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Value of the Apparent Diffusion Coefficient for
Quantification of Low-Grade Hepatic Encephalopathy
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BACKGROUND Minimal hepatic encephalopathy (HE) is associated with poorer quality of life and increased work
AND AIMS: disabllity. Recently, low-grade cerebral edema has been implicated in chronic liver disease.

METHODS: We measured the apparent diffusion coetficient (ADC) of water In various reglons of the brains of
patients with cirrhosis, and elucidated the significance of the evaluation of ADC In quantifying
low-grade HE and predicting overt HE and survival, Forty patients with cirrhosls and 24 controls
underwent diffusion-weighted Imaging, and patients were followed up every month.

RESULTS: The mean ADC values were increased in cirrhotic patients with minimal HE versus no HE or controls.
Minimal HE patients separated from no HE patients with a sensitivity of 70--90%, and a specificity
of 85~90%. ADC values correlated with individual neuropsychological tests. ADC values of white
matter, such as the frontal (log-rank test 435, P = 0.05) and parietal (log-rank test 5.98, P = 0.05)

white matter, was predictive of further bouts of overt HE.

CONCLUSIONS: ADC Is a rellable tool for quantification of low-grade HE, and could predict the development of overt

HE.
(Am J Gastroenterol 2008;103:1-8)

INTRODUCTION

Some cirrhotic patients with apparently normal mental sta-
tus may be found to have abnormalities in cognitive func-
tion when they are examined using neuropsychological tests
(1, 2). This group of patients is considered to have minimal
hepatic encephalopathy (HE) (1, 2). This HE-associated cog-
nitive impairment, sometimes, may be associated with poor
quality of life (3, 4), and individuals may become unfit to
drive a motor vehicle safely (5). Therefore, early diagnosis
and treatment of this condition is important. A combination
of neuropsychological tests is generally required to diagnose
this minimal HE because the results of neuropsychological
tests are influenced by aging, education, and repetiion of
tests (2, 6). However, there 1s not yet a consensus on the most
appropnate test that should be used in clinical practice.
Recently, low-grade cerebral edema has been implicated in
chronic liver disease (7 -9). Magnetic resonance (MR) imag-
ing studies, including MR spectroscopy (10, 11), magnetiza-
tion transfer (12, 13), and diffusion-weighted imaging (7-9),
have improved our understanding of the pathophysiological
alterattons m patients with HE. We reported previously that
magnetization transfer imaging is able to detect decreased
magnetzation transfer ratios in all regions of the brains of pa-

tients with chronic HE (13). The likely explanation proposed
1s Alzheimer type Il change and increased water content in
astrocytes (13). In HE, an increase in glutamine and a de-
crease in myoinositol are observed on MR spectroscopy (10),
The changes in the myoinositol are considered suggestive of
cellular edema. Use of diffusion-weighted imaging allows as-
sessment of intracellular and extracellular water content in the
brain. Lodi er al. studied patients with advanced cirrhosis and
HE using diffusion-weighted imaging, and reported increased
difTusivity of waler in brain parenchyma (7). Recently, Kale
et al. performed diffusion-weighted imaging in patients with
cirrhosis, with and without HE, and concluded that early HE
indicates the presence of intersutial brain edema (8).

The pathogenesis of HE in liver cirrhosis is widely ac-
cepted to be due 1o the fmlure of the hiver o clear toxic
products trom the gut. The precise toxins mnvolved remain
controversial, but ammonia 1s thought to be an 1mportant
factor. However, the correlation between plasma ammonia
levels and seventy of HE 15 not consistent ( 14).

Here, we performed diffusion MR imaging i patients with
cirrhosis and who did not exhibit overt HE to look for possible
microstructural changes in the brain, as suggested by mea-
suring apparent diffusion coefficient (ADC) values. Then,
we compared the results with plasma ammonia levels and the
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Table 1. Subjccts' Clinical Charactenistics

Liver cirthosis 40
Age 1yr) [
Sex ratio, m/f 20020
Enclogy of cirrhosis HRV HCV/aleohol PBC V30:572
Previous history of overt HE Chrome/none 3/37
Child-Pugh AB/C 12253
Laboratory cxaminanon

Plasma ammonia (emol’L) = 33

BTR 45+23
Neurnpsychological test

Trail-making A test (z) 56 £33

Dhait symbol test (gross point) 6+ 13

Normial subject 2
Age (v1) 629
Sex ratio, m/f 11713

HBV = hepantis B v
si3; HE = hepatic on

hepans O virus; PRC

athy; BTR

primary bil
branched-chain amino actdat

results of neuropsychological tests to ¢lucidate the signifi-
cance of the evaluation of ADC m quanufying low-grade HE
and predicting overt HE and survival.

METHODS

Patients

This study comprised 40 patients with liver cirrhosis (20 men
and 20 women, average age 66 £ 9 yr). Cirrhosis was diag-
nosed by liver biopsy or the presence of biochemical, ultra-
sonographic, or endoscopic features of portal hypertension
and/or liver dysfunction. The etiology of liver cirrhosis was as
follows: hepatitis B virus, 3 cases. hepatitis C virus, 30 cases.
alcohol, 5 cases; and primary biliary cirrhosis, 2 cases. The
severity of hiver disease was determined according to the
Child-Pugh score. Cirrhosis was graded Child-Pugh A in 12
patients, B in 25, and C in 3. Three cases had a previous
history of overt HE. Pauents with alcohol-induced hver dis-
case had to be abstinent for at least 3 months prior to the
start of the study. The control group consisted of 24 subjects

Figure 1. The regions of interest were selected on the diffusion-weighted imag

{11 men and 13 women, average age 62 + 9 yrj, who were ex-
amined at our neurological department [or minor subjective
symptoms: they were free of liver diseases and neurologi-
cal or psychuatric disorders. Control subjects did not undergo
neuropsychological tests. The chinical findings of the patients
with liver cirthosis are summarized in Table 1. Written in-
formed consent was obtained from all subjects, and the study
was performed 1 accordance with the Helsinki Declaration

Neuropsychological Tests and Laboratory Examinations

Cogmitive function was assessed using a combination of trail-
making A test (number connection test) and digit symbol
test (revised Wechsler adult intelligence scale) that 1s widely
employed as screening examination in hepatology clinics in
Japan. Neuropsychological measurements were performed
on the same day between 9 am and § pm i a quiet room with
constant light quality. A fter explanation of each neuropsycho-
lugic:a] test, an abbreviated demonstration was carried out to

ensure that the patient understood the test correctly. Patients
likely to have difficulties performing the neuropsychological
tests, such as those with bad vision, were excluded from this
study. Peripheral venous blood was collected after overnight
fasting. Laboratory examinations included plasma ammonia
and the branched-chain amino acids o tvrosine ratio (BTR).

MR Imaging

MR imaging was performed usmg 1.5-T (Signa. CV/I:
GE Medical Systems, Milwaukee, WT), Diffusion-weighted
imaging was conducted using single-shot echo-planar imag-
ing (TR/TE, 999970 ms; 1 acquisition; 20 sections of 5-mm
thickness; 1-mm gap, the matrix ot 128 = 128). A neurora-
diologist reviewed the MR umages of each subject to confirm
the absence of major neuropathologies, such as tumors and
infarctions. Cases with remarkable brain atrophy and foci of
cerebral infarction were excluded from the study. Figure |
shows the regions of interest used for ADC caleulation: left
and right putamen, pallidus and thalamus, and posterior cin-
gulate gray matter and frontal and parietal white matter.

1. 2 = putamen; 3, 4 = pallidus: 5, 6 = thalamus: 7. § =

fromtal white matter; 9, 10 = panetal white matter; and 11, 12 = aingulate gray matter

02



Follow-Up

Each patient was followed up every month at our outpatient
clinic until he/she developed an episode of overt HE, had a
liver transplant, died, or was observed to be free of any of the
¢vents at the end ol the study. The patients were assessed for
neuropsychiatric symptoms, including alterations in behav-
1or. mood and orientation, and flapping tremor.

Statistical Anudysis

Results are expressed as the mean + standard deviation (SD).
The x° test was used 1o assess differences between qualita-
tive vaniables. Spearman’s or Pearson’s coefficients were used
to compare quantitative variables. The Mann-Whitney U-test
was used to evaluate the statistical difference in clinical or
laboratory vanables. The analysis of vanance was determined
with Scheffe’s F wst for multiple comparisons in the three
groups. Kaplan-Meier analysis was used for variables asso-
ciated with overt HE risk and survival. A P value of < 0.05
was considered as statisically significant.

RESULTS

Assessment of HE Severity

None of the patients showed signs of overt HE; all were alert.
without flapping tremor, and were oriented in space, person,
and time at the ime of their exammations. Liver cirrhosis
patients were categorized into two groups based on the result
of the neuropsychological tests. Abnormalities in the results
of both neuropsychological tests (values of more than 25D
from the mean values for the age-matched control subjects
at our hospital, r.e., more than 30 s on the trail-making A
test, and less than 30 points on the digit symbol test [gross
points]) were considered to be indicative of minimal HE.
The patients were considered to have no HE when both tests
were normal. Among the 40 cirthotic patients, 10 showed
impairment in both neuropsychological tests, and therefore
were included n the minimal HE group. Table 2 summarizes
the results of laboratory and neuropsychological tests for both
groups. There was no difference in age between the group
with minimal HE and that with no HE.

Diagnosis of Minimal HE Using ADC and Factors
Associated With ADC

ADC values were similar in corresponding nght and left
hemispherical regions of interest in the subjects, and there-
fore are reported as mean values. In cirrhotic patients with
mmimal HE, mean ADC values were increased significantly
in white matier, such as the frontal (P < 0.01) and parietal
(P < 0.05) lobes, compared with patients with no HE (Fig. 2).
[n patients with minimal HE, the ADC increase did not reach
significance in the putamen, pallidus, thalamus, or cingulate.
No significant difference was found in brain ADC values be-
tween patients with no HE and healthy subjects (Fig. 2). There
were no differences in the ADC n patients with prior overt
HE compared with that in the others,

ADC for Quantification of Low-Grade HE 3

Table 2. Asscsament of HE Sevenry

Mimmal HE No HE
N=10) N =20)
Age (yr) L6 63+ 8
Sex ratio, m/{ mn 812
Etology of cirthosis 1120 116211
HBV/HCV/alcohol PBC
Previous history of overt 28 119
HE Chronic/none
Child-Pugh A'B/C 181 8102
Laboratory examinaton
Plasma ammoma { pmol/T.) 5T+49 37423
BTR 3.5%1.2 50+£27
Neuropsychological test
Trail-making A test (5) 99 + 400 T4+9
Digit symbol test (gross pomt 217 H+y
P < 0,00]

HE = hepatic encepbalopathy: HBV = hepuitis B vira; HCV = bepatits C virus;
PRC = pnmary blisry cirthoss, BTR = beanched-chain snne scds @ tyromne mbio

There is a degree of overlap when classifving patients with-
out overt HE as mmimal HE or no HE. [Jsing the cutoff value
of 0.841 x 102 mm?¥/s for frontal white matter (+1SD from
the mean values for the control subjects), mmimal HE pa-
tients separated from no HE patients with a sensitivity of
90%, and a specificity of 90%. Using the cutoff value of
0.808 x 10 mm?s for parielal white matter (+1SD from
the mean values for the control subjects), minimal HE pa-
tients separated from no HE patients with a sensitivity of
70%, and a specificity of 85%. With regard to plasma ammo-
nia levels, using the cutoff level of 40 umol/L (upper Imut
al our hospital), mimimal HE patients separated from no HE
patients with a sensitivity of 50%, and a specificity of 40%.

In the patients, venous ammonia showed a linear relation-
ship with the ADC values in the [rontal (r=0.413, P < 0,05)
and parietal (r = 0.537, P < 0.001) white matter, whereas it
failed to reach significance in the putamen, pallidus, thala-
mus, and cingulate (Table 3). No correlation was found be-
tween ADC values for the various brain areas and the Child-
Pugh scores or the serum BTR values (Table 3), We found
significant correlation of ADC values for rontal and parietal
white matter with the results of trail-making A test in the pa-
tients (r=0.520, P < 0.01;r = 0483, P < 0.0], respectively)
(Table 4). A significant correlation was found between ADC
values for frontal and parietal white matter and the results of
the digit symbol test (r= ~0.510,F < 0.01;r=-0354, P <
0.05). No correlation was found between ADC values in the
various brain areas, excep! fur white matter, and the results
of neuropsychological tests (Table 4).

ADC in the Prediction of the Risk of Developing

Overt HE and Survival

Time zero was that of the mitial neuropsychological and MR
assessments, and the end points were overt HE, liver trans-
plantation, or death. The medun follow-up penod was 11
months, Duning the penod of observation, two patients un-
derwent liver transplantation and three died from liver-related

Q3
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Figure 2. ADCs obtained in 24 control subjects and 40 cirrhotic patients, depending on with and without mimmal HE. All patients underwent

neuropsychological tests, and were clussified to bave no HE or mimmal HE. e = minimal HE: « = no HE:

apparent diffusion coefficient: HE = hepatic encephalopathy.

complications. Inall, 10 patients exhibited an episode of overt
HE during follow-up. Seven of the 10 who developed overt
HE showed minimal HE defined using ADC values of frontal
white matter in the imtial assessments, whereas the other
three patients showed no HE according to the ADC values.
Similar results were obtained using ADC values of parietal
white matter. The related factors of those episodes were as

Table 3. Factors Associated With ADC

T P

Putamen

Child-Pugh score 0.06 NS

Ammonia 0179 NS

BTR =0.24] NS
Pallidus

Child-Pugh score 0.181 NS

Ammonia 0.249 NS

BTR —-0.123 NS
Ihalumus

Child-Pugh score 0,024 NS

Amimonia 0.201 NS

BTR —0.158 NS
Cingulate

Child-Pugh score 0.003 NS

Ammuoma 0013 NS

BTR —0.090 NS
Frontal

Child-Pugh score 0.142 NS

Ammonia 0413 a.nl4

BTR -0.23% NS
Parietal

Child-Pugh score 0,057 NS

Ammoenia 0,537 0]

BRTR —0.341 NS

ADC - apparent diffusinn coetficient, TR — hranched-chain amime scida 1o tyrosne

Ao

= control subjects. ADC =

follows: diuretic treatment in three cases, spontaneous bacte-
rial peritonitis in two cases, and digestive hemorrhage in one
case. In the nonencephalopathic group (N = 25), 10 subjects
developed ascites, and were treated with diuretics, and one
developed vanceal bleeding. There was no staustically signif-
jcant difference between groups i the incidence of comph-
cations associated with development of overt HE. According
1o Kaplan-Meier analysis, ADC values of white matter, such
as the frontal (log-rank test 433,/ < 0.05) and parietal (log-
rank test 5.98, F' < 0.05) white matter, were associated with
a hugher nisk of overt HE (Fig. 3)

After an episode of overt HE, seven of 10 patients died
from liver-related complicauons. Figure 4 shows the aciual

Table 4. Factors Assocuared With ADC

T P

Putamen

Trail-making A test 0,027 NS

Digit symbal test 0,137 NS
Pallidus

Trail-making A test (000 NS

Digit symbaol test —0.125 NS
Thalamus

Tral-making A test 0088 NS

Digit symbol test -1.222 NS
Crngulate

T'rail-making A test 0.154 NS

gt symbal lest —0.025 NS
Frontal

Tranl-making A lest 0.520 0.001

Thgit symbaol test -0.510 0,062
Panictal

I'rail-making A test 0483 0,003

it symbol test -10.354 0.037

ADC = apparent diffumon coefficient
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Figure 3, Prediction of overt HE by ADC in patients with cirthosis. (4) frontal and (B) parietal. HE = hepatic encephalopathy; ADC =
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survival of patuents with mummal HE versus patients with no
HE; no significant difference was found 1n frontal (Panel A,
log-rank test 0.09. P = (.764) and parietal (Panel B, log-rank
test 1,13, P = 0.288) ADC.

DISCUSSION

The present study reveals that ADC was increased in paticnts
with minimal HE compared with patients with no HE, Tlus
finding 1s consistent with the pattern of diffusion-weighted
imaging as reported previously (7-9). Lodi ef al. noted that
the highest ADC values were observed in all brain regions of
asingle patient with grade 2 HE, and were higher than values
in grades 0 and 1 HE (7). Kale ef al. found increased mean
diffusivity values in all bramn regions in patients with different
grades of HE (8). Minimal cellular edema with increases m
membrane permeability and intracellular diffusivity, as well
as changes in the viscosity of the cytoplasm, may be con-
sidered to be factors leading toward an increase in ADC.
However, this explanation contradicts the basic understand-
ing of diffusivity. Kale ef al. reported that increased ADC
values with no concomitant changes in fractional anisotropy
suggest an increase 1 the mnterstitial brain water m patients
with IE (8).

One of the mechanisms underlying this low-grade cerebrul
edema may involve astrocyte function. Ammonia detoxifica-
tion takes place in astrocyles through glutamine synthesis,
and an increase in intracellular glutamine results m intrace{lu-
lar depletion of myoinositol, following an atlempt at osmoreg-
ulation by the astrocytes (13). However, the precise reason for
increased extracellular fluid in HE 18 unknown. The positve
correlation we found between plasma ammonia levels and
ADC values in the white matter indicates that ADC changes
in patients with minimal HE are, at least in part, attributable
1o ammonia-mediated low-grade brain edema. However, not
only ammonia, but also benzodiazepines, hyponatremia, and
cytokines can induce low-grade brain edema (16), [ndeed,
we found in this study that ADC is a sensitive parameter for
diagnosis of minimal HE n cirrhotic patients compared with
venous ammonia levels.

Although neuropsychological tests can be used for diag-
nosis of mmimal HE, their value in clinical routine 18 lim-
ited because ol methodological problems, age, education, and
training effects, as well as lack of standardization (2, 6), We
used validated neuropsychological tests with normal values
at our hospital. Using this definition, we found a minimal
HE prevalence of 25% m our outpatient cirrhotic population,
which is i agreement with the prevalence found in other
studies using the same methods (6). The neuropsychological
HE score includes a battery of five neuropsychological tests
that has been found useful for the diagnosis of minimal HE.
In a recent consensus meeting, this score was recommended
as the gold standard for the diagnosis of minimal HE (2). The
weakness ol this wol is the need [or data on large distnbu-

tions of subjects, adjusted for education level and age, and
it 15 not adopted 1n our unit at present. Neuropsychological
tools, such as electroencephalography, exogenously-evoked
potentials, and endogenous P300 wave, have been used for
the diagnosis of minimal HE (6, 17), However, these tools
have lower sensitivity than that of neuropsychological tests
ADC, on the other hand, 1s a reproducible parameter with no
bias tor education and traiming ¢ llects.

In this study, we selected cingulate gray matter as the re-
gion of interest for analysis, because it has been reported
that metabolism and blooed flow n the cerebral limbic sys-
tem, especially in the anterior cingulate gyrus, are closely
associaled with the findings of neuropsychological tests, as
demonstrated by changes in glucose metabolism measured
by positron emission tomography or single photon emission
tomography (18-20). In the current study, however, we did
not evaluate ADC of the anterior cingulated gyrus, but that of
the posterior cingulate gyrus, because echo-planar diffusion-
weighted imaging does not permit precise evaluation of the
anterior cingulate gyrus because of susceptibility artifacts
from sinus air. We found that no significant changes in ADC
values of the posterior cingulate gray matter were observed
in patients with minimal HE. Generally, our observations of
altered ADC values were more prominent in white matter
than those in gray matter. Lodi er af. noted sigmficant ele-
vation in ADC values in all the regions, including the puta-
men and pallidus, n patients with advanced cirrhosis and
HE (7). These findings suggest thai, with increasing grade
of HE, brain edema increases and progressively affects the
gray matter. Another explanation for unaltered ADC valuesin
cingulate gray matter might be the limitation of resolution at
1.5 T. The region of interest in the posterior cingulate gyrus
iy smaller than that of the other brain areas measured; this
suggests that the measurement of the ADC might be affected
by the lower resolution at 1.5 T, In addition, the partial vol-
ume effect from cerebrospmal fluid might influence the ADC
measurement in the posterior emgulate gyrus, although spe-
cial care was taken lo select the region of interest, avording
the partial volume effect. Those limitations might affect the
results of the ADC measurements in the posterior cingulate
gyrus.

In this study, we were unable Lo perform MR imaging re-
peatedly. Longitudinal MR imaging studies performed after
normalization of liver function and unprovement in neurolog-
ical status might provide evidence to support the hypothesis
that an increase in the ADC reflects potentially reversible
low-grade cercbral edema. Such studies would add 1o our
knowledge of the pathophysiology of HE, and evaluate the
potential use of ADC measurements as a surrogate marker
for assessing therapy in mimmal HE. Further studies should
be undertaken i the furure

The relationship between mimmal HE diagnosis and de-
velopment of overt HE 1s very important because the first
episode of HE is associated with a short survival (21). In our
study, the survival rate was only 30% after overt HL. However.



the relationship between minimal HE and further overt HE
has not been well studied. Romero-Gomez ef al. found that
minimal HE (defined on the basis of number connection test
or auditory-evoked potential alteration) could predict a sub-
sequent episode of overt HE (22). We found that ADC values
were assoclated with the development of overt HE in long-
term follow-up. Limitations tnclude the small sample size. but
despite this limitation, we conclude that diffusion-weighted
imaging 1s well suited to predict the development of overt HE.
In addition, ADC measurements may be an objective param-
eter for assessment of therapeutic regimens. Treatment of
minimal HE is not recommended at this ume because there
are no studies showing a positive influence of treatment on
quality of life, driving ability, or prevention of overt HE. Fur-
ther interventional studies are needed 10 determine whether
treatment could change the natural history of this disease
entity.

In summary, ADC is a reliable tool for quantification of
low-grade HE. A value of ADC above the cutoff of 0.841 x
10-* mm?/s for frontal, or 0.808 x 10~? mm?/s for parieal
white marter defines a nisk factor for overt HE.
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Background/Aims: The aim of this study is to determine the clinical relevance of hepatic producing iron regulatory hor-
mone-hepcidin, on iron overload in patients with chronic hepatitis C (CHC).

Methods: Serum hepeidin was measured in 73 CHC patients by surface-enhanced laser desorption/ionization time of
flight mass spectrometry (SELDI-TOF-MS), and compared to those of healthy controls and anemia of inflammation
patients, and analyzed their relationship to hepatic hepcidin mRNA expression levels and clinical, hematological, and his-
tological findings. The sequential changes of hepcidin were investigated in 27 CHC patients treated with a 48 week-course
of pegylated-interferon (PEG-IFN) plus ribavirin therapy.

Results: Serum hepeidin was positively correlated with hepatic hepeidin mRNA levels, serum ferritin and the degree of hepatic
iron deposition in CHC. Serum hepcidin-to-ferritin ratios were significantly lower in HCV positive patients than in HCV negative
controls in both hyper- and normal-ferritinemic conditions. This relative impairment of hepcidin production was fully reversible
after successful HCV eradication by PEG-IFN plus ribavirin, concomitantly with the improvement of the iron overload condition.

Conelusions: The impairment of hepatic hepcidin production occurring with chronic HCV infection may enhance iron
toxicity and lead to disease progression, and modulation or supplementation of hepcidin may be beneficial for these con-
ditions in CHC.
© 2008 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.

Keywords: Chronic hepatitis C; Iron; Iron-regulated genes; Interferon; Ribavirin; Surface-enhanced laser desorption/
ionization time of flight mass spectrometry (SELDI-TOF-MS); Real-time PCR

Received 12 January 2008; received in revised form 30 April 2008, accepred | May 2008; available online 6 June 2008
Associate Editor: Y. M. Deugnier

“ The authors declare that they do not have anything to disclose regarding funding from industries or conflict of interest with respect to this
manuscript.

" Corresponding author. Tel.: =81 39 231 5017; fax; ~81 59 231 5223

E-mail address: nfujita@clin. medic.mie-u.acjp (N. Fujita),

Abbreviations: CHC, chronic hepatitis C; SELDI-TOF-MS, surface-enhanced laser desorption/ionization time of flight mass spectrometry, PEG,
pegylated; IFN, interferon; HCV, hepatitis C virus; Al, anemia of inflammation; SD, standard deviation; CHCA, a-cyano-4-hydroxy-cinnamic acid;
AU, arbitrary units; PCR, polymerase chain reaction; TIS, total iron score; SVR, sustained virological responders, IL, interleukin; LPS,
lipopolysacchande.

0168-8278/534.00 © 2008 European Association for the Study of the Liver. Published by Elsevier B.V. All nghts reserved
doi: 10. 1016/ jhep.2008.05.014



N Fujita et al | Journal of Hepatology 49 (2008) 702-710 703

1. Introduction

Hepatitis C virus (HCV) infection is a major global
health problem, affecting more than 170 million people
worldwide [1]. Although the causative factor responsible
for the initiation of hepatic disease processes in patients
with chronic hepatitis C (CHC) is a single insult, i.e.
HCV infection, it has become increasingly evident that
the involvement of cofactors is critical in determining
disease progression, Importantly, CHC often appears
to be associated with disturbances in iron homeostasis,
with serum ferritin and hepatic iron stores being ele-
vated in approximately 50% of patients [2-4]. Because
iron is a redox-active metal, catalyzing free radical reac-
tions via the Fenton reaction, and because there is sub-
stantial evidence to implicate redox active mechanisms
in the pathogenesis of CHC [5], iron has been high-
lighted as an important element affecting the natural his-
tory of CHC. However, little is known about the
mechanism of excess iron accumulation during chronic
HCV infection,

Recently, hepcidin, a 25 amino acid antimicrobial
peptide hormone [6,7], has been shown to play a central
role in the regulation of iron homeostasis [8). Hepcidin is
mainly secreted by the liver [6,7] and induces internaliza-
tion and degradation of the iron exporter ferroportin in
absorptive enterocytes and reticuloendothelial cells,
thereby inhibiting iron absorption from the intestine
and iron release from reticuloendothelial cell stores [9].
Hepcidin expression is induced by iron loading, thus
providing a feedback mechanism to limit further iron
absorption [6,8]. Hepcidin is also recognized as a key
mediator of anemia of inflammation (Al) [10}; charac-
terized by impaired intestinal iron absorption, reticulo-
endothelial cell iron sequestration, and hypo-ferremia
and hyper-ferritinemia [11].

Previously, using liver biopsy samples, we demon-
strated that hepatic hepcidin mRNA expression levels
were relatively low in CHC, compared to chronic hepa-
titis B [12], suggesting that hepcidin may be involved in
the iron overload in chronic HCV infection. But liver
biopsy cannot be performed ethically on patients with-
out liver disease, and cannot be carried out repeatedly,
even on CHC patients. Thus, comparison of hepatic
mRNA expression levels of hepeidin between HCV posi-
tive and negative cases, and evaluation of sequential
changes after HCV eradication by interferon (IFN)-
based therapy, cannot be determined. Recently two
reports described the use of surface-enhanced laser
desorption/ionization time of flight mass spectrometry
(SELDI-TOF-MS) for the semiquantitative determina-
tion of hepecidin in human serum [13,14]. Therefore,
using this assay, we measured the serum hepcidin levels
in patients with CHC and compared them to normal
subjects and patients with Al, as the normal and positive
controls for serum hepcidin. The sequential changes of

serum hepcidin also were investigated in patients who
cleared HCV infection after a 48-week course of pegylat-
ed (PEG)-IFN plus ribavirin combination therapy.

2. Patients and methods

2.1. Patients

A total of 73 consecutive patients with CHC, who were hospitalized
at Mie University Hospital between June 2005 and June 2006, were
enrolled in this study (Table 1). The diagnosis of chronic HCV infec-
tion was based on the consistent detection of serum anti-HCV anti-
body (the third-generation EIA; Ortho Diagnostic Systems, Raritan,
NJ, USA) and HCV RNA (Amplicor-HCV assay, Roche Molecular
Diag. Co., Tokyo, Japan). None of the patients complicated with acute
inflammatory disorders and received phlebotomy in the year preceding
the study. All patients showed absence of the HFE mutations C282Y
or H63D. Serum HCV RNA titer was quantified by the Amplicor
monitor assay (Roche Molecular Diag. Co.). We also recruited
patients with Al, who were hospitalized between August 2005 and June
2006, as a control for high serum hepcidin levels. Ten Al patients
attributed to various pathologies (five suffered from rheumatoid arthri-
tis, two from malignant lymphoma, and one from systemic lupus ery-
thematosus, pyelonephmis. and pulmonary tuberculosis, respectively)
participated in the study. We also studied a group of age-maiched
healthy volunteers (n = 10} w:th normal serum iron status, no signs
of liver d or ion, and without HCV infection
as controls for normal serum hepcidin levels between April 2006 and
June 2006. Serum ferritin levels were measured by RPHA method
(Ohthuka assay Co. Ltd., Tokushima, Japan) in this study. The upper
limit of normal-ferritin was defined as 170 ng/mL for males and
120 ng/mL fnr females by the value of mean +3 standard deviations
(SD) obtained using the serum les of T volun-
teers (n = 1562, 823 males and 739 females) tunpubhshod data), This
normal range of ferritin deviates from the more universally used upper
reference values of 300 ng/mL for males and 200 ng/mL for females,
and may be a distinctive feature of Japanese population, Blood sam-
ples of all these subjects were collected on the morning under fasting
conditions, and sera were separated immediately after blood collection
and stored at ~80 °C until use. Informed consent was obtained from
cach patient included in the study and the study protocol conformed
to the ethical guidelines of the 1975 Declaration of Helsinki as reflected
in a priori approval by the Ethical Committee of Mie University.

2.2. Semi-quantitative assay for serum hepcidin using the
SELDI-TOF MS system

We performed serum hepeidin measurement by SELDI-TOF MS
system between October 2006 and February 2007 (storage period of
serum samples was 5-19 months), as reported previously, with some
modification [13}. In brief, 40 yL of the diluted serum samples was
applied onto an IMAC 30 chip array (Ciphergen Biosystems, Free-
mont, CA, USA) and incubated at room temperature for 30 min.
The chip arrays were washed and air-dried, and 0.5 uL. s-cyano-4-
hydroxy-cinnamic acid (CHCA) was added twice (o the array surface,
and arrays were analyzed with the Chiphergen ProteinChip Reader
(model PBS I1; Chiphergen Biosystems). The mass—charge ratio (m/z)
of each of the proteins/peptides captured on the array surface was
determined according to the externally calibrated standards: Arg8-
vasopressin  (1084.25 Da), somatostatin (1637.9 Da), dynorphin
(2147.5 Da), bovine insulin P-chain (349595 Da), human insulin
(5807.65 Da), bovine ubiguitin (8364.8 Da), and bavine cytochrome
€ (12,2309 Da). Serially diluted synthetic hepcidin-25 (Peptide Insti-
tute, Osaka, Japan) was used as a quantitative control. The data from
the peak intensities were normalized with total ion current using Bio-
marker Wizard (Ciphergen ProteinChip Software 3.1.1; Chiphergen
Biosystems) to compensate for the variations in sample concentrations
loaded onto a spot; the data were represented as arbitrary units (AU)
calculated using this software.
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Table 1
Clinical characteristics of patients in this study
Characteristics HCV negative Chronic hepatitis C Statistics
Normal subject Al (n=10) Normal-ferritinemia Hyper-ferritinemia Normal vs. Al vs CH-C(N) vs.
(n=10) (mn=22) (n=>51) CH-C(N) CH-C(H) CH-C(H)
Age (¥f) 492=113 523181 518=133 56.5+9.2 0.5998 0.2783 0.0856
Gender (M/F) 6/4 4/6 14/8 30/21 0.99%9 0.4512 0.8977
Laboratory data
ALT (IU/L) 238 £9.0 200 £ 147 624+39.7 5794362 <0.0001 <0.0001 0.6080
AST (IU/L) 206+53 48120 621 £357 56.7 =383 <0.0001 <0.0001 0.4406
Red blood cell 473 =62 38T £ 80 429 + 48 377 =63 0.0377 0.7841 0.0008
count (x10*/mm")
Hemoglobin (/L) 143 £ 15 HN2+27 13315 120 + 20 0.1000 02496  0.0060
Hematocrit (%) 43.7=43 6053 40939 373+£53 0.0739 0.8683 0.0059
Platelet count 209+49 217+£102 149146 12744 0.0022 <0.0001 0.0584
(x10%mm?)
Serum iron (pg/dL) 108 £42 45=15 119 + 56 147 £ 55 0.5858 <0.0001 0.0439
Transferrin saturation (%) 31.0+ 125 183 +66 3.5=155 46.6 £ 199 0.9243 <0,0001 <0.0001
Serum ferritin (ng/mL) M4+30 183 £ 48 78 £ 68 473 £ M6 0.3013 DOII0  <0.0001
Serum HCV RNA . - 1490 + 1400 1060 + 1020 0.1552
(KIU/mL)
Liver histology (n=19) | = 40)
Inflammatory activity 0/9/7/3 0/22/16/2 0.3781
0/1/2/3)
Fibrosis staging . 0/6/6/7/0 0/6/18/9/7 0.0853
(0/1/2/3/4)
Total iron score 68 £48 155+ 6.0 <0.0001

Note. Al, anemia of inflammation; CH-C(N), chronic hepatitis C with normal-fernitinemia; CH-C{H), chronic hepatitis C with hyper-ferritinemia;

ALT, alanine aminotransferase; AST, aspariate aminotransferase.
Data are expressed as means + SD.

Bold characters indicate these values are ststistically significant (p < 0.05).

2.3. Liver biopsy samples

Liver biopsy was performed in 59 CHC patients for clinical histolog-
ical evaluation. Liver tissue specimens were divided into two groups; one
portion was fixed in buffered formalin and embedded in paraffin and the
other was immediately frozen and stored at ~80 °C for RNA extraction.
Hepcidin mRNA quantification was performed using the TagMan real-
time detection—polymerase chain reaction (PCR) assay (Applied Biosys-
tems, Tokyo, Japan), as described previously [12] Fixed hepatic tissues
were stained with Hematoxylin & eosin and Masson’s trichrome, and
were graded for the degree of necroinflimmatory activity and staged
for the extent of fibrosis using the criteria of Desmet et al. [15] The his-
tological quantification of hepatic iron using liver samples stained with
Perls' Prussian blue was carried out according to Total Iron Score
(TIS, 0-60) system proposed by Deugnier et al. [16].

2.4. PEG-IFN and ribavirin combination therapy for
CHC patients

Among the 73 CHC, 27 completed a 48-week course of PEG-IFN
[1.5 pg/kg once per week of PEG-IFNa-2b (Schering-Plough Corpora-
tion, Kenilworth, NJ, USA)] and ribavirin [600-1000 mg per day of
Rebetol  (Schering-Plough Corporation)] combination therapy.
Patients with serum HCV RNA negative by reverse transcription-
PCR for 24 weeks after the completion of therapy were defined as
“sustained virological responders (SVR)" and the remaining patients
categorized as “non-SVR subjects”.

2.5. Sratistical analysis

Data are expressed as means = SD. The baseline characteristics
were compared using the unpaired Student r-test, Mann-Whitney U/
test, or Oneway Factorial ANOVA and multiple comparison test for

continuous variables and ;” test for ¢ weal vanables. Correlat

between two variables were assessed by the Spearman rank correlation
test. To analyze the changes of serum hepcidin, ferritin, and their ratio
after the PEG-TFN and ribavirin therapy, paired Student r-test was
used. Two-sided p values of <005 were considered as statistically sig-
nificant. All statistical analyses were performed using the commercially
available softwarc SPSS 11,5 software (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Clinical characteristics of the patients

The clinical characteristics of the patients are summa-
rized in Table 1. Patients with Al showed the characteris-
tic clinical profile; mild normocytic or microcytic anemia,
low serum iron and transferrin saturation, and elevated
serum ferritin levels. Seventy-three patients infected with
HCV were included in this study. Fifty-one patients with
CHC (69.9%) had increased serum ferritin values
(=170 ng/mL for males and >120 ng/mL for females),
and remaining 22 patients had normal-ferritinemia.
Hyper-ferritinemic CHC patients had low red blood cell
counts and low hemoglobin and hematocrit levels com-
pared to normal-ferritinemic CHC, and the anemic levels
were comparable to those of the Al. The majority of CHC
patients had mild to moderate iron deposition in liver tis-
sue (mean TIS was 12.7 & 6.9) and hepatic iron deposi-
tion was not detected (TIS = 0) only in two cases,
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3.2 Serum hepcidin concentrations 300
(n =589)

Serum hepeidin was measurable in all 10 healthy con- o “
trols and the 10 Al and 73 CHC patients. The mean
serum hepeidin level was 29.4 + 259 AU in CHC with 5
normal-ferritinemia, and this value was not significantly T 200
different to healthy controls (34.2 = 15.6 AU) (Fig. 1). 5
In CHC with hyper-ferritinemia, serum hepcidin levels § 150
were significantly higher (81.6 +48.8 AU, p = 0.0002) 2
than those of the healthy volunteers and also signifi- E
cantly higher than the normal-ferritinemic CHC patients 5 =
(p <0.0001). As expected, the mean serum hepcidin level
was highest (110.5 £ 29.5 AU) in Al patients, but this 50 —
was not statistically different from the hyper-ferritinemic ® £=0.788
CHC patients. 88 2<0.0001 |

Serum hepcidin levels were compared to the hepatic é 1?0 2'_0 3'_0 al_u 50

hepcidin mRNA levels in the 59 CHC patients who
underwent liver biopsies. Serum hepcidin and hepatic
hepcidin mRNA levels appeared to be positively corre-
lated (Fig. 2), demonstrating that the serum hepcidin
concentrations can be considered a valid reflection of
hepatic hepcidin production.

3.3, Correlation between serum hepcidin concentrations
and clinical parameters in CHC patients

The correlations between serum hepeidin concentra-
tions and clinical characteristics in CHC patients were
investigated, and the results are summarized in Table
2. Patients’ age, gender, and body mass index were not

p = 0.0002
300 p=NS p < 0.0001 p=NS
s
§ 250 +
= 2004 &
§ 150 - 8
8 % g
o = i -
£ 100- o ®
8
Per g 2 %
4 =
Normo- Hyper-
ferntinemia  feritinemia
Normal Al
Chronic Hepatitis C
Fig. 1. Serum hepcidin ¢ ations in normal subj (m=10) and in

patients with chronic hepatitis € (CHC) [with normal-ferritinemia
(n=122) and hyper-ferritinemia (# = 51)] and anemia of inflammation
(AI) (= 10). Serum hepcidin was measured by surface-enhanced laser
desorptionfionization time of fight mass spectrometry (SELDI-TOF-
MS) system. Hyper-ferritinemic CHC patients had significantly higher
serum hepeidin concentrations than those of normal subjects and normal-
ferritinemic CHC patients, but there were not significantly different from
Al patients. Serum hepcidin also did not differ significantly between
normal subjects and CHC with normal-ferritinemia. The horizontal line
shows the mean value of serum hepeidin in each group.

Hepatic Hepcidin mRNA
(x 10*/GAPDH)

Fig. 2. Correlation between serum hepcidin concentrations and hepatic
hepcidin mRNA levels in patients with chronic hepatitis C (n=59).
Hepatic hepeidin mRNA was quantified by TaqMan real-time detection—
polymerase chain reaction assay and normalized by glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) mRNA quantified simultaneously in
each liver tissue sample. Regression line is shown.

related to serum hepcidin concentrations. Red blood cell
counts and transferrin saturation were weakly correlated
with serum hepcidin levels. Serum ferritin levels
(Fig. 3A) and TIS score (Fig. 3B) were strongly corre-
lated with serum hepeidin levels, indicating that hepci-
din is expressed by the liver in response to iron
burden, even in chronic HCV-infected patients. The
expression of hepeidin is also known to increase in
response to inflammatory stimuli [17]. But, there were
no significant correlations between serum hepcidin levels
and serum transaminase, CRP levels, and histological
inflammatory grading in CHC patients,

3.4 Serum hepcidin concentrations relative to iron burden

Our findings of strong positive correlations between
serum hepecidin and serum ferritin and hepatic iron
scores in CHC also suggest feedback to hepcidin expres-
sion against iron overload, and the ratio of hepcidin lev-
els to iron overload may be constant. To evaluate the
relative amounts of hepeidin in relation to iron burden,
we calculated the ratio of serum hepeidin/ferritin in each
subject. The ratio was significantly lower in HCV posi-
tive patients than in HCV negative controls not only
for those in a hyper-ferritinemic condition but also for
normal-ferritinemic; the ratio of serum hepeidin/ferritin
of CHC with hyper-ferritinemia was significantly lower
than that of the Al patients (0.25+£0.24 vs,
0,65 +0.24, p<0.0001) (Fig. 4), and that of CHC
patients with normal-ferritinemia was also significantly
lower than that of healthy volunteers (0.47 £ 0.46 vs.
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Table 2

Correlations between clinical findings and serum hepeidin levels in patients with chronic hepatitis C (a =73)

Characteristics Serum hepcidin (AU) Statistics
r p Values
Age (yr) ~0.069* 0.5699"
Gender
Male (n=44) 60.8 =137.1
Female (n = 29) 73.6 = 63.6 07780
Body mass index (kg/m?) -0.055* 0.6386*
Laboratory data
ALT (TU/L) -0.058* 0.6272*
AST (I1U/L) ~0.093* 0.4356*
Platelet count (x 10%/mm’) -0.218* 0.0654*
Red blood cell count (< 10%/mm") -0.237* 0.0449°
Hemoglobin (g/L) -0.229* 0.0530"
Hematocrit (%) ~0.226* 0.0554"
Serum iron (ug/dL) 0.162* 0.1695*
Transferrin saturation (%) 0.285* 0.0156*
Serum ferritin (ng/mL) 0605 <0.0001*
Serum HCV RNA (KIU/mL) -0.078* 0.5081*
CRP (mg/dL) 0.061* 0.6071°
Liver histology (n=59)
Inflammatory activity
Al (n=31) 735564
Al (n=23) 66,7 =419 0.4051°
Al(n=35) 408 =698
Fibrosis staging
Fl (n=12) 483 =311
F2(n=24) T9.5+580 0.2359°
Fi(n=16) 650 =418
Fad(n=T) 949 +38.3
Total iron score 0.797* <0.0001*
Hepeidin mRNA levels 0.786" <0.0001*

Note. ALT, alanine aminotransferase; AST, aspartate aminotransferase.

Data are expressed as means = SD.

Bold characters indicate these values are statistically significant (p < 0.05),

* Spearman rank correlation test
" Unpaired Student r-test,
© Oneway Factorial ANOVA and multiple companson test.

0.73 +0.36, p = 0.0253). Conversely, the ratio was not
significantly different between healthy volunteers and
Al patients. Serum ferritin shows a skewed distribution.
Therefore, hepcidin/log scale ferritin levels were also cal-
culated, and the ratio was again lower in CHC patients
than in HCV negative controls (30.9 £+ 18.0 wvs.
492 +13.9 in hyper-ferritinemic group, p = 0.0010;
15.3 £ 11.3 vs. 20.2 + 8 4 in normal-ferritinemic group,
p =0.2226). These results indicate that hepcidin expres-
sion in the liver may be relatively impaired in chronic
HCV-infected patients, when adjusted for serum con-
centrations of ferritin.

3.5, Changes of serum hepcidin concentrations after PEG-
IEN plus ribavirin therapy for CHC patients

To evaluate the direct involvement of HCV infection in
impairing hepatic hepcidin production, serum hepcidin
was determined before and after the completion of 48-week

course of PFG-IFN plus ribavirin therapy in 27 CHC
patients. Twelve patients were assigned to SVR and the
remaining 15 to non-SVR, and serum hepcidin was mea-
sured again 24 weeks after completing therapy (i.c., after
the 72 weeks of pretreatment measurement of serum hepci-
din). After the PEG-IFN plus ribavirin therapy, serum
hepcidin levels were significantly increased in SVR patients
(from 69.8 + 24.5t0 117.0 + 28.3 AU, p = 0.0059), but on
the contrary, they were decreased significantly in non-SVR
patients (from 66.3 + 39.7t047.1 + 20.5 AU, p = 0.0350)
(Table 3) (Fig. SA). Serum ferritin levels were significantly
decreased in both SVR and non-SVR patients after the
therapy (Fig. 5B). Remarkably, when HCV was eradicated
from the patients by PEG-IFN plus ribavirin, their hepei-
din/ferritin ratios were significantly elevated (from
021 £0.12 to 0.70 +£0.30, p<0.0001) (Fig. 5C) and
reached the same levels as healthy subjects (0.73 + 0.36,
p=0.8951) (Table 4). but they were constantly low in
non-SVR patients (from 020+ 0.14 to 0.18 £0.12)
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Fig. 3. Correlations between serum hepeidin concentrations and serum
ferritin (A) (n = 73) and total iron score in hepatic tissues (B) (n = 59) in
patients with chronic hepatitis C. Regression lines are shown.

(Fig. 5C). After the PEG-IFN plus ribavirin therapy, the
slopes of regression line of serum hepcidin and ferritin cor-
relations were considerably different between SVR and
non-SVR groups, although they did not reach the statisti-
cal significance, perhaps due to the limited number of
patients and the narrow range of post-treatment ferritin
levels in SVR patients (Fig. 5D).

4. Discussion

Recently, hepcidin is emerging as a central player in
the regulation of iron homeostasis and measurement
of serum hepcidin seems to be useful for understanding
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Fig. 4. Serum hepcidin-to-ferritin ratio in normal subjects (a = 10) and
in patients with chronic hepatitis C (CHC) [with normal-ferritinemia
{m=122) and hyper-ferritinemia (n =51)] and anemia of inflammation
(AI) (n=10). The ratio was significantly lower in normal-ferritinemic
CHC patients than in normal subjects and in hyper-ferritinemic CHC
patients than in Al patients. The horizontal line shows the mean value of
hepcidin-to-ferrtin ratio in each group.

the mechanism of iron dysregulation in patients suffer-
ing from iron regulatory disorders. Previously, due to
the lack of availability of a serum hepcidin assay, some
investigators have employed an ELISA method which
measures prohepcidin, the 64 amino acid precursor
[18,19]. Utlizing this assay, no significant change was
observed in human serum prohepcidin in response to a
lipopolysaccharide (LPS) injection, whereas the urinary
hepecidin increased significantly [20]. Thus, this casts
doubt on the value of measurement of prohepcidin as
a diagnostic surrogate for iron regulatory disorders or
as a correlative determinate of circulating hepcidin con-
centrations. In this study, we used a SELDI-TOF MS
analysis and evaluated serum hepcidin concentrations
in CHC patients, and compared them to healthy sub-
jects and Al patients. Serum hepcidin concentrations
were correlated significantly with hepatic hepcidin
mRNA levels in patients with CHC, indicating that
serum hepcidin semi-quantification by this assay is a
valid approach to evaluate hepatic hepcidin production.
In many CHC patients with hyper-ferritinemia, serum
hepcidin was increased and its mean concentrations
reached the level of Al But in patients with normal-fer-
ritinemic CHC, serum hepcidin concentrations were rel-
atively low and did not differ significantly from those of
normal subjects. In addition, serum hepcidin was
strongly correlated with serum ferritin and hepatic iron
deposition score in CHC. A strongly positive relation-
ship between serum ferritin and hepcidin expression lev-
¢ls already has been reported in congenital chronic
anemic patients [21] and normal volunteers [22], all were
free of HCV infection. Thus, these results suggest that
hepatic expression of hepcidin also is tightly regulated
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Table 3

@linical characteristics and changes of laboratory data during the PEG-IFN plus ribavirin therapy in patients with chronic hepatitis C

Characteristics PEG-IFN + RBV

SVR (n=12) Non-SVR(n = 15)
Before Aflter Before Allter

Age (yr) 527102 598 =16

Gender (M/F) 9/3 8

Body mass index (kg/m’) 24.2+32 23.1+23

Laboratory data
ALT (IU/L) 66.0 = 29.8 D3+162 580 =545 4“8 =234
AST (IU/L) 64.5 =249 298+ 14.1 62.0 =440 424 =222
Platelet count ( x 10%/mm’) 16.0 + 4.0 174+£37 134229 135=34
Red blood cell count (x10%/mm”) 457+ 47 453+ 52 381 =34 386 + 22
Hemoglobin (g/L) 147 =13 146 £ 12 12011 126 = §
Hematocrit (%) U036 404+ 102 37.3+28 312 £37
Serum iron (pg/dL) 144 =40 115+43 148 = 60 124 = 61
Transfernn saturation (%) 430£ 185 139+8.1 45,7+ 192 318 =146
Serum ferritin (ng/mL) 491 =176 190=79 488 = 185 132 £ 190
Serum HCV RNA (KIU/mL) 1160 = 1200 - 1510 = 1230 1600 = 1480
Serum hepcidin (AL) 698 +245 117.0+28.3 66.3 = 39.7 471 £205

Liver histology (n=9) (n=9)
Inflammatory activity (0/1/2/3) 0/3/6/0 0/4/3/2
Fibrosis staging (0/1/2/3/4) 0/2/4/1/2 0/0/6/3/0
Total iron score 16349 15379

Note. PEG-IFN, pegylated-interferon; RBV, ribavirin; SVR, sustained virological responder;

ALT, alani fi AST, aspartate aminotransferase.
Data are expressed as means = SD.

in response to iron burden, even in the liver of chroni-
cally infected with HCV.

It is surprising that the serum hepcidin/ferritin ratio
was significantly lower in HCV positive patients than
in HCV negative controls, in both in hyper- and nor-
mal-ferritinemic conditions, indicating that the hepcidin
induction per iron burden was relatively impaired in
CHC patients. This result was contrary to our expecta-
tions, because it has been reported that the expression
of hepcidin can be upregulated by inflammation caused
by several bacterial [20] and viral infections [23).
Because, as with the results of Aoki’s reports [24], the
serum transaminase levels and histological grading were
not significantly correlated with serum hepcidin in CHC,
mild and local inflammation which occurred in the liver
of CHC may not induce hepcidin expression. Interleukin
(IL)-6 and IL-1P appear to be the major cytokines
responsible for the induction of hepcidin in inflamma-
tion [25], but these cytokines were not evaluated in this
study. This relative impairment of hepcidin production
in CHC was fully reversible after successful eradication
of HCV following PEG-IFN and ribavirin therapy.
When the patients were assigned to SVR, serum hepci-
din levels were significantly increased after PEG-IFN
plus ribavirin treatment, and iron overload condition
was also significantly improved in SVR patients, judging
from serum ferritin, transferrin saturation, and iron lev-
els (Table 3). Consequently, the relative hepcidin per
iron burden recovered to the levels of HCV negative

healthy controls. On the contrary, in non-SVR patients,
serum hepcidin, consistent with serum ferritin, was sig-
nificantly decreased after PEG-IFN and ribavirin, and
the hepcidin/ferritin ratio was not significantly changed
during the treatment. From these results, relatively low
hepcidin expression in CHC seems to be directly related
to HCV replication in the liver.

The molecular mechanism by which HCV induces the
impairment of hepcidin production is currently unknown,
Even the regulatory mechanisms of hepcidin have just
begun to be investigated very recently. During prepara-
tion of this manuscript, Nishina et al. [26] clearly demon-
strated that transgenic mice expressing HCV polyprotein
had decreased hepcidin expression and increased ferritin
expression in the liver. They also showed the down-regu-
lation of hepcidin promoter activity and increased hepatic
reactive oxygen species. Because it is well known that
hepatic oxidative stress is elevated in patients with CHC
[5], HCV-induced oxidative stress formation may involve
the down-regulation of hepcidin, causing iron accumula-
tion during chronic HCV infection.

In this study, mild anemic state was a complication
in CHC patients with hyper-ferritinemia (Table 1),
and this anemia may also influence the relatively
diminished hepatic hepcidin  production in these
patients. Hyper-ferritinemic CHC patients had lower
platelet counts and more advanced hepatic fibrosis
compared to normal-ferritinemic CHC (not reach the
significance), suggesting that hypersplenism may com-
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Fig. 5. Changes of serum hepeidin (A), serum ferritin (B), and their ratio (C) after a 48-week course of pegylated-interferon (PEG-IFN) plus ribavirin
(RBV) therapy in patients with chronic hepatitis C (CHC). (A) Serum hepeidin concentrations increased significantly after the PEG-IFN + RBV in
sustained virological responders (SVR). On the contrary, serum hepcidin levels decreased significantly in non-SVR patients. (B) Serum ferritin
concenirations decreased significantly after the PEG-IFN + RBV therapy in both SVR and non-SVR groups. (C) The serum hepcidin/ferritin ratio was
significantly increased after the therapy in SVR, but the ratio was not significantly changed in non-SVR patients. (D) Correlation b serum hepeidi
concentrations and serum ferritin after PEG-IFN plus RBV therapy in patients with CHC. Open circles depicted SVR patients and open triangles
depicted non-SVR patients. Regression lines are shown.

plicate in some of hyper-ferritinemic CHC. Additional reversible after successful eradication of HCV, The con-
study is necessary to determine the influence of hyper- sequences of this dysregulation of the hepcidin expres-
splenism on hepatic hepcidin production in chronic sion by HCV may be an important mechanism
liver discase patients. underlying the iron overload seen in CHC and may have

In conclusion, we measured serum hepecidin concen- significant implications for the management of chronic
trations in patients with CHC and relatively low levels HCV infection. Improvement for its regulation or sup-
were observed compared to HCV negative individuals. plementation of hepcidin may be beneficial for CHC
This effect of HCV on hepcidin expression was fully patients with iron overload.
Table 4
Serum hepeidin, ferritin, and its ratio after PEG-IFN + RBV therapy in patients with chronic hepatitis C and comparison to normal subject
Characteristics After PEG-IFN + RBV Normal subject  Statistics

SVRin=12) Non-SVRin=15) (n=10) SVR vs. Non-SVR  SVR vs. Normal  Non-SVR vs. Normal

Serum hepeidin (AU} 1172283 471 £205 3422156 20,0001 “0.0001 0.1492
Serum ferritin (ng/mL) 190 =792 332+ 190 544 £ 304 0.0157 0.0002 “0.0001
Hepadin/ferritin ratio 0,70 =030 0,18 £0.12 0.73 £0.36 <0.0001 0.8951 0.0001

Note. PEG-IFN, pegylated-interferon; RBV, ribavirin; SVR, sustained virological responder
Diata are expressed as means = SD.
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Iron Overload Is Associated with Hepatic Oxidative
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Abstract

Several lines of evidence have suggested that oxidative
stress plays an smporunt role for the pathogenesis of

alcoholi titis (NASH). Therefore, by
u.nmg immunohistochemical staining of liver biopsy
5 we red hepatic 7,8-dihydro-8-oxo-2'
dmxyguannune (8-0x0dG), a DNA base-modified prod-
uct generated by hydroxyl radicals, of 38 NASH patients
and compared with 24 simple steatosis and 10 healthy
subjects. Relation of hepatic 8-oxodG with clinical,
biochemical, and histologic variables and changes after
iron reduction therapy (phlebotomy plus iron-restricted
diet) were also examined. Hepatic 8-ox0dG levels were
significantly higher in NASH compared with sunple
steatosis (17.5 versus 2.0 8-oxodG - positive cells/10® um?;
P < 0.0001), 8-0oxodG was significantly related to iron

overload condition, glucose-insulin metabolic abnor-
mality, and severities of hepatic steatosis in NASH
patients. Logistic regression analysis also showed that
hepatic iron deposit and insulin resistance were inde-
pendent variables associated with elevated hepatic
8-ox0dG. After the iron reduction therapy, hepatic
8-0x0dG levels were upiﬁuntly decreased (from 20.7
to 13.8 positive cells/1 P < 0.01) with concomitant
reductions of serum Inmminm levels in NASH
patients. In conclusi iron overload may play an
important role in the pathogenesis of NASH by
generating oxidative DNA damage and iron reduction
therapy may reduce hepatocellular carcinoma incidence
in patients with NASH. (Cancer Epidemiol Biomarkers
Prev 2009;18(2):424-32)

Introduction

Nonalcoholic fatty liver disease, the leading cause of liver
disease in Western countries, includes a spectrum of
clinical entities ranging from pure fatty liver to nonalco-
holic steatohepatitis (NASH; ref. 1). Simple steatosis is
usually considered benign, but the development of
NASH is recognized as a precursor to more severe liver
disease and sometimes evolves into cryptogenic cirrhosis
and hepatocellular carcinoma (2). A commonly accepted
model for the pathogenesis of NASH is the so-called
“two-hit” hypothesis, wherein the “first hit” leads to
accumulation of hepatic free fatty acids resulting in a
histologic picture of macrovesicular steatosis (3). Several
lines of evidence have suggested that oxidative stress
may play an important role for the pathogenesis of
NASH as the “second hit” (4-6), but little is understood
about the molecular mechanisms of its formation in the
liver of NASH and involvement of hepatocarcinogenesis.
One convincing candidate for the source of oxidative
stress is excessive accumulated iron in the liver of
patients with NASH because mild to moderate iron
overload in the liver is common in NASH (7-9). It is
known that ferrous iron in the presence of hydrogen
peroxide generates hydroxyl radical through the Fenton
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reaction (10). In the representative iron-related liver
injury disorder, genetic hemochromatosis, it is clearly
shown that hepatic iron is responsible for liver damage
through reactive oxygen species formation leading to
lipid peroxidation and accumulated oxidative stress,
which causes hepatic cancer (11). It is therefore plausible
that hepatic iron overload may contribute to oxidative
stress formation among patients with NASH.
7.8-Dihydro-8-ox0-2" deoxyguanosine (8-oxodG) is a
maodification of guanine that induces a point mutation in
the daughter DNA strands (12) and it is used as a marker
of oxidatively generated DNA damage in several
diseases (13). Therefore, we examined 8-oxodG levels in
the liver of NASH patients, compared with those of
simple steatosis, and evaluated its relation with clinical,
biochemical, and histologic findings. Changes of hepatic
8-ox0odG levels after iron reduction therapy were also
investigated in NASH patients with hyperferritinemia.

Materials and Methods

Patients. A total of 38 NASH and 24 simple steatosis
patients who underwent needle liver biopsy at Mie
University Hospital between March 2003 and December
2006 were enrolled in the study (Table 1). In addition,
10 liver specimens from HBV/HCV-negative and
normal liver function patients (6 males and 4 females;
median age, 59 y; range, 41-70 y) were obtained
during hepatobiliary surgery for either resection of
hemangioma or benign tumors, and their histologically

Cancer Epidemiol Biomarkers Prev 2009;18(2). February 2009
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Table 1. Clinical characteristics of patients with NASH and simple steatosis

Characteristics NASH (n = 38) Simple steatosis (n = 24) P
Age (y) 59.0 (29-78) 51.0 (19-73) NS
Gender I'M,-’F} 2/16 11/13 NS
BMI [ksflh ) 25.6 (22.5-36.7) 24.7 (163-35.1) NS
C!’eugr 23 (60.5%) 11 (45.8%) NS
J‘pe diabetes, n (%) 18 (47 4%) 8 (33.3%) NS
ypertension, n (%) 14 (36.8%) 9 (37.5%) NS
Hyperlipidemia, n (%) 25 (65.8%]) 15 (62.5%) NS
Labora data
ALT (TU/L) 63.0 (23-171) 59.0 (12-863) NS
AST (IU/L) 58.0 (27-134) 37.0 (17-443) 0.0047
Total cholesterol (mg/dL) 201 (151-358) 216 (155-2786) NS
Tnglyomde {mf}di.} 155 (A3-443) 125 (73-261) NS
102 (71-241) 99 NS
(nuuum.ib!mf..] 12.1 (2.4-34) 9.2 (1.0-18) 0.0083
HOMA-IR 3.48 (1.51-956) 221 (1.059.29) 0.0010
Hyaluronic acid (n, Dsf mL 66.5 (5-365) 19.6 (6-258) 0.0004
Platelet count (x 1 18.0 (4.9-37.0) 23.0 (13.145.2) 0.0146
RBC count (x lo‘/m 448 (274-633) 461 (367-558) NS
Hemoglobin (g/dL) 143 (8.3-189) 14.7 (11.5-18.9) NS
Serum iron (ug/dL) 126 (88-220) 93 (25-188) 0.0059
Transferrin saturation (%) 38.0 (22.3-87.6) 324 (9443 8) 0.0152
Serum ferritin (ng/mL) 283 (69-847) 139 (18-640) <(.0001
Liver
Inflammatory activity (1/2/3)* 14/21/3 — =
Fibrosis sta; ng (1/2/3/4) 8/17/11/2 — —
Sten’wsls %1 43 (15-86) 51 (28-90) NS
TIS 3 (0-8) 0 (0-7) <0.0001
NOTE: Results are p i as bers (p ges) for qualitative data and as medians (ranges) for quanti data.
Abbreviation: NS, not signi t
‘Inflammatory activity and fibrosis staging in NASH was scored according to Brunt classification (16).

'Hewﬂclwmdwwumedhludm&mpammdaﬁeﬂedhqm

 The histologic quantification of iron was by TIS progp

normal liver tissue surrounding the resected lesion was
used as a control. A dia of NASH was established
if a combination of the th-
ologic features was present: (aE a persnsl:nt abnormal
liver biochemistry for >3 mo; (b) a liver biopsy showing
steatosis (>10%) in the presence of lobular and/or
portal inflammation, with or without Mallory bodies or
fibrosis; and (c) the exclusion of other liver diseases,
such as viral hepatitis, autoimmune hepatitis, drug-
induced liver disease, primary biliary cirrhosis, biliary
obstruction, hemochromatosis, Wilson's disease, and a-
1-antitrypsin deficiency—associated liver disease.
Patients consuming >20 g of alcohol per day were
excluded from the study. None of the patients had
ingested drugs known to produce hepatic steatosis
(including corticosteroids, high-dose ens, metho-
trexate, tetracycline, calcium channel blockers, or amio-
darone) or those capable of interfering with free radical
production (nonsteroidal anti-inflammatory drugs, vita-
mins, and iron-containing drugs) in the previous 6 mo.
One patient with NASH had a history of gastrointesti-
nal su . Simple steatosis was also diagnosed by
liver bi?y Cbeuty was defined as a body mass index
(BMI) of >25 kg/m?, aocordm§ to the criteria of the
Japan Soc:el'y for lhe Study of Obesity (14). Patients
were assi a diagnosis of diabetes mellitus if a
documented use of oral hypoglycemic medication or
insulin, a random glucose level in excess of 200 mg/dL,
or a fasting glucose of >126 mg/dL on at least two
occasions was present (15). Hyperlipidemia was
diagnosed if the cholesterol level was higher than

by Deugr

et al. [l'a")

220 mg/dL and/or the triglyceride level was over 160
mg/dL. Hypertension was diagnosed if the patients
were on antihypertensive medication and/or had a
resting recumbent blood pressure of >140/90 mmHg on
at least two occasions. Serum biochemical, hematologic,
and iron-related markers were obtained from medical
and laboratory records closest to the dates of liver
biopsies. Informed consent was obtained from each
patient and the study was approved by the Ethical
Committee of Mie Umversl study was carried
out according to the el.h.lcal gmdelme.s of the 1975
Declaration of Helsinki.

Histologic Evaluation. Biopsy specimens were fixed
in buffered formalin and embedded in paraffin. Sections
were stained with H&E for morphologic evaluation,
Masson'’s trichrome for assessment of fibrosis, and Perls’
Prussian blue stain for assessment of iron loading. The
histologic findings of NASH were interpreted and scored
according to the classification p by Brunt et al.
(16). The activity of hepatitis (necroinflammatory grade)
was determined by the presence of hepatocellular
steatosis, ballooning, and inflammation (acinar and
portal) features as follows: grade 1, mild; grade 2,
moderate; and grade 3, severe. The severity of hepatic
ﬁbmsui (s dﬁJ was defined as follows: stage 1, zone 3
Ee fibrosis; stage 2, zone 3 perisinusoidal

brosis with portal fibrosis; stage 3, zone 3 perisinusoidal
fibrosis and portal fibrosis with bridging fibrosis;
and stage 4, cirrhosis. Macrovesicular steatosis was
quantified as the percentage of hepatocytes that
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