Hepcidin Expression in the Liver: Relatively Low Level in
Patients with Chronic Hepatitis C
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Patients with chronic hepatitis C frequently have serum and hepadatic iron overload, but the mechanism is unknown. Recently
identified hepcidin, exclusively synthesized in the liver, is thought to be a key regulator for iron homeostasis and is induced by in-
fection and inflammation. This study was conducted to determine the hepatic hepcidin expression levels in patients with various
liver diseases. We investigated hepcidin mRNA levels of liver samples by real-time detection-polymerase chain reaction; 56 were
hepatitis C virus (HCV) positive, 34 were hepatitis B virus (HBV) positive, and 42 were neyative for HCV and HBV (3 cases of auto-
immune hepatitis, 7 alcoholic liver disease, 13 primary biliary cirrhosis, 9 nonalcoholic fatty liver disease, and 10 normal liver). We
analyzed the relation of hepcidin to clinical, hematoloyical, histological, and etioloyical findings. Hepcidin expression levels were
strongly correlated with serum ferritin (P < 0.0001) and the degree of iron deposit in liver tissues (P < 0.0001). Hepcidin was also cor-
related with hematoloyical parameters (vs. hemoylobin, P = 0.0073; vs. serum iron, P=0.0012; vs. fransferrin saturation, P < 0.0001)
and fransaminase levels (P = 0.0013). The hepcidin-to-ferritin ratio was significantly lower in HCV* patients than in HBV* patients
(P =0.0129) or control subjects (P = 0.0080). In conclusion, hepcidin expression levels in chronic liver diseases were strongly corre-
lated with either the serum ferritin concentration or degree of iron deposits in the liver. When adjusted by either serum ferritin
values or hepatic iron scores, hepcidin indices were significantly lower in HCV* patients than in HBV* patients, sugyesting that
hepcidin may play a pivotal role in the pathogenesis of iron overload in patients with chronic hepatitis C.
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INTRODUCTION

Iron is an essential element for all liv-

macrophages (2,3). Hepcidin binds to the
iron exporter ferroportin, which results

tion is present in 10% to 36% of patients
with chronic hepatitis C (8,9), and he-

ing organisms, being a requirement in a
wide range of metabolic processes in-
cluding DNA synthesis, oxygen trans-
port, and energy production, but excess
iron can be harmful to the organism, in
part through the generation of oxygen
radicals, and is potentially lethal (1).
Therefore, iron homeostasis must be
tightly regulated in all organisms. Recent
work has established the importance of
the peptide hormone hepcidin in iron
homeostasis as a negative regulator of
iron release into the system by duodenal
enterocytes and reticuloendothelial

in ferroportin internalization and degra-
dation (4). In addition to its response to
iron homeostasis, hepcidin is induced by
inflammation (5), an effect believed to be
dependent on cytokine production (6);
how hepcidin levels are kept in balance
through upstream signaling pathways is
still under investigation.

Iron accumulation in the liver, where
hepcidin is exclusively synthesized, is
common in patients with chronic liver
diseases (7), especially in patients with
chronic hepatitis C virus (HCV) infection
(8,9). Increased hepatic iron concentra-
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patic iron overload is even more com-
mon among patients with end-stage liver
disease due to hepatitis C (10,11). Excess
iron deposition in the liver is known to
be hepatotoxic and may exacerbate liver
injury (12) and be resistant to interferon-
based therapy in patients with chronic
hepatitis C (13,14); however, little is
known about the mechanism of iron ac-
cumulation in the liver. We previously
reported that transferrin receptor 2
(TfR2), which was recently identified as
the second receptor for transferrin (15),
was higher in the liver of patients with
chronic hepatitis C compared than those
with chronic hepatitis B (16). TfR2 func-
tion was thought at first to be consistent
with its homology to classical transferrin
receptor-TfR1 (15,17); iron uptake by
the hepatocytes [TfR2 has limited tissue
distribution, with prominent expression
in the liver, especially in hepatocytes
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(15,18)]. But a disabling mutation in the
TfR2 gene in humans (19,20) and mice
(18) leads to significant hepatic iron ac-
cumulation despite an absence of expres-
sion of TfR2, suggesting that iron uptake
by the hepatocytes is not a principal role
of TfR2, and that TfR2 has a important
but unknown role for maintenance of
iron homeostasis. Recently, Kawabata et
al. (21) demonstrated that hepcidin is
downregulated in TfR2 mutant mice,
suggesting that TfR2 may be the up-
stream sensor for hepcidin production
in the pathway of iron homeostasis.

In view of these considerations, we de-
cided to examine the gene expression of
hepcidin in liver samples from patients
with various liver conditions. In addition,
we assessed the relationship of hepcidin
gene expression with clinical, hematolog-
ical, histological, and etiological findings.

MATERIALS AND METHODS

Liver Samples

We used 132 liver samples in this
study. Fifty-six samples were obtained
from patients with chronic HCV infec-
tion (HCV" group; positive serum HCV
RNA and negative serum hepatitis B
surface antigen, or HBsAg), and 34 were
from patients with chronic hepatitis B
virus (HBV) infection [HBV* group; posi-
tive serum HBsAg and negative serum
HCV antibody]. Forty-two samples were
obtained from patients without HCV or
HBYV infections (HCV'HBV™ group; 3
cases of autoimmune hepatitis, 7 alco-
holic liver disease with ethanol intake
> 80 g/day [range, 95-155 g/day] in the
10 years that preceded the hospital ad-
mission, 13 primary biliary cirrhosis, 9
nonalcoholic fatty liver disease, and 10
normal liver). In cases of normal liver,
surgically resected liver specimens were
obtained during operation for metastatic
liver cancer, while the other liver speci-
mens were obtained by needle biopsy for
diagnosis of chronic liver diseases. Liver
biopsy was performed under stable con-
ditions, without fever of unknown etiol-
ogy, and before any interferon therapy.
Social drinkers were included in HCV*

and HBV™ groups. Serum iron parame-
ters were determined by routine auto-
mated laboratory methods on the day of
liver tissue sampling. History of blood
transfusions, use of iron-containing med-
ications, and daily consumption of alco-
hol were investigated in all patients. In-
formed consent was obtained from each
patient, and the study was approved by
the Mie University Ethics Committee
and carried out according to the guide-
lines of the 1975 Declaration of Helsinki.

Histological Evaluation

Liver biopsy specimens were divided in
two parts. One portion was fixed in
buffered formalin and embedded in paraf-
fin for histological examination, and the
other was immediately frozen and stored
at —80°C for RNA extraction. Hematoxylin
& eosin, Masson’s trichrome, and Perls’
Prussian blue staining for iron were per-
formed. Liver histology was evaluated by
two pathologists who were blinded to
clinical conditions or hepcidin expression
levels. Liver specimens were scored for
stage of liver fibrosis and grade of in-
flammatory activity according to the clas-
sification of Desmet et al. (22). The histo-
logical quantification of iron was done
according to Deugnier et al. (23) by scor-
ing iron separately within hepatocytes
(hepatic iron score, or HIS, 0 to 36), sinu-
soidal cells (sinusoidal iron score, or SIS,
0 to 12), and portal tracts or fibrotic tissue
(portal iron score, or PIS, 0 to 12). The
total iron score (TIS), 0 to 60, was the sum
of these scores. This score is highly corre-
lated with the biochemical hepatic iron
index and hepatic iron concentration
measured by atomic absorption spec-
trophotometry in patients with chronic
liver diseases (24,25).

mRNA Preparation and Reverse
Transcription

mRNA was extracted from liver tissue
using the SV RNA Isolation System
(Promega, Madison, WI, USA) according
to the manufacturer’s instructions.
Briefly, liver tissue samples were homog-
enized in a Dounce glass homogenizer
with lysis buffer (4 M guanidine thio-
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cyanate, 10 mM Tris-HCl, pH 7.5, 0.97%
B-mercaptoethanol). Dilution buffer

(850 uL) was added to the homogenized
solution and incubated at 70°C for 3 min.
After separating by centrifugation, the
supernatant was precipitated using
ethanol. RNA was treated with DNase
(Boehringer Mannheim, Mannheim,
Germany) to remove any contaminating
genomic DNA. Precipitated RNA was
purified by spin column assembly and
dissolved in 100 uL. DEPC-treated water
containing 10 mM DTT and 200 U/mL
RNase inhibitor using a siliconized tube.
The amount of mRNA was determined
by spectrophotometry. The cDNA was
generated by reverse-transcription of 2 ug
adjusted RNA, with random hexamers
and Moloney murine leukemia virus re-
verse transcriptase (Applied Biosystems,
Foster City, CA, USA) for 30 min at 48°C.

Quantification of Hepatic Hepcidin
mMRNA Expression Levels by RTD-PCR
The hepatic mRNA levels of hepcidin
were determined by TagMan real-time
detection-polymerase chain reaction
(RTD-PCR). RTD-PCR primers and
probes were designed using Primer Ex-
press software (Applied Biosystems,
Tokyo, Japan), which spanned introns to
avoid coamplification of genomic DNA.
The sequences were forward primer
5-TTCCCCATCTGCATTTTCTG-3',
reverse primer 5-TCTACGTCTTGCAGC
ACATCC-3', and FAM/TAMURA probe
5-TGCGGCTGCTGTCATCGATCAA-3'".
cDNA of liver tissue (5 uL) was incubated
with 20.75 uL. TagMan Master Mix
(Perkin Elmer, Yokohama. Japan)
(8% glycerol; 10x TagMan buffer; 10 mM
each dCTP, dATP, and dGTP; 20 mM
dUTP; 0.01 U/uL AmpErase uracil
N-glycosylase; 25 mM MgCl,; and
0.025 U/uL AmpliTaq Gold DNA poly-
merase), 10 uM forward primer, 10 uM
reverse primer, and 5 uM probe. The re-
action mixture was brought up to a final
volume of 50 uL. with RNase-free distilled
water. The amplification was performed
using the ABIPRISM 7700 sequence de-
tection system (Applied Biosystems).
Amplification conditions were 2 min at



50°C, 10 min at 95°C, 53 cycles of 15 s at
95°C, and then 1 min at 60°C. Data were
analyzed using Sequence Detector 1.6
software (Applied Biosystems). The re-
sults for hepcidin mRNA are expressed
as the amount relative to that of GAPDH
mRNA quantified simultaneously in
each liver sample. Experiments were per-
formed in triplicate, and the amount of
RNA was calculated from a standard
curve drawn using serial dilutions of
total RNA extracted from a wedge-
resected liver specimen. Standard sam-
ples were run in parallel during each
analysis. This method is able to measure
hepcidin mRNA linearly from 10” to
more than 10°/ GAPDH mRNA.

Statistical Analysis

Data are expressed as the median
and range or mean * standard devia-
tion. Categorical variables were com-
pared using the chi-squared test or
Fisher exact test. Continuous variables
were compared using the Student ¢ test,
one-way factorial ANOVA test,

Table 1. Baseline characteristics.

Wilcoxon rank-sum test, and Kruskal-
Wallis test. Correlation was assessed by
Spearman rank correlation. Two-sided
P values < 0.05 were considered statis-
tically significant. Calculations were
performed using StatView of JMP soft-
ware (SAS Institute).

RESULTS

Clinical Characteristics of the Patients
Clinical characteristics of patients in this
study according to viral infection (HCV",
HBV*, and HCV"HBV") are shown in
Table 1. There was no statistical difference
in age and sex distribution in the three
groups. Serum hemoglobin, iron levels,
transferrin saturation, and ferritin levels
were significantly higher in HCV™ group
than in the HCV'HBV™ non-iron overload
subgroup, but there was no statistical dif-
ference between the HCV* group and the
HCV HBV" iron overload subgroup (ele-
vated serum ferritin levels, > 220 ng/mL
for men and > 100 ng/mL for women).
Regarding liver histological findings, pa-
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tients with chronic viral infection (HCV*
and HBV") had more progressive grading
and staging scores than patients without
viral infection (HCV'HBV"). Iron deposi-
tion in the liver was prominent in chronic
HCV-infected patients, and TIS scores were
significantly higher in HCV" than in HBV"
or HCV'HBV™ non-iron overload patients.

Correlation between Hepatic Hepcidin
mMRNA Expression Levels and Clinical
Findings

Hepatic mRNA expression levels of
hepcidin were measurable in all 132 pa-
tients. Correlation of clinical findings
with hepatic hepcidin expression levels,
normalized by GAPDH mRNA, was
evaluated, and the results summarized
in Table 2. Patients” age was not related
to hepcidin expression levels. Hepcidin
levels were significantly higher in men
than in women (10,900 + 13,100, median
6590, vs. 5820 + 10,700, median 2600, P =
0.0012, Wilcoxon rank-sum test). Hep-
cidin levels were not significantly differ-
ent between the HCV*, HBV", and

P
- - HCV* vs. HCV* vs.
HCVHBV (n=42) HCV* HCV HBV~ HCV™HBV~
Non-iron Iron VS. non-iron iron
HCV* HBV* overload overload HBV* overload overload

n 56 34 24 18
Age,y 56.0+13.7 50.4 £ 15.2 550+ 175 53.4+169 NS NS NS
Sex, M/F 33/23 23/11 9/15 8/10 NS NS NS
ALT, IU/L 76.9 +67.7 104 + 131 63.4 +67.7 149 + 157 NS NS 0.0472
AST, IU/L 80.6 £ 85.0 110 + 141 81.5+ 126 183 +238 NS NS NS
Bilirubin, my/dL 1.50 + 3.60 1.26 + 1.59 1.64 + 3.88 590+ 117 NS NS NS
RBC, x10*/mm? 418 + 71 430 + 56 401 £ 54 407 £ 77 NS NS NS
Hemogylobin, y/L 133 + 19 137 £ 17 118 £ 19 131 £ 21 NS 0.0014 NS
Hematocrit, % 400+£5.2 41649 37.7 £5.3 38.8+6.6 NS NS NS
Serum iron, ug/dL 131+ 48 123 + 50 60 + 37 99 + 53 NS <0.0001 NS
Transferrin saturation, % 39.3+15.7 40.7 £17.0 19.5+13.5 38.7+£228 NS <0.0001 NS
Serum ferritin, ng/mL 244 + 162 140 = 101 9176 585 + 784 NS <0.0001 NS
Liver histology

Inflammatory activity, 0/1/2/3° 1/23/28/4 1/12/14/7 9/13/2/0 2/13/1/2 NS <0.0001 0.0052

Fibrosis staging, 0/1/2/3/4° 2/19/14/10/11 0/6/10/9/9 9/10/4/1/0 6/9/0/1/2 NS 0.0002 0.0016

TIS® 7.36 +5.35 4,41 +4.49 1.21 £2.00 7.72 £ 8.50 0.0163 <0.0001 NS

Data are means + SD. ALT, alanine aminotransferase; AST, apsartate aminotransferase; NS, not significant; RBC, red blood cell count.
“Intensity of necroinflammatory lesions: 0, no histoloygical activity; 1, mild activity; 2, moderate activity; 3, severe activity. 0, no fibrosis;
1, portal fibrosis without septa; 2, portal fibrosis with few septa; 3, numerous septa without cirrhosis; 4, cirrhosis. “Total iron score proposed
by Deugnier et al. (23).
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Table 2. Correlations between clinical findings and hepcidin mRNA expression levels in liver of
patients with various liver conditions (n = 132).

Hepcidin mRNA level Statistics
Characteristic n Mean + SD Median r P
Ayge,y 0.003 0.9764
Sex 0.0012¢
Male 73 10,900 + 13,100 6590
Female 59 5820 + 10,700 2600
Virus infection
Male
HCV* 33 9120 + 7660 6650
HBV* 23 11,800 + 16,100 2600
HCVHBV- 0.0611°
Non-iron overload 9 7750 £ 5320 6590
Iron overload 8 19,600 + 23,000 15,800
Female
HCV* 23 5890 + 7900 3690
HBV* 11 3000 + 2190 2360
HCV HBV~ 0.0724°
Non-iron overload 15 1300 + 1030 814.5
Iron overload 10 15,500 + 20,800 6485
Total
HCV* 56 7790 = 7850 5730
HBV* 34 8950 + 13,900 3290
HCVHBV- 0.7733°
Non-iron overload 24 3720 + 4550 1650
Iron overload 18 17,300 + 21,200 6770
ALT, IU/L 0.281 0.0013
AST, IU/L 0.249 0.0043
Serum albumin, g/dL -0.036 0.7844
Bilirubin, mg/dL 0.239 0.0065
Hyaluronic acid, ng/mL 0.145 0.0968
RBC, x10*/mm? 0.171 0.0510
Hemoylobin, y/L 0.235 0.0073
Hematocrit, % 0.160 0.0675
Platelets, x10*/mm?® -0.174  0.0465
Serum iron, ug/dL 0.283 0.0012
Transferrin saturation, % 0.360 <0.0001
Serum ferritin, ny/mL 0.832 <0.0001
Liver histologyy
Inflammatory activity, 0/1/2/3° 0.073 0.4011
Fibrosis staging, 0/1/2/3/4° 0.031 0.7209
TIs® 0.457 <0.0001

ALT, alanine aminotransferase; AST, apsartate aminofransferase; RBC, red blood cell
count, Statistics are Spearman rank correlation test unless otherwise noted. “Wilcoxon
rank-sum test. °Kruskal-Wallis test. ®Intensity of necroinflammatory lesions: 0, no histological
activity; 1, mild activity; 2, moderate activity; 3, severe activity. 90, no fibrosis; 1, portal
fibrosis without septa; 2, portal fibrosis with few septa; 3, numerous septa without cirrhosis;
4, cirrhosis. ®Total iron score proposed by Deugnier et al. (23).

HCV HBV™ groups (HCV", 7790 + 7850, (Figure 2a) and aspartate aminotrans-

median 5730; HBV™*, 8950 + 13,900, ferase (r = 0.249, P = 0.0043) levels were
median 3290; HCV'HBV", 9560 + 15,700, marginally correlated with hepcidin
median 3150) (Figure 1). Serum alanine mRNA levels when all patients were in-
aminotransferase (r = 0.281, P = 0.0013) cluded in the statistical evaluation.
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Figure 1. Hepatic mRNA expression levels of
hepcidin in various liver diseases. Hepatic
hepcidin mRNA expression levels were com-
pared between HCV*, HBV*, and HCV HBV~
groups. Graphs depict the median (line
within the box), 25th fo 75th percentiles
(upper and lower border of the box), and
10th and 90th percentiles (whiskers).

Serum bilirubin concentrations were
marginally correlated with hepcidin lev-
els (r = 0.239, P = 0.0065), but serum al-
bumin and hyaluronic acid were not cor-
related (Table 2). Hepcidin expression
levels were correlated with hemoglobin
concentrations (r = 0.235, P = 0.0073),
serum iron levels (» = 0.283, P = 0.0012)
(Figure 2b), and serum transferrin satu-
ration (r = 0.360, P < 0.0001) (Figure 2c).
Serum ferritin levels were strongly and
positively correlated with hepatic hep-
cidin mRNA expression levels in various
patients with liver disease (r = 0.832, P <
0.0001) (Figure 2d). In this study, 4 pa-
tients (3 HCV'HBV™ and 1 HCV®; en-
closed by open square in Figure 2d), had
relatively low hepcidin expression levels
with severe hyperferritinemia, suggest-
ing the possibility of hepcidin dysregu-
lation in these patients. Clinical features
of these cases are summarized in Table
3. When the exceptional cases were ex-
cluded from analysis because of possible
hemochromatosis traits, the correlation
statistic was improved to r = 0.916 and
P <0.0001 (n = 128). There were no sig-
nificant correlations between hepatic
hepcidin mRNA levels and inflamma-
tory activity score or fibrosis staging in
liver biopsy specimens. A significant
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Figure 2. Correlations between hepatic hepcidin mRNA expression levels and clinical labo-
ratory and histoloygical data in patients with various liver diseases. Relationship between
hepcidin mMRNA expression levels and serum alanine aminotransferase levels (), serum iron
levels (b), fransferrin saturation (c), serum ferritin levels (d), and total iron score of liver tis-
sues (e) in 132 patients. O, HCV*; [J, HBV*; A, HCV'HBV".
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positive correlation was found between
hepatic hepcidin mRNA expression lev-
els and the degree of iron deposition in
the liver as evaluated by TIS score (r =
0.457, P < 0.0001) (Figure 2e).

Comparison of mMRNA Expression Levels
of Hepcidin in Patients with Various
Liver Diseases

Hepcidin expression has been reported
to increase in response to iron overload in
an experimental setting (2,26). Our find-
ings of strong positive correlations be-
tween hepatic hepcidin mRNA expres-
sion levels and serum ferritin and hepatic
iron levels also suggest feedback to hep-
cidin expression against iron overload in
humans, and the ratio of hepcidin levels
per iron overload may be constant in var-
ious liver conditions. To evaluate the rela-
tive amounts of hepcidin in relation to
iron overload, we calculated the ratio of
liver hepcidin mRNA /serum ferritin lev-
els in each patient. The ratio of hepcidin/
serum ferritin was significantly lower in
the HCV' group (26.8 + 15.4, median 23.3)
than in the HBV" group (46.5 + 41.0, me-
dian 31.6; P = 0.0129) or the HCV'HBV~
group (44.7 + 33.7, median 34.0; P = 0.0080)
(Figure 3a). The relative amount of he-
patic hepcidin per hepatic iron deposition
(the ratio of hepcidin mRNA /TIS) was
also significantly lower in the HCV*
group (1280 + 2160, median 773) than in
the HBV* group (2920 + 4600, median
1130; P = 0.0392) or the HCV'HBV™ group
(3320 + 4210, median 1870; P = 0.0098)
(Figure 3b). The ratios of hepcidin/serum
ferritin and hepcidin/TIS were not statis-
tically different between the HBV" and
HCV HBV™ groups. These results indicate
that hepatic hepcidin expression levels in
relation to body iron store are lower in
HCV-infected patients compared with
HBV-infected or uninfected patients.

DISCUSSION

Hepcidin, exclusively synthesized in
the liver, was originally isolated from
human serum and urine as having an
antimicrobial activity (27,28). The lack
of hepcidin expression in knockout
mice leads to iron overload (29), and
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Table 3. Patients with relatively low hepcidin expression levels in hyperferritinemia.

Ethanol Serum
Patient Aye, intake, ALT, Hemoylobin, Platelets, iron, Ferritin,
no. y Sex Group y/day U/L /L x10%/mm? uyg/dL ny/mL TIs®
1 52 M HCV* 64 78 149 17.7 228 371 6
2 72 M HCV'HBV™: ALD 140 102 135 9.7 155 1110 11
3 56 M HCV'HBV™: ALD 140 287 143 20.7 227 978 13
4 62 M HCV HBV™: normal 0 11 103 26.4 61 2335 0

ALT, alanine aminotransferase; ALD alcoholic liver disease. “Total iron score proposed by Deugnier et al. (23).

conversely, overexpression of hepcidin
in transgenic mice causes severe iron
deficiency (30). Moreover, hepcidin mu-
tations are associated with a new type
of severe juvenile hemochromatosis not
related to HFE mutations (31). In nor-
mal mice, iron overload increases and
iron deficiency decreases hepatic
mRNA expression of hepcidin; change
in hepcidin expression is associated
with inverse changes in intestinal iron
absorption (26,32). Recently, it was
demonstrated that hepcidin can bind
ferroportin, the major cellular iron ex-
porter protein, inducing ferroportin in-
ternalization and degradation and re-
sulting in reduced iron efflux from
enterocytes (4). Thus, hepcidin is
thought to be a major negative regula-
tory hormone for iron homeostasis.
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In the present study, we investigated
hepcidin expression in the liver of pa-
tients with chronic liver diseases and
normal subjects and analyzed correla-
tions between clinical parameters and
hepatic hepcidin expression levels. Hep-
cidin mRNA levels were strongly and
positively correlated with serum ferritin
levels and the degree of hepatic iron ac-
cumulation as assessed by TIS. These re-
sults are consistent with presently eluci-
dated hepcidin functions; when iron
storage increases, serum ferritin elevates,
and hepatic hepcidin is upregulated,
leading to decreased intestinal iron ab-
sorption for maintenance of iron homeo-
stasis. Our study demonstrated a rela-
tionship between serum hemoglobin,
iron, transferrin saturation levels, and
hepcidin mRNA levels, supporting the
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Figure 3. Relative hepatic mMRNA expression levels of hepcidin in various liver diseases. (a) The
ratio of hepatic hepcidin mRNA/serum ferritin was calculated in each patient and compared
between HCV*, HBV*, and HCV'HBV™ groups. (b) The ratio of hepatic hepcidin mRNA/hepatic
fotal iron score was calculated in each patient and compared between HCV*, HBV*, and
HCVHBV™ groups. Graphs depict the median (line within the box), 25th to 75th percentiles
(upper and lower border of the box), and 10th and 90th percentiles (whiskers).
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hypothesis of an impact of anemia and/
or hypoxia on hepcidin expression, as
reported in mice (5,33). However, we did
not find a significant correlation between
red blood cell count or hematocrit levels
and hepcidin levels in our study, sug-
gesting additional regulatory mecha-
nisms of hepcidin may exist. Serum ala-
nine aminotransferase and aspartate
aminotransferase levels were positively
correlated with hepatic hepcidin expres-
sion levels, indicating that hepatic in-
flammatory status also may influence the
expression levels of hepcidin in patients
with chronic liver disease, although the
histological inflammatory activity score
was not related to hepcidin levels. We
examined the relationship between pa-
rameters reflecting hepatic function and
hepcidin expression. Although serum al-
bumin levels and hepatic fibrosis status
(histological staging and hyaluronic acid)
were not correlated with hepcidin levels,
serum bilirubin was positively correlated
with hepcidin. This correlation may be
caused by the positive relationship of
serum bilirubin levels and accumulation
of hepatic iron in our patients (bilirubin
vs. TIS, r = 0.305, P = 0.0005; Spearman).
Further study is necessary to determine
the participation of hepcidin in liver
function.

From these results, that several clinical
factors were associated with hepatic hep-
cidin expression, it is suggested that
multiregulatory mechanisms act to alter
hepatic expression of hepcidin. First, our
results of a strong positive relationship
between hepatic hepcidin expression and
serum ferritin and liver TIS leads to the
idea that hepcidin is regulated by body-
stored iron, most strongly. Second, hep-



cidin expression is regulated by sensing
the iron amount in circulation, because
hepcidin levels were also correlated with
serum iron and transferrin saturation
levels. It is reported that hepcidin expres-
sion is greatly diminished in TfR2-mu-
tated hemochromatosis patients (34) and
mice (21) despite elevated iron stores.
Thus, TfR2 appears to be an upstream
regulator of hepcidin and is required for
hepcidin to respond appropriately to
changes in serum transferrin saturation.
Therefore, TfR2 may act as a communica-
tor between iron status in serum and
hepcidin production.

Third, inflammatory status in the liver
may influence hepatic hepcidin expres-
sion. Hepcidin is the key mediator of ane-
mia due to chronic inflammation (3,5),
and its mRNA expression is increased in
response to inflammatory stimuli such as
lipopolysaccharide or interleukin-6 (IL-6)
(6,33). Recently, it was demonstrated that
Kuppfer cells, which release IL-6, are re-
quired for the activation of hepcidin syn-
thesis during inflammation in the liver,
but not for regulatory activity by iron con-
ditions (35). The positive correlation be-
tween hepatic hepcidin levels and serum
aminotransferase levels in our study also
supports the existence of this regulatory
pathway, although serum IL-6 levels were
not evaluated in our study. Thus, there
are at least three major, distinct mecha-
nisms for regulation of hepcidin: by body-
stored iron condition, serum iron status,
and inflammatory condition.

Previous studies demonstrated that
chronic HCV infection is frequently asso-
ciated with elevated serum and liver iron
storage markers (8-11). In our study,
serum iron levels and transferrin satura-
tion in HCV™ patients were significantly
higher than those without viral infection,
and TIS was significantly higher in the
HCV* group than in the HBV" or HCV~
HBV™ groups. Hepatocellular iron uptake
may be upregulated during chronic in-
flammation. It has been previously
demonstrated that inflammatory cy-
tokines enhance TfR1-mediated iron
uptake by hepatocytes (36). However,
considering that the serum aminotrans-

ferase levels and hepatic inflammatory
score are not statistically different be-
tween HCV" and HBV" groups and that
TIS is more prominent in HCV" than in
HBV" patients, chronic hepatic inflam-
mation alone does not seem to be re-
sponsible for hepatic iron accumulation
in patients with chronic hepatitis C. HCV
infection itself seems to have a direct in-
fluence on hepatic iron accumulation. In
this study, hepcidin expression in rela-
tion to serum ferritin and the hepatic TIS
were significantly lower in the HCV*
group than in the HBV' or HCV'HBV~
groups, suggesting that upregulation of
hepatic hepcidin expression by increased
body-stored iron may be relatively di-
minished in the HCV-infected liver. We
previously reported that TfR2 expression
in the liver was significantly higher in
the HCV™ patients than in the HBV' pa-
tients (16), although its clinical implica-
tion for iron accumulation in the liver of
patients with chronic hepatitis C was
unknown. It was reported that TfR2 dis-
abling mutations in humans (34) and
mice (21) decrease hepcidin expression.
Therefore, at first we expected that hep-
cidin expression would be higher in
HCV patients (higher TfR2 expression
group) than the other patients; the result
was opposite. Because hepcidin and TfR2
expression in the liver were inversely
correlated in our study (data not shown),
upregulation of TfR2 may involve the
downregulation of hepcidin in the liver
of patients with chronic hepatitis C. Fur-
ther in vitro study is required to clarify
the distinct interaction between TfR2,
hepcidin, and the degree of intracellular
iron content in hepatocytes during
chronic HCV infection.

Patients with known HFE genetic he-
mochromatosis expected to exhibit abnor-
mal hepcidin regulation (37,38) were ex-
cluded in this study, because no patient
had HFE mutations C282Y or H63D. We
could not role out the other types of
hereditary hemochromatosis completely
(caused by mutations of hepcidin, hemo-
juvelin, TfR2, and ferroportin) (39). In
this study, four patients had relatively
low hepatic hepcidin expression levels
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with severe hyperferritinemia, suggesting
hemochromatosis traits (Table 3). In
Japan, one patient with HFE-hemochro-
matosis and a few patients with
non-HFE-

hemochromatosis and ferroportin disease
have been reported during the last 10
years (40-43). Therefore, further investi-
gation should be necessary in these pa-
tients with hepcidin dysregulation.

Aoki et al. (44) also reported that he-
patic hepcidin expression is increased
in response to iron overload in patients
with chronic hepatitis C. We have ex-
tended the measurement of hepcidin ex-
pression in HBV" and noninfected pa-
tients and compared it to data from
HCV" patients, showing the relatively
low levels of hepcidin in patients with
chronic hepatitis C.

In conclusion, we evaluated hepcidin
mRNA expression in the liver of patients
with various liver conditions. Despite the
heterogeneity of our patients, hepcidin
levels were related to hepatic and body
iron stores, hematological parameters, and
serum transaminase levels, suggesting that
multiregulatory mechanisms act in hep-
cidin production. Relatively low levels of
hepatic hepcidin expression for the degree
of iron burden may be involved in the
pathophysiologic mechanism of increased
iron overload in patients with chronic hep-
atitis C, and supplementation of hepcidin
may be beneficial for these conditions.
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