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Figure 3. Expression of feroportin in duodenum, spleen, and liver. () Immunohistochemical detection of ferroportin in duodenum, spleen, and liver
in mice at the age of 14 months (original magnification 1000X for duodenum, 400X for spleen, 400% and 1000 for liver). Arrows indicate the
sinusoidal lining cells. (B) Immunoblots for ferroportin were performed using duodenum, spleen, and iiver lysates. The degree of protein expression
was nommalized with B-actin. The numbers in parentheses represent the number of animals examined in each group. P < .05, P < .01 versus
same-age nontransgenic mice (nonTgM). TgM, FL-N/35 transgenic mice.




w
E
>
-l
<
-
Fd
>
0
-

ANV ‘SY3yONvVd
“d3AIT-DISVd

232 NISHINA ET AL

GASTROENTEROLOGY Vol. 134, No. 1

® (8

®_®
qM

5} (5
M

Dnnn'l’gu
.T
° @0 @5

Figure 4. Expression of DMT1 in duodenum and iver. immunoblots for DMT1 were performed using duodenum and fiver lysates obtained from mice
in each group. The degree of protein expression was normalized with B-actin. The numbers in parentheses represent the number of animals

examined in each group. TgM, FL-N/35 transgenic mice.

reduced in FL-N/35 transgenic hepatocytes. The report-
er vectors pGL3_mHAMP124, pGL3_mHAMP318, and
pGL3_mHAMP789 harbor 1, 2, and 3 putative binding
sites for the transcription factor C/EBP, respectively
(Figure 6A). These results suggested that the middle
putative C/EBP binding site was critical for hepcidin
promoter activity and were consistent with a previous
report that deletion of DNA containing the middle
putative C/EBP binding site strongly decreased hepci-
din promoter activity.!?

DNA Binding Activity of C/EBPa

We next examined if the reduced transcriptional
activity of hepcidin resulted from decreased DNA
binding activity of C/EBP. As expected, DNA binding
activity of C/EBP was clearly suppressed in FL-N/3§
transgenic mice as compared with that in nontrans-
genic mice at the age of 8 months (Figure 7A). This
DNA binding was specific because it was efficiently
suppressed by addition of a 100-fold molar excess of
the unlabeled wild-type C/EBP oligonucleotide probe
as a competitor. We further quantified activation of
C/EBPa and C/EBPB using mouse nuclear extracts.
DNA binding activity of C/EBPa was significantly re-
duced in FL-N/35 transgenic mice compared with non-
transgenic mice at the age of 8 months (P < .05), but
not at the age of 4 months, whereas the binding
activity of C/EBPB was similar in transgenic and non-
transgenic mice at the ages of 4 and 8 months (Figure
7B). C/EBPa protein levels did not differ in transgenic
and nontransgenic mice at the ages of 8 and 14
months (Figure 7C). Thus, reduction of C/EBPa DNA
binding rather than its expression appeared to be the
underlying cause of the down-regulated hepcidin pro-
moter activity in FL-N/35 transgenic mice.

Expression of CHOP

CHOP is a nuclear protein that inhibits C/EBP
activity by preventing its DNA binding to the promoter
of a subset of genes.2® We next examined the expression
of CHOP to investigate if this protein was associated with
reduction of DNA binding activity of C/EBPa in FL-N/35
transgenic mice. The hepatic expression of CHOP was
significantly increased in FL-N/35 transgenic mice com-
pared with nontransgenic mice at the ages of 8 and 14
months (Figure 7D). CHOP may have decreased DNA
binding activity of C/EBPa in the FL-N/35 transgenic
mice.

ROS Generation

There have been several lines of evidence that
ROS up-regulate the expression of CHOP.2! We there-
fore evaluated in situ ROS production by staining with
dihydroethidium to assess if the increased CHOP ex-
pression was relared to the abundance of ROS produc-
tion. ROS production was significantly higher in FL-
N/35 transgenic mice than in nontransgenic mice at
the ages of 8 and 14 months (Figure 7E) and paralleled
the expression of CHOP. The increased ROS produc-
tion in the presence of HCV proteins was consistent
with a previous report* by us.

Discussion

FL-N/35 transgenic mice showed not only hepatic
iron accumulation but also an increase in serum iron and
a decrease in splenic iron content. They were consistent
with reported increases in serum iron and ferritin levels
in a large cohort of patients with chronic heparitis C.2
The decrease in the hepatic prohepcidin level in FL-N/35
transgenic mice may account for the increase in serum
iron and decrease in splenic iron content. Prohepcidin
has been shown to be involved in the regularion of iron
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Figure 5. Expression of feritin, TfR1, and LPS-induced inflammatory cytokines and hepcidin. Immunoblots for (4) ferritin and (B) TIR1 were
performed on liver lysates. The degree of protein expression was normalized with g-actin. “P < .05 versus same-age nontransgenic mice (nonTgM),
“p < .01 versus same-age nonTgM. (C) The effect of LPS on the mRNA levels of TNF-a, IL-18, and IL-6 as well as hepcidin were measured by
reak-time RT-PCR in mice at the age of 8 months. The relative quartities of target mRNA in the liver were normalized with B-actin mRNA. *P < .05
versus nonTgM injected with phosphate-buffered seline, **F < .01 versus nonTgM injected with phosphate-buffered safine or TgM injected with
phosphate-buffered saline. The numbers in parentheses represent the number of animals examined in each group. TgM, FL-N/35 transgenic mice.

metabolism in hereditary hemochromatosis, chronic re-
nal insufficiency, and renal anemia,?® even though there
is some controversy regarding the validity of this mea-
surement.4

There also remains uncertainty as to whether iron
predominantly accumulates in hepatocytes or the reticu-
loendothelial system, mainly Kupffer cells, in patients
with chronic hepatitis C. Some clinical studies found
that iron was mainly localized in the reticuloendothelial
system,125 whereas others reported its localization in
hepatocytes.¢ Interestingly, Fiel et al documented that

even ribavirin-associated hemolysis deposited iron pref-
erentially in hepatocytes in patients with chronic hepati-
tis C.27 Although ferric iron localized in both hepatocytes
and sinusoidal lining cells in FL-N/35 transgenic and
nontransgenic mice, hepatocytic localization was more
predominant in FL-N/35 transgenic mice (Figure 1D).
This is consistent with the observed decrease in hepcidin
expression in FL-N/3§ mice. Patients and mice with
hemochromatosis mutations causing low hepcidin ex-
pression have iron accumulation predominantly in hepa-
tocytes.?® Low hepcidin expression in these situations is




234 NISHINA ET AL GASTROENTEROLOGY Vol. 134, No. 1

A -998 TTGTCCAAGTGGCATGGGGAGGTTCTGGCATAATCCCACTGCACTTGGAGCTGAGAGGGGGCACAGTCTG
775
-838 'I'I'CCTGCTAAGCCAAGTGTCACACALTACTGTGTCCCCTGTGCTTAGAGGGAMCCAT'I'TGKQGAATACA

-768 TCGTCRAGCCAGACCCCTGCATCAGTGACTGGAAGGCAACTTTCAGCATARACARCTGTAGAGCCCAGGA
-698 GGGAGTAGGCAGCCACTTAGAGGCCAAGTAGCACCAGCTGTTAACACARALAGTGAGTTGGCACCGGTGGT

C/EBP
-628 ARAGACACAGRATCAGTACTCACTGCCATGTGAAACCAGTGTGTTTTTTATACAGGAGCTTGTGAARTG]

-558 ATTGGCTCTGCCTATGATTAGTGACTGCTGCCTCGGGAGGCAGAAGGGGAATCCARCATGACAGCTACAT
—488 CATATGGTCTTCACAGTGGTCTCCACGGTGGACTCCAGGGCTAATGCTGACRACARACTCATGGGCCTAAA
-418 ATGCTGGTGATGCACCCTGCRCATGTGTACGACATTGCTGGGTCCTTCTGAGARACCCAGTGAGTRACAG

< . o -304 _ C/EBP
-348 CCLTL‘CTGMGGCACTGLTAGGGGTAMGGTACLG’I‘TCTTCCACIT-C&CCMTCCMTCAQTGTI’I’AGGGG

=276 AAAGAAGGGGAATTTTTCTGAGAGCCACAGTGTGACATCACAGGTGGCTGGCTGCAGGCTTGTGTCCCTG

~208 GTTCTGTCTGCCCCACCCTCTGGATGCACCTCTGCTGGCTGTAGGTGACACARCCCTGTCCCCTGTCACT
-110 C/EBP
~138 GTTCCCGCTTATC TCTCCCGCCTGTTTdGCGCCACTA T II!:TC TTGGAAATG&FTCLGAGC ARBATGGGGG

*
-68 TGGGTGAGGCGCAGGTGLCCCTCCCCTLCCAC'I'AGTCCCATJLAAAAGGACTGGGACTGGCTCCTAGLC@G

+3 CCACCACACARGTCCTTAGACTGCACAGCAGARCAGAAGGCATGATGGCACTCAGCACTCGGACCCAGGC

Firefly luciferase pGL3_mHAMP -110/+14 (pGL3_mHAMP 124)

@ > Firefly luciferase pGL3_mHAMP -304/+14 (pGL3_mHAMP 318)
2 g
>0
g2 Firefly luciferase pGL3_mHAMP -775/+14 (pGL3_mHAMP 789)
=R
P>pm
2z .

B «g nonTgM 20000 ' nonTgM 200001 Fy onTgM

§| TgM .‘? TgM §' ToM

2 o 480 = ~ 16000 2 ~ 16000

88 85 88 .

Q ] 0 (113 @

& 3 a0- & 8 120001 @ @ 120001

oo t ™Y S

S& S g

S= g2 82

r S, 240+ S 5 8000 3 g, 8000~

>A >4 >A

> B> R

dﬂ 120+ g 4000 g 4000+

® Gl G L3- 0 13- pGL3-  pGLS- ° GL3-  pGL3- GL3-
FEAVP  (RAMP  rHAMP ARANP mHAMP  mRAMP MHAMP mHAMP  mHAMP
124 318 789 124 318 789 124 318 789
4M 8M 14M

Figure 6. Nucleotide sequence of mouse hepcidin promoter region, schematics of reporter vectors, and luciferase activity of primary hepatocytes
transfected with mouse hepcidin promoter constructs. (4) The putative start of transcription is indicated by an asterisk and is designated +1.
Sequences surrounded by boxes indicate potential binding sites for transcription factor C/EBP. The reporter vectors pGL3_mHAMP124,
pGL3_mHAMP318, and pGL3_mHAMP789 contain 124, 318, and 789 base pairs of the mouse hepcidin promoter region, respectively. (8) Primary
hepatocytes obtained from 4 mice each were transfected with mouse hepcidin promoter constructs. The pSV-B-galactosidase (8-gal) control vector
served as the control for transfection efficiency. Luciferase activity was normalized against B-galactosidase activity from the same lysate. Each assay
was performed in duplicate. *P < .05 versus same-age nontransgenic mice (nonTgM). TgM, FL-N/35 transgenic mice.
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Figure 7. C/EBP binding activity, C/EBPa expression, CHOP expression, and ROS production in fiver. {A) Electrophorstic mobility shift assay was
performed using fiver nuclear extracts of mice at the age of 8 months, together with horseradish peroxidase-labeled ofigonucleotide probes.
Competition experiments were performed by addition of a 100-fold molar excess of the unlabsled wild-type C/EBP oligonucleotide probe. (8) DNA
binding activity of C/EBPa and C/EBPB was quantified using liver nuclear extracts of mice, together with the immobilized oligonucleotide on the plate
and antibodies to C/EBPa and G/EBPB. Competition experiments were performed by addition of the wild-type consensus oligonucieotide. *P < .05
versus same-age nontransgenic mice {nonTgM) without addition of the wild-type consensus oligonucieotide. immunoblots for (C) C/EBPa and (D)
CHOP were performed using fiver lysates. The degree of protein expression was normalized with -acfin. *P < .05 versus same-age nonTgM. (£)
Frozen liver sections of mice in each group were stained with dihydroethidium. Fluorescence intensity was quantified by NIH image analysis software
for 3 randomly selected areas of digital images for each mouse. *P < 001 versus same-age nonTgM. The numbers in parentheses represent the
number of animals examined in each group. TgM, FL-N/35 transgenic mice.
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also associated with increased ferroportin protein levels
in duodenum and spleen, with a resultant increase in
intestinal iron absorption and a lower splenic iron con-
tent.22 The implications of the increase in hepartic ferro-
portin expression in FL-N/35 mice are uncertain. The
iron-export function of ferroportin may depend on the
cell type; it is likely substantial in cells like splenic mac-
rophages that are involved in massive iron turnover and
may be marginal in other cell types (such as hepatocytes)
that contribute to a much lesser extent to the daily iron
traffic into the bloodstream. In the present study, the
hepatic expression of ferroportin in FL-N/35 mice did
not appear to increase to the same degree as expression in
the duodenum and spleen.

Intracellular iron excess inhibits the binding of iron
regulatory proteins to iron-responsive elements in the
5'-untranslated region of ferritin mRNA and 3'-untrans-
lated region of TfR1 mRNA, which allows the translation
of ferritin mRNA and decreases the stability of TfR1
mRNA.'6 An increase in hepatic ferritin protein and a
decrease in TfR1 protein were found in FL-N/35 trans-
genic mice. Thus, these proteins involved in iron uptake
and storage were coordinately regulated, preserving the
iron regulatory protein/iron-responsive element regula-
tory system and not primary causes for hepatic iron
overload in these mice. Instead, uptake of transferrin-
bound iron through a nonTfR1 pathway?® may have
contributed to excess iron uptake of hepatocytes in the
transgenic mice.

Luciferase assay revealed that the hepcidin promoter ac-
tivity was significantly reduced in FL-N/35 transgenic mice.
The IL-6-gp130/signal transducer and activator of tran-
scription (STAT) signal transduction has been shown to be
involved in regulating hepcidin transcription.® However,
this pathway was unlikely to be associated with down-
regulation of hepcidin in the present study, because inflam-
matory cytokines induced by LPS significantly increased
hepcidin expression in FL-N/35 transgenic mice. Another
signal transduction pathway to hepcidin is the TGF-B/bone
morphogenetic protein superfamily?! and this regulation is
strongly potentiated by hemojuvelin, the protein mutared
in the most common form of juvenile hemochromatosis.32
In the furure, it will be of interest to evaluate whether HCV
polyprotein affects bone morphogenetic protein signaling
to hepcidin. The transcription factor C/EBPa has been
shown to be involved in regulating hepcidin transcription.!?
Electrophoretic mobility shift assay clearly indicated the
reduced DNA binding activity of C/EBP in FL-N/3$ trans-
genic mice. The significant decrease in DNA binding activity
of C/EBPa, but not C/EBPB, was further confirmed by
quantifying activation of C/EBPa and C/EBPP. The C/EBP
family contains a conserved carboxy terminal domain con-
sisting of a basic region and an adjacent helical structure.
CHOP has strong sequence similarity to C/EBP proteins
within the carboxy terminal domain and contains 2 prolines
substituting for 2 residues in the basic region, critical for

GASTROENTEROLOGY Vol. 134, No. 1

binding to DNAZ Thus, heterodimers of CHOP and
C/EBP protein are unable to bind their cognate DNA en-
hancer elements. Therefore, the increased expression of
CHOP may account for the reduction of DNA binding
activity of C/EBPa in FL-N/35 transgenic mice. Several
reports indicated that ROS up-regulate the transcription of
CHOP:2! In the present study, we found significantly higher
production of ROS in FL-N/3S transgenic mice than in
nontransgenic mice. ROS may explain the increased expres-
sion of CHOP in FL-N/35 transgenic mice. ROS production
also increased as the mice got older, irrespective of the
presence of HCV proteins. This result suggests the impor-
tance of aging for inducing oxidative stress in the absence of
inflammation or evident fibrosis within the liver. As to
C/EBPa activity, this result was consistent with a previous
observation that ROS induced by alcohol inhibited C/EBPa
activity but not C/EBPB activity.12 The reason for the lack
of C/EBPg involvement in the repression of hepcidin trans-
criptional activity in response to alcohol-induced!? or HCV-
induced ROS production (this reporrt) is unclear and needs
further investigation. Thus, the mechanisms by which he-
patic iron accumulates in the presence of HCV proteins
appear to have some similarities with alcohol-induced iron
overload. Given that increases in serum iron and occasional
iron accumulation in the liver are common to several liver
diseases, it is important to assess whether the alteration in
iron metabolism seen in the transgenic mice is a specific
effect of HCV. Lipid-induced changes in intracellular iron
homeostasis in CS7BL/6 mice3? have been shown. We did
not find any differences in hepatic triglyceride contents
between transgenic and nontransgenic mice. Oxidative
stress induced by HCV may be critical for causing iron
accumulation in HCV infection.

The present animal model is characterized by a lack of
hepatic inflammation, which is different from what is ob-
served in patients with chronic hepatitis C. Serum levels of
IL-6 have been shown to be elevated in patients with HCV-
related chronic liver disease,3* which raises the possibility
that IL-6 acts to stimulate hepcidin expression through the
STAT3 pathway.® This would be expected to counteract the
decrease in hepcidin expression caused by HCV-induced
ROS. However, chronic inflammation with production of
proinflammatory cytokines has the potential to deliver an
additional burden of ROS, which would be expected to
reinforce the decrease in hepcidin expression. In addition,
most data on IL-6/LPS activation of hepcidin expression are
based on in vitro studies or “acute” inflammation models in
vivo. These studies made it possible to categorize hepcidin
as a classic “acute phase” response protein. Most likely,
during chronic inflammatory states in vivo, the regulation
of hepcidin expression is more complex and may depend on
many variables, including the particular stage of systemic
and/or hepatic inflammatory disease. This might explain
the variations in hepatic iron concentrations reported
among patients with HCV-related chronic liver disease.
Thanks to the absence of inflammation, our transgenic
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Figure 8. Schematic diagram depicting the mechanisms underlying
the hepatic iron accumulation in transgenic mice expressing the HCV
polyprotein. HCV protein-induced ROS increase hepatic expression of
CHOP and subsequently reduce DNA binding activity of C/EBPa, which
leads to reduction of hepcidin transcription. Decreased hepcidin ex-
pression enhances ferroportin (FPN) expression in the duodenum and
macrophages, resulting in increased duodenal iron transport and mac-
rophage iron release, which lead to hepatic iron accumutation.

animal model allowed us to directly test the role of HCV
proteins in iron accumulation without confounding fac-
tors.

In conclusion, the current observations support a
schema, outlined in Figure 8, whereby HCV protein-induced
ROS increase hepatic expression of CHOP and subse-
quently reduce DNA binding activity of C/EBPa, which
causes hepatic iron accumulation through inhibition of
hepcidin transcription. These findings may have implica-
tions for the hepatic iron accumulation observed in patients
with HCV-related chronic liver disease in association with

an increased risk of hepatocarcinogenesis.
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