Laboratory Investigation (2009) 89, 1128-1139
© 2009 USCAP, Inc All rights reserved 0023-6837/09 $32.00

Cholestasis downregulate hepcidin expression through
inhibiting IL-6-induced phosphorylation of signal
transducer and activator of transcription 3 signaling

Ying-Hsien Huang', Jiin-Haur Chuang?, Ya-Ling Yang?®, Chao-Cheng Huang”, Chia-Ling Wu? and Chao-Long Chen?

Hepcidin is downregulated during progressive cholestasis in biliary atresia, but the mechanism is unknown. To verify
whether downregulation of hepcidin is specific to cholestasis irrespective of the patient’s age, we first analyzed liver
hepcidin mRNA and protein expression in adults with primary biliary cirrhosis (PBC) (n = 4), non-cholestatic cirrhosis
(hn=19) and in controls (n=9). We evaluated the tyrosine phosphorylation of signal transducer and activator of tran-
scription 3 (pSTAT3) expressions in the liver sections. A rat model of cholestasis by ligation of the extrahepatic bile duct
(BDL) was created, and lipopolysaccharide (LPS)-induced cholangitis in cholestatic rats 2 weeks after BDL was also
established to study the modulation of hepcidin by interleukin-6 (IL-6) and STAT3 signaling pathway in these models,
using real-time quantitative reverse transcription-PCR, immunohistochemistry, western blotting and enzyme-linked
immunosorbent assay (ELISA). An in vitro study of the effect of bile acids on hepcidin expression was carried out to
re-confirm the in vivo findings. There was significantly lower hepcidin mRNA and pSTAT3 protein expression in cholestatic
cirrhosis compared with non-cholestatic cirrhosis in adults. BDL caused significant decrease in hepcidin and gp130 mRNA
expression compared with sham-operated group and normal control. Furthermore, there was significantly lower pSTAT3
protein expression and nuclear translocation in the cholestatic liver from the patients and the BDL rats, which was
comparable to lower liver hepcidin mRNA and plasma hepcidin expression. Furthermore, BDL for 2 weeks attenuated the
upregulation of hepcidin expression induced by LPS. Hydrophobic bile acid glycochenodeoxycholate inhibited IL-6-
induced pSTAT3 expression in primary hepatocytes and resulted in the downregulation of hepcidin mRNA expression. In
conclusion, the study shows that cholestasis or its important component—hydrophobic bile acids—can downregulate
hepcidin expression through inhibiting IL-6-induced STAT3 phosphorylation and pSTAT3 protein nuclear translocation.
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Biliary atresia (BA) is characterized by progressive destruc-
tion and complete obliteration of the extrahepatic bile ducts
of unknown etiology within months of birth. BA still
accounts for a great proportion of patients receiving liver
transplantation in many transplant centers." Many factors are
responsible for deterioration of the liver in BA even after a
successful Kasai’s procedure (KP), which may include
impaired reticuloendothelial system to clear the translocated
bacteria and endotoxin from the intestine.” Even in patients

of benign biliary obstruction® and in animals with bile duct
ligation (BDL),*™ there are still more bacterial overgrowth in
the liver and the bile, but the underlying mechanism is still
unknown.

Human hepcidin is first isolated and characterized as a
highly disulfide-bonded peptide with antimicrobial activity,
expressed mainly in the liver and is also named liver-
expressed antimicrobial peptide-1, or LEAP-1.° Hepcidin, as
a negative regulator of iron absorption from the duodenum
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and released from macrophages, is upregulated in the liver by
inflammation and iron overload.””® Hepcidin has significant
antimicrobial property for Escherichia coli, ° which is the
most common bacterium involved in post-operative
cholangitis in BA.'® The latter may exacerbate preexisting
liver fibrosis leading to end-stage liver cirrhosis.

In our previous study, hepatic expression of hepcidin de-
creased remarkably in the cirrhotic liver due to BA'' How-
ever, in the study of Aoki et al'? liver hepcidin mRNA
correlates only with iron stores, but not inflammation and
viral genotype in patients with chronic hepatitis C. In addi-
tion, Bergmann et al'> also showed that levels of hepcidin
mRNA did not differ between the controls and cirrhotic
livers. On the contrary, a significant decrease in serum
prohepcidin was observed in patients with liver cirrhosis
compared with healthy individuals, which was most promi-
nent in patients with hepatitis C virus and alcohol-related
liver cirrhosis."* HCV-induced oxidative stress suppresses
hepcidin expression through increased histone deacetylase
activity.'> Hepcidin is also downregulated in ethanol-loaded
mice liver.'® There are many conflicting observations about
hepcidin level in cirrhosis. It is likely that the decreased
hepcidin expression in the late stage of BA may be a disease-
specific phenomenon reflecting cholestatic liver injury char-
acteristic of BA.

The control of hepcidin expression is very complex, which
includes the interaction of inflammatory cytokines. Pie-
trangelo et al'” first show that interleukin-6 (IL-6) increases
hepcidin expression through a complex of the IL-6 receptor
and gp130. It involves promoter binding of signal transducer
and activator of transcription 3 (STAT3) or iron metabolism
through bone morphogenetic protein (BMP)/Smad4 path-
way and reactive oxygen species through CCAAT/enhancer-
binding protein alpha.'®° In our previous study, we have
shown the higher hepatic IL-6 expression in the late stage of
BA than in early stage,”’ which did not correlate with lower
hepcidin expression in the late stage of BA. Graf et al** found
that bile acids inhibit IL-6 signaling through decreased gp130
protein expression and inhibition of STAT3 phosphorylation
in rat liver, which implies that cholestasis may be a major
determinant of hepcidin expression during the progression of
liver cirrhosis. To prove the hypothesis, we studied the hep-
cidin expression in patients with primary biliary cirrhosis
(PBC), which is a chronic cholestatic liver disease leading to
biliary cirrhosis in adult,” very similar to children with BA.
We also used a rat model of cholestasis and cholangitis, as
well as in vitro bile acid modulation of hepcidin expression to
unveil the mechanism of inhibition of hepcidin expression in
cholestatic liver injury by blocking the IL-6-gp130—phos-
hpoSTAT3 signaling pathway.

MATERIALS AND METHODS

Patients and Samples

Fresh liver tissues were obtained from six patients at the early
stage of BA when they received KP and six at the late stage of
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BA when they received liver transplantation. Six patients of
choledochal cyst when they underwent surgical intervention,
and five patients of neonatal hepatitis when they underwent
exploratory laparotomy and liver biopsy, served as disease
control. The livers removed at liver transplantation from four
patients with PBC served as adult cholestatic cirrhosis (PBC);
nine with hepatitis B virus-related cirrhosis (HBV), six with
hepatitis C virus-related cirrhosis (HCV) and four with
alcoholic cirrhosis (alcohol) served as non-cholestatic
cirrhosis. Eight non-cirrhotic liver specimens from patients
receiving liver resection for HBV-associated hepatoma were
used as disease controls (HBV non-cirrhosis). Nine liver
samples from five children and four adults undergoing liver
resection for benign lesion of various causes in which the
livers were devoid of fibrosis and cholestasis were served as
normal control (normal control). Detailed history of the
patients was recorded, including age when the patient
received operation, sex and serum aspartate aminotransfer-
ase, alanine aminotransferase and total bilirubin (Table 1).
After surgical removal, all the liver samples were immediately
divided into four pieces, put into cryogenic vials (CORN-
INGs), immersed in liquid nitrogen and then stored at
—80°C until use. The study was approved by the Ethics and
Clinical Research Committee of the Chang Gung Memorial

Table 1 Demographic and clinical data of patients in this
study

Age Gender Total AST (IU/1)
(years) (male:  bilirubin
female) (umole/l)
Adult
Normal control, n=9 21.0%6.8 3:6 WNL or NA~ WNL or NA
Hepatitis B non-cirrhosis, 512%52 4:4 29.1+£93 606t 16.7
n=8
Hepatitis B cirrhosis, 457+28 8:1 149.8£64.5 180.7 £24.9
n=9
Hepatitis C cirrhosis, 570+19 6:0 496+9.2 133.7+374
n=6
Alcoholic cirrhosis, 45027 3:1 803%x17.1 693%217
n=4
Primary biliary cirrhosis, ~ 50.2+ 1.5 0:4 2851763 2493t1163
n=4
Children Age (month)
Early stage BA, n=6 1.7+0.2 33 150.0£11.0 157.1+£315

Late stage BA, n=6 53.6£268 33 2414+£782 2728%557

Choledochal cyst, n=6  26.1+£6.9 33 66.3+36.7 1384+£804

Neonatal hepatitis, =5 2.0+1.0 2:3 193.0£40.8 679.0+421.0

WNL, within normal limit; NA, not available.

Value are expressed as mean *s.e., n=number of patients.
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Hospital, and the informed consent had been obtained from
the patients or their legal guardians.

Animal Model and Experimental Protocol

Male Sprague-Dawley rats, purchased from the National
Animal Center of Academia Sinica, Taipei. Taiwan, were
maintained on standard laboratory rat chow under a 12-h
light-dark cycle. Care and use of rats strictly followed a
protocol that was approved by the Animal Ethics Committee
of the Chang Gung Memorial Hospital. The rats received
laparotomy and were randomly allocated into two groups,
either with (BDL) or without (sham) common bile duct
ligation. The detailed procedures were described elsewhere.**
The rats were killed at different time points, including 6h,
24 h, 3 days, 1 week and 2 weeks, and the number of animals
at each time point is six.

To create bacterial cholangitis, a silicone catheter with an
inner diameter of 0.508 mm and outer diameter of 0.930 mm
(Silicone Elastomer, Helix Medical, Carpinteria, CA, USA)
was inserted into the proximal and distal bile ducts, with the
middle segment tunneled and located in the subcutaneous
space. Rats undergoing ligation of the subcutaneous segment
of the indwelling catheter, which caused complete biliary
obstruction, were defined as bile duct-ligated rats. Rats that
did not undergo ligation of the catheter were served as sham
rats. Two weeks later, a small incision was made over the
previous laparotomy wound and 0.5 ug of lipopolysaccharide
(LPS) (from E. coli O111:B4, Sigma, St Louis, MO, USA)
dissolved in 0.25ml of normal saline, or equivalent amount
of normal saline, was injected to the bile duct through the
subcutaneous segment of the indwelling catheter with a Fr. 30
short needle (ULTRA-FINE, Becton Dickinson, Franklin
Lakes, NJ, USA). Three hours later, all the animals were
killed with an overdose of thiopentone sodium (Pentothal).
Liver tissues were snap-frozen for mRNA and protein
determinations and the remaining were fixed in 4% paraf-
ormaldehyde and embedded in paraffin for histology and
immunohistochemical analysis.

Cell Culture and Isolation of Primary Rat Hepatocytes

The liver of a group of normal rats was perfused in situ
through the portal vein with 30ml Ca**- and Mg” ™ -free
Hank’s balanced salt solution (5 ml/minute) (Mediatech Inc,
Herndon, VA, USA), and followed by perfusion with 0.1%
pronase and 0.04% collagenase (Sigma). The liver was then
removed, meshed, and incubated with 0.08% pronase E,
0.08% collagenase and 20 ug/ml of DNase. The suspension
was filtered through a 150-um steel mesh and purified
through Percoll (Sigma) gradient centrifugation, which re-
sulted in a hepatocyte cell-enriched fraction layer. Cells
(1 x 10°) were plated on collagen-coated culture dishes and
were cultured for 24 h in 1.5 ml William’s medium E (Sigma
Chemical Co., Munich, Germany), supplemented with
2 mmol/l glutamine, 100 U/ml penicillin, 0.1 mg/ml strepto-
mycin, 107 mol/l insulin, 107 mol/l dexamethasone and

1130

10% fetal calf serum. Two hours before starting the experi-
ments, cells were washed again and incubated with the same
medium. Hepatocytes were treated with sodium glycoche-
nodeoxycholic acid (GCDC) (Sigma) for 3h followed by
10 ng/ml IL-6. Cell were harvested 30 min later for protein
study and 6 h later for mRNA study.

RNA Isolation and Real-Time QRT-PCR
To quantitate the tissue amount of mRNA, we used real-time
quantitative reverse transcription—-PCR (QRT-PCR) with ABI
7700 Sequence Detection System (TagMan, Perkin-Elmer
Applied Biosystems). In all, 2 ug of total RNA was used to
generate cDNA using an oligodeoxynucleotide primer (oligo
dT15) following the protocol for transcription (Promega,
Madison, WI, USA). PCR was carried out in SYBR Green
PCR Master Mix (Applied Biosystems) containing 10 uM
specific forward and reverse primers. Amplification and de-
tection were carried out with an ABI7700 system with the
following profile: 1 cycle at 95°C for 10 min, and 40 cycles at
95, 60 and 72°C for 15, 30 and 15, respectively. The mRNA
of the f-actin was chosen as internal control in each sample.
Relative quantification of gene expression was based on
comparative Cr method, in which the amount of the target
was given by 2~ (ACrusa—ACraivao) or 27AACr PCR products
were electrophoresed on a 2% agarose gel to confirm the sizes
of the products. The forward and reverse primer sequences
were designed as follows: human hepcidin, forward 5'-TCC
CACAACAGACGGGACA-3/, reverse 5'-GAACATGGGCATC
CAGCTG-3'; human f-actin, forward 5-TCACCCACACTG
TGCCCATCTACGA-3', reverse 5'-CAGCGGAACCGCTCAT
TGCCAATGG-3; rat hepcidin, forward 5-TGTCTCCTGCT
TCTCCTCCT-3/, reverse 5-CTCTGTAGTCTGTCTCATCTG
TTG-3'; rat gp130, forward 5-CCGTCAGTGCAAGTGTTC
TCA-3', reverse 5-CACTATCCACCAGCTGCAGGT-3'; rat
IL-6, forward 5-GTGTGAAAGCAGCAAAGAGGC-3/, re-
verse 5'-TGCAGGAACTGGATCAGGACT-3'; rat f-actin,
forward 5'-TCACCCACAATGTGCCCATCTTCGA-3, reverse
5'-CAGCGGAACCGCTCATTG CCAATGG-3'.

The validation experiments were carried out in duplicate
and amplification efficiencies were validated.

Immunohistochemistry

Immunohistochemical staining of hepcidin, STAT3 and
pSTAT3 (Alpha Diagnostic International, San Antonio, TX,
USA; Cat. # HEPC 12-A, Santa Cruz Biotechnology, CA,
USA, sc-482 and Cell Signaling Technology, Inc, No. 9145,
respectively) was carried out on the paraffin-embedded,
formalin-fixed, archival liver tissues obtained from the
Department of Pathology and rats. Sections of 2-um thick-
ness were deparaffinized, treated with 3% hydrogen peroxide
to inactivate the endogenous peroxidase activity and micro-
waved for 10 min in 10 mM citrate buffer to retrieve antigen.
The sections were then incubated with a first antibody at
room temperature for 2 h and detected by a second antibody
with SuperPicTure Polymer detection kit (Cat. # 87-8963;
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Zymed Laboratories, South San Francisco, CA, USA) with
diaminobenzidine (DAB) chromogen (Cat # K3467; DAKO,
Carpinteria, CA, USA). As hepcidin is expressed in normal
liver, a liver sample from polycystic liver disease served as
normal positive control.*® Omitting the primary antibody in
one sample served as negative control. The intensity of
immunoreactivity for hepcidin was graded according to the
following criteria: grade 0, no visible immunoreactive dot;
grade 1, immunoreactive dots visible less than positive con-
trol; grade 2, immunoreactive dots visible equal to positive
control; and grade 3, immunoreactive dots visible more than
positive control. The intensity of immunoreactivity for
STAT3 and pSTAT3 was graded as grades 1-3 according to
the following criteria: the areas of positive cells in hepatic
lobules, hepatic sinusoid, portal areas and fibrous plate
<10%, 10-50% and >50% of total liver tissues, respectively.

Western Blot Analysis

Thirty micrograms of crude proteins were treated with
sample buffer, then boiled for 10 min, separated in 12% SDS-
PAGE gels and transferred to nitrocellulose. Blots were in-
cubated for the respective first antibodies (hepcidin, STAT3
and pSTAT3). After washing with TBST and incubation with
horseradish peroxidase-coupled anti-rabbit immunoglobulin
G antibody (dilution 1:10,000) at room temperature for 2 h,
the blots were developed using enhanced chemiluminescent
detection (Amersham Pharmacia Biotech, Uppsala, Sweden)
and were exposed to film. Signals were quantified by densi-
tometric analysis.

Perls’ Acid Ferrocyanide Stain

Paraffin-embedded, formalin-fixed sections were depar-
affinized and hydrated with distilled water. We then mixed
equal parts of hydrochloric acid and potassium ferrocyanide
prepared immediately before use. Slides were immersed in
this solution for 20 min and washed in distilled water for
three changes. The slides were counterstained with nuclear
fast red for 5min, rinsed twice in distilled water, and then
dehydrated through 95% and two changes of 100% alcohol.
The slides were cleared in xylene, two changes, for 3 min each
and then covered with resinous mounting medium. In this
stain, iron (ferric form) was stained bright blue, nuclei were
stained red and cytoplasm was stained pink.

Hepcidin ELISA

Plasma samples were obtained from experimental animals.
Determinations were performed by using 96-well microtiter
plates coated with a polyclonal antibody against hepcidin
(Cat # E1979r; USCNLIFE, China). Assay procedures were
according to the manufacturer’s instructions and the absor-
bance of each well was determined at 450 nm wavelength.

Statistical Analysis
All values in the figures and tables were expressed as
mean = s.e. of the man. Student’s t-test (unpaired, two-tailed)
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was used for comparison between experimental groups with
continuous variables. A P-value <0.05 was considered as
statistically significant.

RESULTS

Hepcidin Expression is Significantly Downregulated in
Cholestatic Cirrhosis

The liver mean hepcidin mRNA expression was > 20-fold less
in PBC than in normal control (P=0.01) (Figure 1), which
was consistent with our previous report'' that hepcidin
mRNA expression decreased significantly in cholestatic
cirrhosis of BA than that in normal child control. Meanwhile,
the liver hepcidin mRNA expressions of HBV, HCV and
alcohol-induced non-cholestatic cirrhosis showed no signifi-
cant difference from the normal control (P=0.12, 0.13 and
0.29 respectively). There was also no significant difference in
liver hepcidin mRNA expression between cirrhotic and non-
cirrhotic stages of HBV-associated liver diseases (P=0.33).
Taken together, hepcidin mRNA expression was significantly
downregulated only in cholestatic cirrhosis, but not in non-
cholestatic cirrhosis, regardless of the age of the patients.

To further characterize hepcidin protein expression in the
liver, we carried out immunohistochemical analysis on liver
sections from four adults with PBC, hepatitis B, C and
alcohol-induced cirrhosis. In histological normal and non-
cholestatic cirrhotic livers, immunohistochemistry (brown
color) revealed the expression of hepcidin in the cytoplasm of
the hepatocytes and bile ductular epithelial cells (Figure 2).
Immunoreactive hepcidin staining of representative liver
tissues showed a grade 2 staining in a polycystic liver disease
without cirrhosis serving as a positive control (Figure 2a), a
grade 3 staining in the alcoholic cirrhosis (Figure 2b), a grade
2 staining in the hepatitis B-induced cirrhosis (Figure 2¢) and
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Figure 1 Comparison of hepcidin mRNA expression by real-time QRT-PCR
between cirrhotic and non-cirrhotic liver in adults. Data are expressed as
mean t s.e. of the mean. N indicates the sample size. * indicates P<0.05
between the groups.
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Figure 2 Immunoreactive hepcidin staining and hepatic stainable iron between cirrhotic and non-cirrhotic liver in adults. Hepcidin (brown color) are localized in
the cytoplasm of the hepatocytes and the bile ductular epithelial cells. The representative liver tissues show a grade 2 staining in a polycystic liver disease
without cirrhosis serving as a positive control (a), a grade 3 staining in the alcoholic cirrhosis (b), a grade 2 staining in the hepatocytes and cholangiocytes (arrow)
of the hepatitis B-induced cirrhosis (c), and a grade 0 staining in the hepatocytes and cholangiocytes (arrow) of the primary biliary cirrhosis (PBC) (d). There are
more coarse granules of stainable iron in hepatocytes in the specimen from hepatitis B-induced cirrhosis (e) than in PBC (f) (original magnification, x 400).

a grade 0 staining in PBC (Figure 2d). Immunoreactive  comparable to or a little higher than the control liver. On the
hepcidin staining in the liver samples from hepatitis B, Cand  contrary, no visible immunoreactive hepcidin staining in
alcoholic cirrhosis were in grades 2-3, which was either  both hepatocytes and bile ductular epithelial cells was found
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Figure 3 Phospho-STAT3 (pSTAT3) expression in biliary atresia (BA) and other liver disorders. (a) In the early stage of BA, increased pSTAT3
immunoreactivity is constantly expressed in both the cytoplasm and the nuclei of the hepatocytes (arrow), bile ductular epithelial cells and some
nonparenchymal cells morphologically identical to Kupffer cells (arrowhead). (b) In the late stage of BA, pSTAT3 immunoreactivity is very faintly present in
the hepatocytes and no nuclear immunoreactivity is found. (c) Comparison of pSTAT3 protein expression by western blotting between neonatal hepatitis,
choledochal cyst, and the early and late stages of BA. (d) Statistical comparison of pSTAT3 protein between groups. N indicates the sample size. * indicates

P<0.05 between groups (original magnification, x 200; insert, x 400).

in the liver sample of PBC. The trend of hepcidin immuno-
reactivity of bile ductular epithelial cells (arrow) was the same
as that of the hepatocytes.

We compared the hepatic stainable iron in PBC and other
non-cholestatic cirrhosis. There were more coarse granules of
stainable iron in hepatocytes in the specimen from hepatitis
B-induced cirrhosis (Figure 2e) than that in PBC (Figure 2f);
the latter was essentially devoid of stainable iron.

Phospho-STAT3 Expression is Significantly
Downregulated in Cholestatic Cirrhosis in BA

As a transcription factor for hepcidin expression, phospho-
STAT3 (pSTAT3) protein expression was characterized in the
liver by immunohistochemical staining. In the liver tissues of
the early stage of BA (Figure 3a), pSTAT3 immunoreactivity
was constantly expressed in both the cytoplasm and the

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 89 October 2009

nuclei of the hepatocytes (arrow), bile ductular epithelial cells
and some nonparenchymal cells morphologically identical to
Kupffer cells (arrowhead). The pSTAT3 staining was weak in
the late stage of BA and there was a significant decrease in the
hepatic nuclear pSTAT3 immunoreactivity (Figure 3b)
(arrow). Using western blotting, significant downregulation
of hepatic STAT3 protein expression was found in the late
stage of BA, comparing with the early stage and to neonatal
hepatitis and choledochal cyst (Figure 3c and d). The trend of
pSTAT3 nuclear protein expression was the same as hepcidin
mRNA expression in the early and the late stage of BA.""

Both Hepatic Hepcidin and pSTAT3 Expressions
Decrease Significantly in the Rats with Cholestasis

IL-6 family uses the receptor gp130 as a signal transducer to
activate the nuclear translocation of pSTAT3, which can
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Figure 4 IL-6, gp130 and hepcidin mRNA expression in the bile duct-ligated (BDL) rat. (a) Higher IL-6 mRNA expression in the BDL group compared with
that in the sham and control groups. (b) Lower hepcidin and (c) gp 130 mRNA expressions in the BDL group compared with that in the sham group. (d) To
show the effect of cholestasis, we divide the rat into cholestasis group and non-cholestasis group for comparison. There is a significant correlation in the
both groups, but cholestasis could attenuate the upregulation of hepcidin expression induced by IL-6 (line A, non-cholestasis group, R? = 0.403, P<0.001;
line B, cholestasis group, R =0.362, P<0.001). N=6 in each group. Data are expressed as mean = s.e. of the mean. * indicates P<0.05 between the groups.

transactivate hepcidin in response to inflammation. In our
previous study, we have shown higher hepatic IL-6 expression
in the late stage of BA than in early stage and in choledochal
cyst, which was not consistent with lower hepcidin expression
in the late stage of BA.2! Therefore, we measured IL-6, gp 130
and hepcidin mRNA expressions in an animal model of the
BDL by QRT-PCR. We found higher IL-6 mRNA expression
in the BDL group than in the sham group and the non-
operative control group (Figure 4a), but lower hepcidin
(Figure 4b) and gp 130 (Figure 4c) mRNA expressions in the
BDL group than in the sham group. Excluding the factor of
cholestasis, there was only marginal positive correlation be-
tween IL-6 and hepcidin mRNA expression (R*=0.072,
P=0.049). To show the effect of cholestasis, we divided the
rat into cholestatic group and non-cholestatic group for
comparison. Interestingly, there was a significant correlation
between IL-6 and hepcidin mRNA expression in both groups
(R*=0.403, P<0.001; R*=0.362, P<0.001, respectively),
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but cholestasis could attenuate the upregulation of hepcidin
expression induced by IL-6 (Figure 4d). By using multiple
linear regression analysis in the BDL animal model, we
could create a mathematic equation to predict the hepatic
expression of hepcidin mRNA with the level of IL-6 mRNA
(LogioHepcidin =0.617 x log;oIL6-0.946 X cholestasis (0,1)—
0.339; R>=10.469, P<0.001) and concluded that cholestasis is
as important as IL-6 in the regulation of hepcidin expression.
By using hepcidin enzyme-linked immunosorbent assay
(ELISA) , the levels of plasma hepcidin were higher in sham
group than in the BDL group (Figure 5). The plasma hep-
cidin also showed the same trend as liver hepcidin mRNA
expression (P=0.028). Furthermore, we found that the im-
munoreactive hepcidin staining in the sham-operated rat
(Figure 6a) was higher than that in the BDL rat (Figure 6b).
The immunoreactive STAT3 staining did not show any dif-
ference between the sham-operated rat (Figure 6¢) and the
BDL rat (Figure 6d). In the sham-operated group (Figure 6e¢),
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mean t s.e. of the mean. * indicates P<0.05 between the groups.

higher pSTAT3 immunoreactivity is constantly expressed in
both the cytoplasm and the nuclei of the hepatocytes (arrow),
and in some nonparenchymal cells morphologically identical
to Kupffer cells (arrowhead). There is no pSTAT3 im-
munoreactivity in the liver of the BDL rat (Figure 6f). The
trend of pSTAT3 immunoreactivity is the same as hepcidin
expression. Together, these data suggest that cholestasis
may block IL-6-gp130—phoshpoSTAT3 pathway, resulting in
decreased hepcidin expression in spite of increased IL-6 ex-
pression. Hepcidin served as a negative regulator of
iron absorption from the duodenum and released from
macrophages. We studied the stainable iron in the jaundiced
rats. Perls’ stain showed remarkably higher stainable
iron (blue color) in BDL rat. Stainable iron was sequestrated
and localized mainly in Kupffer cells (Figure 6h, arrowheads).
The increased hepatic stainable iron in jaundiced rat
compared with the sham-operated group (Figure 6g and h)
was compatible with the downregulation of hepcidin in
cholestasis.

Cholestasis Attenuates the Endotoxin-Induced Hepcidin
Expression

Acute suppurative cholangitis is associated with significant
morbidity and mortality, particularly in patients with ob-
structive jaundice.”> In our previous study, LPS-induced
cholangitis in the jaundiced rats is significantly associated
with higher grade of liver necrosis and mortality rate.**
Endotoxin (LPS) is a potent inducer of inflammatory
cytokines, including IL-6, and is known to induce hepcidin
expression. We suspected that hepcidin response in the
jaundiced rats is impaired even when challenged with en-
dotoxin. Compared with the BDL animals receiving normal
saline infusion, hepatic hepcidin mRNA was elevated for less
than twofolds after infusion with LPS. However, LPS infusion
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in the sham group resulted in more than sixfolds of hepatic
hepcidin mRNA increase, which was also significantly higher
than that in the BDL rats (Figure 7). Our findings indicated
that hepcidin, as a natural antimicrobial peptide, was sig-
nificantly suppressed in the jaundiced rats when challenged
with LPS infusion in the biliary system.

Bile Acid can Decrease Hepatocyte Hepcidin Expression
in Response to IL-6 Through Inhibition of IL-6-Induced
STAT3 Phosphorylation

To investigate the mechanism why cholestasis may suppress
hepatic hepcidin expression, we treated primary hepatocytes
with one of the hydrophobic bile acids—GCDC—with con-
centration of 50 and 100 umole before IL-6 (10 ng/ml) sti-
mulation. We found that GCDC could decrease the
upregulation of hepatocyte hepcidin mRNA expression in
response to IL-6 stimulation (Figure 8a). At the same time,
the upregulation of pSTAT3 induced by IL-6 was significantly
inhibited (Figure 8b). Collectively, hydrophobic bile acids
could downregulate hepcidin expression by blocking IL-6—
gp130—phoshpoSTAT3 pathway.

DISCUSSION

We show for the first time that cholestasis can decrease
hepcidin expression through inhibiting IL-6-induced STAT3
tyrosine’”> phosphorylation in human, jaundiced rats and rat
hepatocytes. Significant downregulation of hepatic hepcidin
expression occurs only in cholestatic cirrhosis of BA and
PBC, but not in virus-related or alcoholic cirrhosis. Choles-
tasis can also attenuate the endotoxin-induced hepcidin
upregulation in the rats, which may explain our previous
study that LPS-induced cholangitis in the jaundiced rats
is associated with higher grade of liver necrosis and
mortality rate.**

Cholestasis causes profound stress in humans and animals,
which is associated with the induction of inflammatory
cytokines, including IL-6. In our time-course study in the
jaundiced rat model, there is a good temporal association of
IL-6 with hepcidin mRNA expressions in both sham-oper-
ated and BDL groups. Excluding the factor of cholestasis,
there was only marginal positive correlation between IL-6
and hepcidin mRNA (R*=0.072, P=0.049). However, when
taking into account the factor of cholestasis, it has an im-
portant role in the regulation of hepcidin expression
(P<0.001).

In the study by Graf et al**, hydrophobic bile acids com-
promise IL-6 signaling through both a caspase-mediated
downregulation of gp130 and a p38MAPK-dependent in-
hibition of STAT3 phosphorylation. In this study, we unveil
significant decrease of hepcidin, gp130 mRNA, pSTAT3
protein expression and pSTAT3 protein nuclear translocation
in the liver of cholestatic patients and jaundiced rats com-
pared with that of non-cholestatic patients and sham-oper-
ated rats. We further show that hydrophobic bile acids can
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i * > decrease hepcidin expression in response to IL-6 stimulation
I I | through inhibiting STAT3 phosphorylation in hepatocytes.
The findings are consistent with Graf et al’s study and can
explain our previous findings why there are higher IL-6 levels
but lower hepcidin levels in the late stage of BA.'"?!
600 Furthermore, Huang et al*® has shown that erythropoiesis
drive, even in the presence of LPS or iron-loading, down-
regulates hepcidin through inhibiting both inflammatory and
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Figure 8 Effects of GCDC on IL-6-induced hepcidin expression and STAT3 phosphorylation (Tyr’®) in cultured rat hepatocytes. Rat hepatocytes are
preincubated without (control) or with GCDC (100 umol/l) for 6 h. When indicated, IL-6 (10 ng/ml) is added for another 6 h and 30 min for mRNA and protein
study respectively after the GCDC preincubation period. (a) IL-6 could increase hepatocyte hepcidin mRNA expression but hydrophobic bile acid decreases
the upregulation of hepcidin expression in response to IL-6 stimulation. (b) IL-6 could increase phospho-STAT3 expression, but pretreatment with GCDC
results in significant inhibition of upregulation of phospho-STAT3 induced by IL-6. Data are expressed as mean * s.e. of the mean of six samples in each
group. * indicates P<0.05 between the groups.

<

Figure 6 Hepcidin, STAT3, Phospho-STAT3 (pSTAT3) and hepatic stainable iron expression of representative liver tissues of the sham-operated and bile
duct-ligated rats (BDL). Immunoreactive hepcidin staining (brown color) shows a grade 3 staining in the sham-operated rat (a), a weak grade 1 staining in
BDL rat (b). Immunoreactive STAT3 staining (brown color) shows a grade 3 staining in the sham-operated rat (c) and the same grade of staining in BDL rat
(d). In the sham-operated group (e), increased pSTAT3 immunoreactivity is constantly expressed in both the cytoplasm and the nuclei of the hepatocytes
(arrow), and in some nonparenchymal cells morphologically identical to Kupffer cells (arrowhead) There is no pSTAT3 immunoreactivity in the liver of BDL
rat (f). Perls’ stain shows no stainable iron in the liver of sham-operated rat (g), but remarkably higher stainable iron (blue color) in BDL rat (h), which is
localized mainly in Kupffer cells (arrowheads) (original magnification, x 400).
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deterioration of the patients. On the contrary, those patients
with higher hepcidin levels enjoy a better outcome.'' Our
clinical observation echoes Giacometti et al’s>® study, in
which administration of protegrin peptide IB-367—a syn-
thetic antimicrobial peptide with cysteine-rich molecules and
two disulfide bonds—can prevent endotoxin-induced mor-
tality in the bile duct-ligated rats.

Endotoxin can stimulate expression of inflammatory
cytokines, including tumor necrosis factor alpha (TNF-a),
IL-1-f and IL-6.>' Nemeth et al’* have shown that hepcidin
expression was induced only by IL-6, but not by IL-1 or
TNF-o in human. On the contrary, Lee et al>> have shown
that hepcidin transcription was stimulated in murine hepa-
tocytes not only by IL-6 but also by IL-1-f, which reflects
that there was difference between species in the regulation of
hepcidin expression by inflammatory cytokines. IL-6 has
been identified to be essential for the homeostasis during
inflammation, because IL-6-deficient animals are more
susceptible to hepatotoxic challenges, such as endotoxin.”***
IL-6 is also a positive inducer of hepatocyte proliferation.’
Signal transduction through gp130 is shared among the
receptors for the IL-6-related cytokine subfamily. Interest-
ingly, chronic cholestatic mice without gp130 expression
results in more bacterial infection and higher mortality,
which confirmed the importance of gpl30 in innate
immunity and IL-6 signaling.”” Intrahepatic STAT-3 activa-
tion predicted the outcome,”® and STAT3 knockout mice
showed significantly higher mortality than the wide type after
cecal ligation and puncture sepsis.”” Kano et al*” have shown
that STAT3 signaling within endothelia has as a critical
anti-inflammatory mediator against endotoxin-induced in-
flammation. Together, these findings suggest that maintain-
ing the intact IL-6—gpl130—phoshpoSTAT3 pathway is
important for the survival of the animals and human beings.
Impairment of the pathway in cholestasis may not only be
associated with decreased hepatic hepcidin expression, but
also with significantly higher mortality.

It has been shown that the increased deposition of iron in
liver often triggers oxidative stress,*' inflammation and
induces liver cell damage and cirrhosis.** The increased
hepatic stainable iron in BDL rats compared with the
sham-operated rats was compatible with the downregulation
of hepcidin in cholestasis. Reduction of iron load by
phlebotomy or iron-deficient diet can attenuate liver injury
and prolong survival in BDL rats.*>** Our findings of in-
creased stainable iron in hepatitis B-induced cirrhosis com-
pared with that in PBC are consistent with the deposition of
iron, which occurs frequently in viral hepatitis, alcoholic liver
injury and nonalcoholic steatohepatitis, but rarely in biliary
cirrhosis.** Lack of hepatic stainable iron in PBC and late
stage of BA'' in the presence of downregulation of hepcidin
expression might be a disease-specific phenomenon.

In summary, the results of this study suggest that
factors such as cholestasis and hydrophobic bile acid can
downregulate hepcidin expression through inhibiting IL-6
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signaling and blocking pSTAT?3 signal transduction. A strat-
egy to augment hepcidin expression in the course of cho-
lestasis may be helpful in alleviating cholestasis liver injury
caused by BA and PBC, as hepcidin might be one of the final
effecter molecular in defending microorganisms in both
humans and animals.
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