced intrahepatic biliary mass (IBDM) in WT mice
treated with GnRH compared to WT mice. A and B: IBDM increases in Mdr2�/�

mice as well as mismatched-treated Mdr2�/� mice compared to WT mice, and
returns to values similar to that of WT mice in Mdr2�/� mice treated with GnRH
Vivo-Morpholino (A) or cetrorelix (B). Data are from 10 cumulative values
obtained from three slides from each group. Arrows indicate CK-19epositive
bile ducts. C and D: Cetrorelix reduces the mRNA expression of PCNA and Ki-67
in total liver (C) and isolated cholangiocytes (D) from Mdr2�/� mice. Data are
from three real-time PCRs from three different total liver samples (C) and four
real-time PCRs from three cumulative preparations of cholangiocytes from four
mice (D). Data are expressed as means � SEM. n Z 12 (C and D). *P < 0.05
versus WT mice; yP < 0.05 versus Mdr2�/� mice. Original magnification, �20
(A and B).
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Figure 6 AeC: Liver fibrosis and fibrosis gene expression increases in isolated cholangiocytes from WT mice treated with GnRH compared to WT mice.
B and D: The increase in liver fibrosis and fibrosis gene expression (observed in Mdr2�/� mice as well as Mdr2�/� mice treated with mismatch Vivo-Morpholino)
is reduced by the administration of GnRH Vivo-Morpholino or cetrorelix, respectively. A and B: Data are from 10 cumulative values obtained from three
different slides from three different mice. Arrows indicate the collagen deposition around bile ducts. C: Data are from four real-time PCRs from three cu-
mulative preparations of cholangiocytes from four mice. Values are as follows: WT, 1.0 � 0.08, and WT þ GnRH, 1.8 � 0.1 for TGF-b1; WT, 1.0 � 0.04, and
WT þ GnRH, 1.5 � 0.2 for TGF-b1R. Data are expressed as means � SEM (AeD). n Z 12 (C). *P < 0.05 versus WT mice; yP < 0.05 versus Mdr2�/� mice.
Original magnification, �40 (A and B).
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Figure 7 A: The expression of miR-200b in-
creases in total liver and isolated cholangiocytes
from normal WT mice treated with GnRH compared
to WT mice as well as Mdr2�/� mice compared to
WT mice. Data are from 16 real-time PCRs from
three cumulative preparations of cholangiocytes
from four mice. GnRH increases the expression of
miR-200b in IMCLs and HHSteCs (C) that are
immunoreactive for GnRHR1 (B). Nuclei were
stained with DAPI (blue). C: Data are from four real-
time PCRs from four individual preparations of
IMCLs and HHSteCs. Data are expressed as
means � SEM. n Z 12 (A); n Z 4 (C). *P < 0.05
versus WT mice; yP < 0.05 versus basal. Scale
bars Z 25 mm (B).

GnRH Modulation of Liver Fibrosis
PSC patient by immunohistochemistry. After staining, sec-
tions were then observed with Leica Microsystems DM 4500
B Microscopy equipped with a Jenoptik Prog Res C10 Plus
Videocam. Observations were processed with an Image
Analysis System (Delta Sistemi). For real-time PCR analysis,
total RNA was extracted from paraffin-embedded sections
from samples obtained from four normal control and three
late-stage PSC patients using the RNeasy FFPE kit
(73504; Qiagen, Valencia, CA). From these samples, the
mRNA expression (from cDNA samples) for human
GnRHR1 (NM_001012763), GnRH (NM_000825), and
glyceraldehyde-3-phosphate dehydrogenase (NM_002046)
was evaluated by real-time PCR using human primers
purchased from Qiagen. GnRH serum levels in control
(n Z 7), early-stage (n Z 8), and late-stage (n Z 4) male
PSC samples were evaluated by enzyme immunoassay.
The American Journal of Pathology - ajp.amjpathol.org
Statistical Analysis

All data are expressed as means � SEM. Differences be-
tween groups were analyzed by unpaired t-test when two
groups were analyzed and analysis of variance when more
than two groups were analyzed, followed by an appropriate
post hoc test.
Results

Expression of GnRHR1

By immunofluorescence in liver sections from WT and
Mdr2�/� mice, we demonstrated immunoreactivity for
GnRHR1 in intrahepatic bile ducts and HSCs (costained
with CK-19 and synaptophysin, respectively) (Figure 1A);
1559
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Figure 8 A: In vitro, GnRH increases the expression of miR-200b,
proliferation, and selected fibrosis genes in IMCLs, which is reduced by
preincubation with cetrorelix. Data are from four real-time PCRs from four
individual preparations of IMCLs. B: GnRH increases the expression of
selected fibrosis genes in HHSteCs compared to basal that is reduced by
preincubation with cetrorelix. Data are from four PCRs from four individual
preparations of HHSteCs. Data are expressed as means � SEM. *P < 0.05
versus basal; yP < 0.05 versus IMCLs treated with GnRH; and zP < 0.05
versus HHSteCs treated with GnRH.

Kyritsi et al
the immunoreactivity of GnRHR1 was virtually absent in
hepatocytes costained with hepatocyte nuclear factor-4a
(Figure 1A). By semiquantitative immunohistochemistry
in liver sections, we demonstrated the following: chol-
angiocytes express GnRHR1; and there was enhanced
immunoreactivity for GnRHR1 in cholangiocytes from
WT mice treated with GnRH and Mdr2�/� mice and
Mdr2�/� mice treated with mismatch Vivo-Morpholino
compared to the corresponding control mice
(Figure 1B). The expression of GnRHR1 decreased in
cholangiocytes from Mdr2�/� mice treated with GnRH
1560
Vivo-Morpholino compared to Mdr2�/� mice treated with
mismatch Vivo-Morpholino (Figure 1B). There was
enhanced mRNA expression of GnRHR1 in chol-
angiocytes (but not LCM-isolated HSCs) from Mdr2�/�

mice compared to WT mice (Figure 2A) and increased
mRNA expression of GnRHR1 in total liver samples from
late-stage male PSC patients (n Z 3) compared to their
healthy controls (n Z 4) (Figure 2B). By immunohisto-
chemistry in a human liver section, we did not detect
expression for GnRHR1 in normal bile ducts, but we
demonstrated immunoreactivity for the receptor in bile
ducts from a late-stage male PSC sample (a lower and
higher magnification are shown); the immunoreactivity
for GnRHR1 was absent in hepatocytes from the control
and PSC human liver section (Figure 2C).

Measurement of GnRH Expression

We demonstrated that cholangiocytes and HSCs (but not
hepatocytes) are immunoreactive for GnRH by immunoflu-
orescence in liver sections (Figure 3A). By immunohisto-
chemistry, we demonstrated that GnRH expression increased
in liver sections from Mdr2�/� compared to WT mice
(Figure 3B) and decreased in Mdr2�/� mice treated with
GnRH Vivo-Morpholino compared to both Mdr2�/� mice
and Mdr2�/� mice treated with mismatch Vivo-Morpholino
(Figure 3B). There was enhanced mRNA expression of
GnRH in isolated cholangiocytes (but not LCM-isolated
HSCs) from Mdr2�/� compared to WT mice (Figure 4A)
and enhanced mRNA expression of GnRH in total liver from
late-stage human PSC samples (n Z 3) compared to healthy
control samples (n Z 4) (Figure 4B). We observed enhanced
GnRH levels in the serum of early- and late-stage male PSC
patients compared to healthy controls (Figure 4C). By
immunohistochemistry, we did not detect expression for
GnRH in bile ducts from a liver section from a healthy
control patient, but we demonstrated immunoreactivity for
GnRH in bile ducts from a late-stage male PSC sample; the
immunoreactivity for GnRH was absent in hepatocytes from
both the control and PSC human liver section (a lower and
higher magnification are shown) (Figure 4D). The immuno-
reactivity of GnRH was absent in hepatocytes from control
and PSC human liver sections (Figure 4D). There was an
increase in GnRH levels in cholangiocyte supernatant from
WT mice treated with GnRH as well as in Mdr2�/� mice
compared to WT mice (Table 3).

Measurement of IBDM and Liver Fibrosis

There was enhanced IBDM and liver fibrosis in WT mice
treated with GnRH compared to WT mice (Figure 5A and
Figure 6A). Increased IBDM and liver fibrosis (observed in
Mdr2�/� mice and Mdr2�/� mice treated with mismatch
Vivo-Morpholino) were reduced by the administration of
GnRH Vivo-Morpholino (Figure 5A and Figure 6A) or
cetrorelix (Figure 5B and Figure 6B). Cetrorelix was well
ajp.amjpathol.org - The American Journal of Pathology
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Figure 9 A: Immunofluorescence shows that
IMCLs express immunoreactivity for GnRH. Nuclei
were stained with DAPI (blue). B: In shGnRH
IMCLs (expressing lower levels of GnRH), there is
reduced expression of miR-200b (C) and selected
fibrosis genes (D). C and D: Data are from three
PCR real-time reactions from three different
preparations of IMCL. E: When HHSteCs were
incubated with the supernatant of shGnRH IMCLs,
there was a decrease in the expression of miR-
200b and selected fibrosis genes compared to
HHSteCs treated with the supernatant of Neg-
transfected IMCLs. Data are from four real-time
PCRs from three different preparations of
HHSteCs. Data are expressed as means � SEM.
n Z 4 (B); n Z 3 (C and D). *P < 0.05 versus
Neg-transfected IMCLs. Scale bar Z 25 mm (A).

GnRH Modulation of Liver Fibrosis
tolerated by the mice, with no changes in body weight and
liver morphology (data not shown); in support of our
finding, another study has shown that cetrorelix induces
only mild damage to the liver.33 Cetrorelix reduces the
mRNA expression of PCNA and Ki-67 (markers of prolif-
eration) in total liver from Mdr2�/� mice (Figure 5C) as
well as isolated cholangiocytes from Mdr2�/� mice
(Figure 5D). By real-time PCR, there was increased mRNA
expression of TGF-b1, TGF-b1R, and Serpine1 in isolated
cholangiocytes from WT mice treated with GnRH compared
to WT mice (Figure 6C). The increase in fibrosis gene
expression (observed in Mdr2�/� mice and Mdr2�/� mice
treated with mismatch Vivo-Morpholino) was reduced by
treatment with GnRH Vivo-Morpholino and cetrorelix
(Figure 6, C and D).

Modulation of the Expression of miR-200b and Fibrosis
by the GnRH/GnRHR1 Axis

There was enhanced expression of miR-200b in total liver
and isolated cholangiocytes from WT mice treated with
The American Journal of Pathology - ajp.amjpathol.org
GnRH as well as Mdr2�/� mice compared to the corre-
sponding control mice (Figure 7A). By immunofluores-
cence, we demonstrated that IMCLs and HHSteCs express
GnRHR1 (Figure 7B). We also demonstrated that GnRH
increased the expression of miR-200b in IMCLs and
HHSteCs (Figure 7C). We also observed an increase in the
mRNA expression of PCNA and Ki-67 (markers of cell
proliferation), TGF-b1, TGF-b1R, and Serpine1 in IMCLs
treated in vitro with GnRH, which was reduced by pre-
incubation with cetrorelix (Figure 8A). Similarly, there was
an increase in the expression of TGF-b1, TGF-b1R, matrix
metalloproteinase 9, and Serpine1 in HHSteCs treated
in vitro with GnRH; this increase was reduced after pre-
incubation with cetrorelix (Figure 8B).

By immunofluorescence, we demonstrated that IMCLs
express immunoreactivity for GnRH (Figure 9A). In
shGnRH IMCLs (expressing lower levels of GnRH)
(Figure 9B) there was reduced expression of miR-200b
(Figure 9C) and TGF-b1, TGF-b1R, and Serpine1
(Figure 9D). When HHSteCs were incubated with the
supernatant of shGnRH IMCLs, there was a decrease in the
1561
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Figure 10 A and B: In both IMCLs and HHSteCs treated with an miR-
200b antisense inhibitor, there is a reduced expression of selected
fibrosis genes; the simultaneous treatment of IMCLs and HHSteCs with an
miR-200b antisense inhibitor plus GnRH results in increased expression of
fibrosis genes. Data are expressed as means � SEM of four real-time PCRs
from three different preparations of IMCLs (A) and HHSteCs (B). *P < 0.05
versus Neg-inhibitor; yP < 0.05 versus miR-200b inhibitor.

Kyritsi et al
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expression of miR-200b and TGF-b1, TGF-b1R, matrix
metalloproteinase 9, and Serpine1 compared to HHSteCs
treated with the supernatant of Neg-transfected IMCLs
(Figure 9E). In both IMCLs and HHSteCs treated with an
miR-200b antisense inhibitor, there was reduced expression
of selected fibrosis genes (Figure 10). In IMCLs and
HHSteCs pretreated with an miR-200b antisense inhibitor
and subsequently with GnRH, there was increased expres-
sion of selected fibrosis genes (Figure 10); these data
demonstrated a direct link between GnRH, miR-200b, and
the expression of fibrosis genes.

Discussion

In the current study, we provide novel evidence that the
selective up-regulation of the GnRH/GnRHR1 axis in
cholangiocytes in the Mdr2�/� mouse model of PSC and
human PSC samples may be a key factor contributing to
enhanced autocrine biliary damage and paracrine activation
of HSCs, resulting in enhanced liver fibrosis. These findings
are also supported by our previous study showing that
GnRH is up-regulated in cholestatic bile ducteligated rats14;
however, this study had limitations because we did not
observe the up-regulation of GnRHR1.

14 Other studies have
demonstrated the expression of GnRH and its receptors in
liver, pancreas, and intestine.12,34,35 In another cell system,
GnRH stimulates the proliferation of other epithelial cells,
such as human ovarian cancer cells, by interaction with
GnRHR1.

36 Our studies provide the first evidence regarding
the role of the GnRH/GnRHR1 axis in the progression of
liver fibrosis in cholestatic liver diseases, including PSC.
A number of studies have shown that the homeostasis of

the biliary epithelium is coordinately regulated by a
number of neuroendocrine factors, which modulate chol-
angiocyte proliferation by autocrine/paracrine mecha-
nisms.1,3e6,14,32,37,38 There is also growing evidence
regarding the role of autocrine/paracrine factors in the
modulation of biliary damage and liver fibrosis in
PSC.4,10,39e41 For example, inhibition of histamine from
mast cells decreases biliary hyperplasia and liver fibrosis in
Mdr2�/� mice.10 A recent study has demonstrated
up-regulation of the secretin/secretin receptor/TGF-b1 axis in
Mdr2�/�mice and human PSC samples, and inhibition of the
secretin/secretin receptor/TGF-b1 axis reduces biliary hy-
perplasia and liver fibrosis in Mdr2�/� mice.4 Also, platelet-
derived growth factor-b has been shown to activate HSCs
and induces biliary fibrosis in Mdr2�/� mice.40 Furthermore,
blockage of b-adrenoceptor signaling has been shown to
ameliorate liver fibrosis in Mdr2�/� mice.39 Moreover,
absence of the intestinal microbiota has been shown to
exacerbate hepatobiliary damage in Mdr2�/� mice.41 In this
context, our study provides novel evidence that the GnRH/
GnRHR1 axis may be a new and important target for
modulating biliary damage and liver fibrosis in PSC.
To further support the key role of GnRHR1 in modulating

GnRH effects on the biliary epithelium, we demonstrated that
ajp.amjpathol.org - The American Journal of Pathology
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Figure 11 Schematic diagram related to the role of the GnRH/GnRHR1/miR-200b axis in the progression of liver proliferation and fibrosis. Administration
of GnRH increases biliary proliferation and liver fibrosis through up-regulation of miR-200b. Inhibition of the hepatic expression of the GnRH/GnRHR1 axis by
Vivo-Morpholino or cetrorelix reduces biliary proliferation and liver fibrosis through decreased miR-200b expression.

GnRH Modulation of Liver Fibrosis
the type 1 receptor antagonist, cetrorelix, inhibits biliary
hyperplasia and liver fibrosis in Mdr2�/� mice. Although a
study has shown that cetrorelix exerts minimal toxicity in the
liver,33 no studies exist regarding the inhibitory effects of this
receptor antagonist on biliary functions and liver damage in
PSC. Supporting the antiproliferative properties of cetrorelix,
a study has demonstrated that this receptor antagonist inhibits
the proliferation of primary cell cultures from human prostate
carcinoma.42 One clinical study has shown that cetrorelix
inhibits the growth of ovarian or mullerian carcinoma in
patients refractory to platinum chemotherapy.43

Because we demonstrated that cholangiocytes from
Mdr2�/� mice express and secrete more GnRH compared to
WT mice, we performed experiments aimed to reduce the
hepatic expression of GnRH as well as biliary proliferation
and liver fibrosis. To validate our experimental approach, we
first measured the mRNA expression of GnRH in chol-
angiocytes and HSCs and GnRH levels in cholangiocyte
supernatant from the selected groups of animals. The selec-
tive increase in both GnRH expression and levels in chol-
angiocytes as well as serum and total liver samples from PSC
patients support the key role of cholangiocytes in the acti-
vation of HSCs during the progression of PSC. This finding is
supported by our previous study showing enhanced secretion
of GnRH at both the basolateral and apical domain of chol-
angiocytes,14 suggesting that proliferating cholangiocytes
contribute to liver fibrosis (by an autocrine loop) and a
paracrine mechanism by activation of HSCs.4

Similar to a previous study showing that intravenous
administration of pulsatile GnRH in patients with hypotha-
lamic amenorrhea ameliorates the GnRH secretion from hy-
pothalamus,44 we observed a marked increase in GnRH
expression/secretion in cholangiocytes, supporting the auto-
crine role of cholangiocytes in GnRH stimulation of liver
fibrosis during PSC. The marginal role of the hypothalamus
The American Journal of Pathology - ajp.amjpathol.org
in regulating biliary damage and liver fibrosis in PSC through
secretion of GnRH is also supported by a study demon-
strating that hypothalamic-pituitary function is impaired in
end-stage nonalcoholic liver diseases.45 Furthermore,
disturbance in gonadotrophin secretion with inappropriately
low levels of luteinizing hormone and follicle-stimulating
hormone (whose secretion is regulated by GnRH) has been
observed in amenorrheic women with alcoholic and nonal-
coholic cirrhosis.46 In the last sets of experiments, we per-
formed in vitro studies in IMCLs and HHSteCs to
demonstrate that the effects of GnRH on biliary proliferation
and liver fibrosis are directly mediated by changes in the
expression of miR-200b, an miRNA that regulates fibrosis in
various tissues, such as liver and kidney.47,48 A potential
shortcoming of our study is that we did not evaluate the role
of the GnRH/GnRHR1 axis in biliary damage and liver
fibrosis in female Mdr2�/� and female PSC samples. How-
ever, this is part of another ongoing project. Our findings are
summarized in a cartoon (Figure 11) depicting the role of the
GnRH/GnRHR1/miR-200b axis in the progression of biliary
proliferation and liver fibrosis. Administration of GnRH
increases biliary proliferation and liver fibrosis through
up-regulation of miR-200b. Inhibition of the hepatic
expression of the GnRH/GnRHR1 axis by Vivo-Morpholino
or cetrorelix reduces biliary proliferation and liver fibrosis
through decreased miR-200b expression. In conclusion, our
study provides novel insights that the modulation of the
GnRH/GnRHR1 axis and biliary GnRH secretion regulates
the progression of liver fibrosis in PSC.
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