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Abstract

Background/Aim: Stronger Neo-Minophagen C™ (SNMC), a glycyrrhizin-con-
taining preparation, has been used as a treatment for chronic hepatitis for more
than 30 years in Japan, and shown to be effective in preventing the development of
hepatocellular carcinoma in chronic hepatitis C patients, but its underlying
mechanisms remain elusive. The aim of this study was to investigate if SNMC
had an anti-oxidative effect, as oxidative stress has been proposed to be one of the
mechanisms of liver injury in hepatitis C virus (HCV)-associated chronic liver
diseases. Methods: The protective effect of SNMC against carbon tetrachloride
(CCly)-induced liver injury was examined using transgenic mice expressing the
HCV polyprotein. Results: A small dose of CCl, (10pulkg of body weight)
significantly increased the serum alanine aminotransferase (ALT) level and hepatic
malondialdehyde content, decreased hepatic reduced glutathione (GSH) content
and induced ultrastructural alterations of hepatic mitochondria in transgenic
mice, but not in nontransgenic mice. A single SNMC treatment equivalent to a
clinical dose significantly restored the serum ALT level and hepatic malondialde-
hyde and GSH contents, attenuated the ultrastructural alterations of hepatic
mitochondria, and increased mRNA expression of y-glutamylcysteine synthetase
(y-GCS). Conclusions: Transgenic mice expressing the HCV polyprotein are
abnormally vulnerable to oxidative stress. SNMC protects hepatocytes against
CCl,-induced oxidative stress and mitochondrial injury in the presence of HCV
proteins by restoring depleted cellular GSH. ‘

Chronic hepatitis C virus (HCV) infection is asso-
ciated with progressive liver disease that may evolve
insidiously to cirrhosis with an increased risk of
hepatocellular carcinoma (HCC) and liver failure
(1-3). Antiviral treatment with (peg)interferon—riba-
virin combination therapy has been successful in
50-85% of patients over the past decade (4, 5). For
those not responding or those patients with absolute
contraindications to this combination therapy, differ-
ent treatment strategies are needed. Studies on chronic
hepatitis B and C have shown that persistent normal-
ization of alanine aminotransferase (ALT) is impor-
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tant in reducing the complications of chronic hepatitis
including development of HCC, regardless of ongoing
viral replication (6, 7).

In Japan, a glycyrrhizin-containing preparation,
Stronger Neo-Minophagen C™ (SNMC), has been
used as a treatment for chronic hepatitis for more than
30 years. It is available in an injectable form for
intravenous administration, containing 0.2% glycyr-
rhizin, 0.1% L-cystein and 2.0% glycine in physiologic
solution. Glycyrrhizin is an aqueous extract of licorice
root (Glycyrrhizae radix), which has anti-allergic, anti-
inflammatory and detoxicating effects (8). The anti-
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inflammatory mechanism of SNMC is thought to be
owing to its protective effect on the hepatic cellular
membrane (9, 10). In a double-blind randomized
placebo-controlled trial, Suzuki et al. (11) reported
that in Japanese patients with chronic hepatitis, serum
transaminases decreased during the treatment with
SNMC. A recent European randomized trial also
showed biochemical and histological effects of 26-
week treatment with SNMC in patients with chronic
hepatitis C (12). In addition, Arase et al. (13) demon-
strated that long-term usage of SNMC was effective in
preventing HCC development in Japanese patients
with chronic hepatitis C. However, that study was
retrospective and the mechanisms by which SNMC
prevents HCC development remain elusive.

Oxidative stress has been proposed to be one of the
mechanisms of liver injury in HCV-associated chronic
liver diseases (14—17) and increased markers of oxida-
tive stress are a well-known feature {18-20). Oxidative
stress favours DNA damage, genetic instability and
tumorigenesis. Indeed, we have reported that HCV
transgenic mice fed an excess iron diet show marked
steatosis and mitochondrial injury at 6 months, and an
increase in the hepatic content of lipid peroxidation
products and 8-hydroxy-2’-deoxyguanosine and sub-
sequent development of HCC at 12 months after the
initiation of feeding (21). This animal model, there-
fore, seemed to be useful for studying the mechanisms
by which the long-term treatment with SNMC pre-
vents HCC development in persistent HCV infection.
In addition, we chose to use carbon tetrachloride
(CCl,) to induce mild oxidative stress in transgenic
mice, since we previously observed that a low dose of
CCl, caused the liver damage with oxidative stress in
other HCV transgenic mice (16). The aim of this
study was to ascertain if SNMC had a protective
effect against the liver damage with oxidative stress,
which would provide us with a rationale for conduct-
ing long-term treatment with SNMC in HCV trans-
genic mice.

Materials and methods

Animals

The transgene pAIbSVPA-HCV, containing the full-
length polyprotein-coding region (core to NS5B, nts
342-9378) of genotype 1b, of the HCV-N strain of
HCV (22), under the control of the murine albumin
promoter/enhancer, was described in detail by Lerat et
al. (23). Of the four transgenic lineages with evidence
of ribonucleic acid (RNA) transcription of the full-
length HCV-N open reading frame (FL-N), the FL-N/
35 lineage proved capable of breeding in large num-
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bers. There was no inflammation in transgenic livers
(23). Transgenic animals were mated with normal
C57BL/6 mice to produce subsequent-generation ani-
mals. These subsequent-generation animals were iden-
tified by polymerase chain reaction (PCR) analysis, as
described previously (21). FL-N/35 transgenic mice
and age-matched C57BL/6 mice were bred and main-
tained according to the criteria outlined in the ‘Guide
for the Care and Use of Laboratory Animals’.

Experimental design

FL-N/35 transgenic male mice and their normal
C57BL/6 male littermates (nontransgenic mice) aged
3 months were injected intraperitoneally with 10 pl/kg
of body weight CCl; (Wako Pure Chemical, Osaka,
Japan) in corn oil with/without subsequent subcuta-
neous injection of 50 pl of SNMC (supplied by Mino-
phagen Pharmaceutical Co. Ltd, Tokyo, Japan) 30 min
after CCl, injection: nontransgenic mice were injected
with CCl,, FL-N/35 transgenic mice with CCl,, non-
transgenic mice with CCl, followed by SNMC and FL-
N/35 transgenic mice with CCl, followed by SNMC.
SNMC consists of 40mg of glycyrrhizin, 20mg L-
cystein and 400 mg of glycine in 20 ml of physiological
saline. Untreated animals were used as controls. Four
to six mice in each group were killed by intraperitoneal
injection of 10% pentobarbital sodium at 12 or 24h
after CCl, injection, and blood samples and liver tissue
were collected for determination of the serum ALT
level, hepatic content of lipid peroxidation products,
cytochrome P450 2E1 (CYP2E1), reduced glutathione
(GSH) and y-glutamylcysteine synthetase (y-GCS)
and histology.

Hepatic lipid peroxidation-derived adducts

Resected fresh liver tissues were weighed and homo-
genized with saline. Homogenates were assayed for
lipid peroxidation products. Malondialdehyde (MDA),
one of aldehydic metabolites of lipid peroxidation, was
quantified by the method of Yagi (24), by using a
WAKO lipid peroxidation-test (Wako Pure Chemical).
Hepatic MDA content was expressed as nanomoles per

gram of liver weight.

Histological procedures

A portion of liver tissue was immediately snap frozen
in liquid nitrogen for RNA extraction, protein extrac-
tion and determination of the hepatic GSH level. The
remaining liver tissue was fixed in 4% paraformalde-
hyde in phosphate-buffered saline and embedded in
paraffin for histological analysis. Liver sections were
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stained with H&E and Masson’s trichrome method for
fibrosis.

Electron microscopy

Liver specimens were fixed in 2.1% glutaraldehyde,
postfixed in 1% osmium tetroxide, dehydrated in
graded ethanol and propylene dioxide, and embedded
in Epok. Thin sections were stained with uranyl acetate
and lead citrate and examined using a Hitachi-7000
transmission electron microscope (Hitachi Ltd, Tokyo,

Japan).

Immunoblotting of cytochrome P450 2E1 (CYP2E1)

Resected liver tissues were homogenized in cell lysis
buffer (Daiichi-Kagaku, Tokyo, Japan), containing
10 ul/ml of protease inhibitor cocktail (Sigma, St
" Louis, MO, USA) and 1 mM phenylmethylsulphonyl
fluoride (Roche Molecular Biochemicals, Tokyo, Ja-
pan). Protein samples (20 pg of protein) were sepa-
rated by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis on a 10-20% gel. The proteins were
electrophoretically transferred to polyvinylidene di-
fluoride membranes (Millipore, Bedford, MA, USA),
blocked overnight at 4 °C with 5% skimmed milk and
0.1% Tween 20 in Tris-buffered saline and subse-
quently incubated for 1h at room temperature with a
goat polyclonal anti-rat CYP2E1 antibody (1:3000;
Daiichi-Kagaku, Tokyo, Japan). This anti-rat antibody
has been shown to work in mice (25). The membranes
were washed, incubated with appropriate secondary
antibodies and detected with ECLTM Western blot
detection reagents (Amersham Biosciences, Piscat-
away, NJ, USA).

Hepatic content of GSH

Fifty milligrams of liver tissues was minced and
sonicated in ice-cold 5% trichloroacetic acid and
centrifuged at 3000g at 4 °C for 10 min. GSH content
in the liver was measured by the thioester method,
using a GSH-400 kit (OXIS International Inc., Port-
land, OR, USA). Protein concentrations in liver were

SNMC inhibits CCls-induced liver injury

determined by the method of Bradford et al. (26), by
using the Quick start Bradford™ Dye Reagent (Bio-
Rad Laboratories Inc., Hercules, CA, USA). Hepatic
GSH content was expressed as nanomole per milli-
gram of protein in the liver.

Messenger RNA expression (mRNA) of
y-glutamylcysteine synthetase (y-GCS)

Total RNA was extracted from the frozen liver tissues
using an RNeasy mini kit (Qiagen, Hilden, Germany).
One-step real-time reverse transcription (RT)-PCR
was performed with a Light Cycler using a QuantiTect
SYBR Green RT-PCR Kit (Qiagen), according to the
manufacturer’s instructions. The melting-point analy-
sis of all samples and controls was performed within
the range from 65 to 95 °C. The primers amplifying
the genes coding the heavy subunit (y-GCSy) and
light subunit (y-GCS;) of y-GCS are described in
Table 1. The relative quantities of target mRNA used
in the real-time RT-PCR were normalized with B-actin
to compensate for variations in input RNA amounts.

Statistical analysis

Quantitative values are expressed as mean + standard
deviation. Two groups among multiple groups were
compared by the rank-based, Kruskal-Wallis analysis
of variance test followed by Scheffe’s test because of
non-homogeneity of variance among the groups. Data
between two different groups were compared by the
Mann-Whitney test. A P value of < 0.05 was con-
sidered to be significant.

Results

CCl,-induced oxidative stress in FL-N/35
transgenic mice

Serum ALT levels remained normal in the basal con-
dition in FL-N/35 transgenic and nontransgenic mice.
FL-N/35 transgenic mice had significantly higher ALT
levels in serum (P < 0.0001) at 24 h after intraperito-
neal injection of CCl, as compared with those of the
basal condition, but nontransgenic mice did not (Fig.

Table 1. Primers of the genes coding the heavy subunit (y-GCSy) and light subunit (y-GCS,) of y-GCS

Genes Sense Antisense

y-GCSy CTCCAGGTGACATTCCAAGCC! GGCAGAAATCACTCCCCAGC!
y-GCS, CACAATGACCCGAAAGAACTGCT? GACTTGATGATTCCCCTGCTCTTC?
B-actin TGACAGGATGCAGAAGGAGA? GCTGGAAGGTGGACAGTGAG?

GenBank accession numbers are NM_010295 for 1, NM_008129 for 2, and NM_007393 for 3.

¥-GCS, y-glutamylcysteine synthetase.
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Fig. 1. Serum alanine aminotransferase (ALT) levels (A) and hepatic malondialdehyde (MDA) content (B) in FL-N/35 transgenic and
nontransgenic mice in basal and carbon tetrachloride (CCly)-injected conditions. The numbers in parentheses represent the number of
animals examined in each group. TgM, FL-N/35 transgenic mice; nonTgM, nontransgenic mice; a, P < 0.0001 vs TgM in basal

condition; b, P < 0.005 vs TgM in basal condition.

1A). Similarly, there was no difference in hepatic MDA
levels between FL-N/35 transgenic and nontransgenic
mice in the basal condition. Intraperitoneal injection
of CCl, significantly increased hepatic MDA levels
after 24 h in FL-N/35 transgenic mice (P=0.005), but
not in nontransgenic mice (Fig. 1B). Nontransgenic
mice did not show any significant histological changes
such as inflammatory cell infiltration or hepatocytic
degeneration at 24 h after CCl, injection. Liver histol-
ogy of FL-N/35 transgenic mice after CCl, injection
showed no infiltration of inflammatory cells, but
swelling of hepatocytes in the perivenular zone (zone
II) and mild steatosis, including the microvesicular
type in the perivenular region and mid-zone (zone II)
(Fig. 2A-D). The swollen hepatocytes seemed to
contain vacuoles when observed at x 400 magnifica-
tion. Thus, the small dose of CCl, used in the present
study caused oxidative stress in FL-N/35 transgenic
mice, but not in nontransgenic mice, which implied
that FL-N/35 transgenic mice were more sensitive to
oxidative stress than nontransgenic mice.

Protective effect of SNMC against CCl-induced
oxidative stress in FL-N/35 transgenic mice

The CCl,-induced significant increase in serum ALT
levels was almost completely reversed by subcutaneous
injection of 50 pl of SNMC 30 min after CCl, treat-
ment in FL-N/35 transgenic mice (P=0.0009) (Fig.
3A). SNMC treatment also restored the CCly-induced
significantly increased MDA level in the liver to the
basal level or reduced below it in FL-N/35 transgenic
mice (P=0.0006) (Fig. 3B). We next examined the
hepatic content of GSH in FL-N/35 transgenic mice,
since SNMC improved the liver injury induced by
CCl,. Although serum ALT levels and hepatic MDA
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levels significantly increased at 24 h after intraperito-
neal injection of CCly, hepatic content of GSH was
comparable with the basal level at this time point.
However, the hepatic content of GSH significantly
decreased at 12h after CCl, injection in FL-N/35
transgenic mice as compared with the basal level
(P < 0.05) (Fig. 3C). These results suggested that the
hepatic GSH level was potentially restored by 24h
after CCl, administration. The depleted hepatic GSH
content at 12 h after CCl, injection was restored by the
treatment with SNMC in FL-N/35 transgenic mice
(P=0.005) (Fig. 3C). The swollen hepatocytes were
absent and steatosis was less frequent in the liver in
FL-N/35 transgenic mice treated with SNMC after
CCl, injection (Fig. 2C-F). Thus, SNMC improved
the liver injury induced by CCl, in FL-N/35 transgenic
mice.

Hepatic expression of CYP2E1

Metabolism of CCl, begins with the formation of the
trichloromethyl free radicals through the action of the
cytochrome P450 oxygenase system of the endoplas-
mic reticulum (27). The major cytochrome isozyme
that executes biotransformation of CCl, is CYP2EL.
We therefore examined the hepatic expression of
CYP2EL1 in FL-N/35 transgenic mice on the assump-
tion that SNMC may prevent the CCly-induced in-
crease in CYP2EI expression. However, CCl, injection
did not increase the hepatic expression of CYP2E1 nor
did SNMC change the hepatic expression of CYP2EI
at 12 and 24 h after CCl, injection (Fig. 4).

Ultrastructural alterations of mitochondria

As treatment with SNMC attenuated the CCl,-in-
duced swelling of hepatocytes and steatosis including

Liver International (2007)
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Fig. 2. Liver histology of FL-N/35 transgenic mice in basal (A and B) and carbon tetrachloride (CCl,)- (C and D) or CCly plus Stronger
Neo-Minophagen C™ (SNMC)-injected conditions (E and F) (H&E, original magnification x 100 for A, C and E, x 400 for B, D and F).
Liver histology of FL-N/35 transgenic mice after CCl, injection shows swelling of hepatocytes in the perivenular zone and mild steatosis
including the microvesicular type, in the perivenular region and midzone. Such hepatocytic swelling was absent and steatosis was less
frequent in the liver in FL-N/35 transgenic mice treated with SNMC after CCl, injection.
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Fig. 3. Serum alanine aminotransferase (ALT) levels (A), hepatic malondialdehyde (MDA) content (B) and hepatic glutathione (GSH)
content (C) in FL-N/35 transgenic mice in basal, carbon tetrachloride (CCly)- or CCl, plus Stronger Neo-Minophagen C™ (SNMC)-
injected conditions. The numbers in parentheses represent the number of animals examined in each group. a, P=0.0009 vs mice with
CCl,; b, P=0.0006 vs mice with CCl,; ¢, P=.01 vs mice in the basal condition; d, P=0.005 vs mice with CCl,.
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the microvesicular type, we next examined the ultra-
structure of the hepatocytic mitochondria in FL-N/35
transgenic mice. Even a modest dose of CCl, caused
swelling of mitochondria in FL-N/35 transgenic mice.
Such swollen mitochondria or irregular-sized mito-
chondria were less frequently found in FL-N/35 trans-
genic mice treated with SNMC after CCl, injection

Basal cCl,

CCly + SNMC

CYP2E1

Fig. 4. Hepatic expression of CYP2E1 in FL-N/35 transgenic
mice at 12 h after carbon tetrachloride (CCly) injection.
Immunobilots for CYP2E1 were performed on liver lysates
obtained from four mice in each group at 12 and 24 h after CCl,
injection. CCl, injection did not increase the hepatic expression
of CYP2E1 nor did Stronger Neo-Minophagen C™ (SNMC)
change the hepatic expression of CYP2E1 at both time points.

Hidaka et al.

than in those without SNMC treatment (Fig. 5). Thus,
SNMC attenuated the ultrastructural alterations of
mitochondria induced by CCl, injection in FL-N/35
transgenic mice, suggesting that SNMC potentially
protects mitochondria against oxidative stress.

mRNA expression of y-GCS

v-GCS is a heterodimer composed of y-GCSy and
v-GCS, that associates, through disulphide binding, to
form the holoenzyme (28, 29). We examined the
mRNA expression of both subunits of y-GCS at 12h
after CCl, injection in FL-N/35 transgenic mice, since
SNMC-induced recovery from depletion of hepatic
GSH was found at this time. In parallel with GSH, the
expression of Y-GCS, was significantly increased by
the treatment with SNMC after CCly injection
(P < 0.05) (Fig. 6).

Discussion

Oxidative stress has been proposed to be one of the
mechanisms of liver injury in HCV-associated chronic
liver diseases (14-17) and increased markers of oxida-
tive stress are a well-known feature in them (18-20).

Fig. 5. Electron microscopy of the livers of FL-N/35 transgenic mice after carbon tetrachloride (CCl,) injection (A and B) and CCl, plus
Stronger Neo-Minophagen C™ (SNMC) injection (C and D). Swollen or irregular-sized mitochondria were less frequently found in FL-
N/35 transgenic mice treated with SNMC after CCly injection than in those without SNMC treatment (original magnification x 2000

for A and C, x 5000 for B and D).
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YGCSmMRNA level
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Fig. 6. Hepatic y-glutamylcysteine synthetase (y-GCS) mRNA
levels in FL-N/35 transgenic mice at 12 h after injection of carbon
tetrachloride (CCl,) alone or CCl, plus Stronger Neo-
Minophagen C™ (SNMC). The numbers in parentheses
represent the number of animals examined in each group.

*P < 0.05 vs mice with CCl,.

However, the magnitude of oxidative stress induced by
HCV proteins itself may not be large, as shown by the
slow progression of liver disease in chronic hepatitis C
patients with persistently normal aminotransferase
levels. Clinical factors such as alcohol, iron overload
and/or aging have been shown to reinforce the pro-
gression of liver disease in HCV infection (30-32).
Oxidative stress induced by combination of HCV
proteins with those factors is assumed to favour DNA
damage, genetic instability and tumorigenesis. Long-
term treatment with SNMC has been shown to be
effective in preventing the development of HCC in
patients with chronic hepatitis C (13). In this context,
we wanted to know if SNMC had a protective effect
against oxidative stress induced by the combination of
HCV proteins with secondary stimulation, and exam-
ined this using transgenic mice expressing the HCV
polyprotein. We chose to use CCl, to induce mild
oxidative stress in transgenic mice. The type and
extent of liver injury induced by CCl, cover a wide
range of effects, depending on the dose and duration
of exposure, or time of observation (33). The dose
(10 pl/kg body weight) of CCl, used in this study was
much less than those used for inducing oxidative stress
in mice in previous studies (34-36), as we aimed to
induce mild oxidative stress that was comparable with
the clinical one observed in patients with chronic
hepatitis C. This may explain why the expression of
CYP2E1 was not significantly increased after CCl,
treatment in FL-N/35 transgenic mice, even though
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CYP2EI plays a central role in metabolizing CCl, (33).
It should be noted that even such a small dose of CCl,
induced a significant increase in serum ALT and
hepatic MDA levels, and histological changes in FL-
N/35 transgenic mice, though not in nontransgenic
mice. These results show that FL-N/35 transgenic mice
are abnormally vulnerable to oxidative stress. This
observation is consistent with our previous observa-
tion that oxidative stress was significantly intensified
by modest iron supplementation in FL-N/35 trans-
genic mice, but not in nontransgenic mice (21).
Mitochondria are one of the main subcellular struc-
tures of hepatocytes affected by CCl, exposure (33).
Even modest CCl, administration, which did not
increase the expression of CYP2E1, caused ultrastruc-
tural alterations of hepatocytic mitochondria in FL-N/
35 transgenic mice. In this context mitochondrial
electron transport has been shown to be responsible
for the free-radical activation by CCl,; without the
influence of CYP2E1 (37). We also reported that HCV
core protein inhibits mitochondrial electron transport
and increases reactive oxygen species production (17).
Therefore, the small dose of CCl, may have reinforced
the mitochondrial injury induced by HCV proteins.
This may in part explain why FL-N/35 transgenic mice
are abnormally vulnerable to oxidative stress. Thus,
the CCl -induced mild oxidative stress observed in FL-
N/35 transgenic mice seemed to be suitable for mi-
micking the oxidative stress induced by combination
of HCV proteins with clinical factors such as alcohol,
iron overload or aging in patients with HCV-asso-
ciated chronic liver diseases.

The dose of SNMC administered to the FL-N/35
transgenic mice was comparable with the dosage given
to patients with chronic hepatitis (approximately
100 ml of SNMC). This implies that a clinical dosage
of SNMC is enough to reduce oxidative stress occur-
ring in patients with HCV-associated chronic liver
diseases. It should also be noted that SNMC treatment
using a dose equivalent to a clinical dosage attenuated
ultrastructural alterations of mitochondria induced by
CCl,. We previously reported the development of
HCC preceded by marked hepatic steatosis, ultrastruc-

tural alterations of the mitochondria, decreased de-

gradation activity of fatty acid and increases in the
hepatic content of lipid peroxidation products in FL-
N/35 transgenic mice fed an excess iron diet (21). In
fact, we found that hepatic triglyceride content was
significantly decreased by a 6-month treatment with
SNMC in FL-N/35 transgenic mice fed the excess iron
diet (I. Hidaka et al., unpublished observations).
Therefore, SNMC appears to have the potential to
prevent HCC development by reducing mitochondrial
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injury induced by HCV and additional oxidative stress.
Trichloromethyl free radicals derived from CCl, react
with sulphthydyl groups such as GSH and protein
thiols, and the covalent binding of trichloromethyl free
radicals to the cell membrane is considered the initial
step in a chain of events that eventually leads to
membrane lipid peroxidation and finally to cell necro-
sis. It remains elusive whether GSH was primarily
consumed against cytoplasmic oxidative tress or
against mitochondrial oxidative stress or against both
in the present model. Judging from the protective
effect of SNMC against mitochondrial injury induced
by CCl,, inhibition of GSH depletion by SNMC may
have contributed to reduction in mitochondrial oxi-
dative stress in FL-N/35 transgenic mice. Hepatic GSH
synthesis is mainly regulated by the availability of
cysteine, the sulphur amino acid precursor, and the
activity of the rate-limiting enzyme y-GCS (38).
SNMC consists of 0.2% glycyrrhizin, 0.1% cysteine
and 2.0% glycine in physiologic solution. Originally
SNMC was developed with the expectation of joint
beneficial effects of the three components. The cy-
steine included in SNMC may have contributed to
GSH synthesis through its increased availability.
SNMC treatment also increased the synthesis of
¥-GCS_ at the transcriptional level (P < 0.05). There
are at least three possibilities that may account for this.
First, glycyrrhizin may have activated y-GCS at the
transcriptional level. Second, cysteine may have acti-
vated y-GCS as a substrate for y-GCS. Third, both of
the above may have worked together. The increase in
v-GCSy expression by SNMC may have failed to reach
a statistical significance (P=0.08) owing to its greater
deviation.

In conclusion, this study shows that transgenic mice
expressing the HCV polyprotein are abnormally vul-
nerable to oxidative stress and that SNMC protects
hepatocytes against CCly-induced oxidative stress in
the presence of HCV proteins. SNMC also has protec-
tive effect against mitochondrial injury induced by
CCl, in HCV transgenic mice.
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TRACT

Hepatitis C Virus-Induced Reactive Oxygen Species Raise Hepatic Iron
Level in Mice by Reducing Hepcidin Transcription
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See editorial on page 348.

Background & Aims: Despite abundant clinical ev-
jdence, the mechanisms by which hepatic iron over-
load develops in patients with hepatitis C virus
(HCV)-associated chronic liver disease remain un-
known. The aim of this study was to investigate
how hepatic iron overload develops in the presence
of HCV proteins. Methods: Male transgenic mice
expressing the HCV polyprotein and nontransgenic
control mice (C57BL/6) were assessed for iron con-
centrations in the liver, spleen, and serum and iron
regulatory molecules in vivo and ex vivo. Results:
Transgenic mice had increased hepatic and serum
iron concentrations, decreased splenic iron concen-
tration, and lower hepcidin expression in the liver
accompanied by higher expression of ferroportin in
the duodenum, spleen, and liver. In response to
hepatocellular iron excess, transferrin receptor 1
expression decreased and ferritin expression in-
creased in the transgenic liver. Transgenic mice
showed no inflammation in the liver but preserved
the ability to induce hepcidin in response to proin-
flammatory cytokines induced by lipopolysaccha-
ride. Hepcidin promoter activity and the DNA
binding activity of CCAAT/enhancer-binding pro-
tein a (C/EBP) were down-regulated concomitant

- with increased expression of C/EBP homology pro-

tein, an inhibitor of C/EBP DNA binding activity,
and with increased levels of reactive oxygen species
in transgenic mice at the ages of 8 and 14 months.
Conclusions: HCV-induced reactive oxygen species
may down-regulate hepcidin transcription through
inhibition of C/EBPa@ DNA binding activity by
C/EBP homology protein, which in turn leads to

increased duodenal iron transport and macrophage
iron release, causing hepatic iron accumulation.

epatic iron overload is one of the pathophysiologic

features of hepaditis C virus (HCV)-associated chronic
liver disease,? even though the level of hepatic iron content
is not extremely high.2 Excess divalent iron can be highly
toxic, mainly via the Fenton reaction producing hydroxyl
radicals.® This is particularly relevant for chronic hepatitis
C, in which oxidative stress has been proposed as a major
mechanism of liver injury.# Oxidative stress and increased
iron levels strongly favor DNA damage, genetic instability,
and tumorigenesis. Indeed, we have reported that even
modest iron supplementation induces hepatocellular carci-
noma (HCC) in transgenic mice expressing the HCV
polyprotein.s Kato et al reported that phlebotomy lowered
the risk of progression to HCC,¢ which showed the critical
role of iron in the development of HCC in patients with
chronic hepatitis C. Thus, there is a critical interaction
between HCV proteins and hepatic iron overload in the
development of HCV-related HCC. However, the mecha-
nism underlying hepatic iron overload in chronic hepatitis
C remains elusive. Chronic inflammation produces proin-
flammarory cytokines that are involved in iron homeostasis
such as tumor necrosis factor (TNF)-a, interleukin (IL)-1p,
and IL-6.7 Because the transgenic mice we have reported’ do
not show any inflammation in the liver, this animal model
is suitable for investigating if the expression of HCV protein
in the absence of inflammation affects iron metabolism.

Abbreviations used in this paper: C/EBP, CCAAT/enhancer-binding
protein; CHOP, C/EBP homology protein; DMTYL, divalent metal trans-
porter 1; IL, interleukin; LPS, lipopolysaccharide; ROS, reactive oxygen
species; RT-PCR, reverse-transcription polymerase chain reaction; TfR,
transferrin receptor; TNF, tumor necrosis factor.

© 2008 by the AGA Institute
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Table 1. Primers of the Genes Coding Hepcidin, Inflammatory Cytokines, and B-Actin

Gene Sense Antisense
Hepcidin TCCTGCTTCTCCTCCTTGCC? GTCTGCCCTGCTTICTTCCC?
TNFa AAGCCTGTAGCCCACGTCGTA? GGCACCACTAGTTGGTTGTCTTTG?
iL-1B TCCAGGATGAGGACATGAGCAC? GAACGTCACACACCAGCAGGTTAS
IL-6 CCACTTCACAAGTCGGAGGCTTA* GCAAGTGCATCATCGTTGTTCATAC?
B-actin TGACAGGATGCAGAAGGAGAS GCTGGAAGGTGGACAGTGAG®

NOTE. The hepcidin primers are specific for both Hamp1l and Hamp2. GenBank accession numbers are NM_032541 for 1, NM_013693 for 2,

NM_008361 for 3, NM_031168 for 4, and NM_007393 for 5.

The aim of this study was to investigate how hepatic iron
overload develops in transgenic mice expressing the HCV
polyprotein. In the present study, we report that HCV pro-
tein-induced reactive oxygen species (ROS) raise hepatic
iron level by reducing transcription of hepcidin, a negative
regulator of iron release, into the systemic circulation.®

Materials and Methods

Animals

The transgene pAIbSVPA-HCV, containing the full-
length polyprotein-coding region, under the control of the
murine albumin promoter/enhancer was described in de-
tail %10 HCV polyprotein has been shown to be processed
into individual proteins in the liver and to be expressed at a
biologically relevant level in which transcripts of RNA en-
coding the complete viral polyprotein are detectable only by
reverse-transcription polymerase chain reaction (RT-PCR).1°
Of the 4 transgenic lineages with evidence of RNA tran-
scription of the full-length HCV-N open reading frame

(FL-N), the FL-N/35 lineage proved capable of breeding in .

e numbers. There was no inflammation in transgenic
livers.1® Male FL-N/35 transgenic mice and age-matched
CS57BL/6 mice were fed a normal rodent diet including
carbonyl iron (45-mg/kg diet), bred, maintained, and killed
by intraperitoneal injection of 10% pentobarbital sodium
preceded by 12-hour fasting according to the criteria out-
lined in the Guide for the Care and Use of Laboratory
Animals.

Histopathologic Procedures

Iron in liver sections was detected by Perls’ Prussian
blue staining, Ferric iron in the liver sections was histo-
chemically examined using an Iron (II)/Iron (IIT) Detection
kit (Stressgen, Victoria, Canada) with some modification.

Iron Concentrations in Liver, Spleen, and

Serum

Iron concentrations in the liver and spleen were
measured by atomic absorption spectrometry (Z-6100; Hi-
tachi, Tokyo, Japan), as described previously,® and expressed
as micrograms Fe per gram of tissue (wet weight). Serum
iron concentrations were examined by a colorimetric
method and measured with a Quick Auto Neo Fe (Synotest,
Tokyo, Japan) according to the manufacturer’s instructions.

RNA Isolation and Real-Time RT-PCR

One-step real-time RT-PCR was performed as de-
scribed previously.s The primers amplifying the genes cod-
ing hepcidin and inflammatory cytokines are described in
Table 1.

Hepatic Levels of Probepcidin

The protein levels of prohepcidin, an 83-amino acid
precursor with strong homology to hepcidin in its C-termi-
nal region,!! were quantified with a hepcidin prohormone
enzyme-linked immunosorbent assay kit (DRG Instru-
ments GmbH, Marburg, Germany) according to the man-
ufacturer’s instructions.

Immunobistochemical Detection of

Ferroportin

Liver, spleen, and duodenum sections were incu-
bated with a 1:200 dilution of a rabbit polyclonal anti-
mouse ferroportin 1 antbody (Alpha Diagnostic Interna-
tional, San Antonio, TX) at. 4°C overnight. Following
incubation with avidin-conjugated peroxidase (Vecstatin
Elite ABC; Vector Laboratories, Burlingame, CA), sections
were developed in 3,3'-diaminobenzidine tetrahydrochlo-
ride (Sigma Chemical Co, St Louis, MO).

In Situ Detection of ROS

In the presence of ROS, dihydroethidium (Invitro-
gen Corp, Carlsbad, CA) is oxidized to ethidium bromide
and stains nuclei bright red by intercalating with the
DNA.12 Fresh cross sections (10 um) of unfixed, frozen liver
tissues were immediately incubated with 5 umol/L dihydro-
ethidium at 37°C for 15 minutes in a humidified chamber,
subsequently washed twice with ice-cold phosphate-buff-
ered saline, and cover slipped. Fluorescence intensity was
quantified using NIH image analysis sofcware for 3 ran-
domly selected areas of digital images in each mouse.

Immunoblotting

Lysates of liver, spleen, and duodenum were sepa-
rated by sodium dodecyl sulfate/polyacrylamide gel electro-

_phoresis. The proteins were transferred to polyvinylidene

difluoride membranes (Millipore, Bedford, MA), blocked
overnight at 4°C with 5% skim milk and 0.1% Tween 20 in
Tris-buffered saline, and subsequently incubated for 1 hour
at room temperature with an anti-mouse ferroportin 1
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antibody (Alpha Diagnostic International), anti-mouse di-
valent metal transporter 1 (DMT1) antibody (Santa Cruz
Biotechnology Inc, Santa Cruz, CA), anti-human ferritin
antbody (Dako, Glostrup, Denmark), anti-human trans-
ferrin receptor (TfR) 1 antibody (Zymed Laboratories, San
Frandisco, CA), anti-rat CCAAT /enhancer-binding protein a
(C/EBPa) antibody (Santa Cruz Biotechnology Inc), or anti-
bacterially expressed, mouse C/EBP homology protein
(CHOP) fusion protein antibody (Abcam, Cambridge, En-
gland).

Injection of Lipopolysaccharide

Lipopolysaccharide (LPS, 1 ug/g body wt, Escherichia
coli 0111:B4; Sigma Chemical Co) or an equivalent volume
of phosphare-buffered saline was injected intraperitoneally,
and liver samples were isolated for RNA preparation 6
hours after injection.

Lsolation and Culture of Primary Hepatocytes

Hepatocytes were isolated from FL-N/35 transgenic
mice and nontransgenic mice by a 2-step collagenase perfu-
sion procedure. They were then seeded in Williams’ medium
E (Invitrogen Corp) and supplemented with 10% fetal calf
serum, penicillin (100 u/mL})-strepromycin (100 pg/mL)
(Invitrogen Corp), and 100 nmol/L insulin. Four hours
later, the medium was renewed with the same medium.

Cloning of Mouse Hepcidin Promoter and
Construction of Reporter Vectors

The murine hepcidin promoter region was cloned

by PCR using mouse DNA as a template and specific .

hepcidin primers: mHAMPpr_789 fw 5'- GCGCTCGAG-
GAATACATCGTCAAGCCAGAC-3' mHAMPpr_318_fw
5'-TTCCTCGAGTCACCAATCCAATCACTGTTTAGG-3’
mHAMPpr_124_fw 5'-GCCCTCGAGGCGCCACT. ATTT-
TCTTGGAA-3' and mHAMPpr_rev 5'-GCGAAGCTTGT-
GTGGTGGCTGTCTAGGAGC-3' (the incorporated Xhol
and HindIII sites are underlined). PCR products were
then purified, digested with Xhol/HindlIIl, and subcloned
in the pGL3-Luc (Promega, Madison, WI) plasmid up-
stream of the firefly luciferase gene.

Cell Transfection and Luciferase Assay

Primary hepatocytes obtained from 4 mice in each
group were transiently transfecred with pGL3 Basic vec-
tor (negative control), pGL3-CMV vector (positive con-
trol), or reporter vectors containing the mouse hepcidin
promoter region (pGL3_mHAMP124 [-110/+14],
pGL3_mHAMP318 [-304/+14], or pGL3_mHAMP789
[—775/+14]) by using TransFectin Lipid Reagent (Bio-Rad
Laborarories Inc, Hercules, CA) 24 hours after cell seed-
ing. The pSV-B-galactosidase control vector encoding
B-galactosidase (Promega) used as a cotransfectant
served as the control for transfection efficiency. Cellu-
lar extracts were analyzed for luciferase activity wicth a
Luciferase assay system (Promega) 48 hours after
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transfection. B-Galactosidase enzyme assay was per-
formed using the B-galactosidase Enzyme Assay Sys-
tem (Promega). Each assay was performed in duplicate.

Electrophoretic Mobility Shift Assay

Nuclear extracts were obtained using a Nuclear Ex-
traction Kit (Panomics, Redwood, CA), following the man-
ufacturer’s instructions. Five micrograms of the nuclear
extracts was incubated for 30 minutes at room temperature
with horseradish peroxidase-labeled oligonucleotide probe
5'-CATGGATGGTATTGAGAAATCTG-3’ (C/EBP binding
site is underlined)!? using an EMSA Gel-Shift Kit (Panom-
ics) according to the manufacturer’s instructions.

Quantification of C/EBP Activation

C/EBPa and C/EBPp activation was quantified us-
ing a Trans AM C/EBP «/ kit (Active Motif, Carlsbad, CA),
following the manufacturer’s instructions. Briefly, 5 pg of
nuclear extract was added to a well to which an oligonucle-
otide encoding the C/EBP consensus binding site had been
immobilized. C/EBPa and C/EBPf contained in nuclear
extract were detected by an antibody directed against either
C/EBPa or C/EBPS.

Statistical Analysis

Quantitative values are expressed as mean * SD.
Two groups at each time point were compared by the
Student ¢ test. Two groups among multiple groups were
compared by the rank-based, Kruskal-Wallis analysis of
variance test followed by Scheffe’s test. A P value of less
than .05 was considered significant.

Results

Increased Iron Levels in Liver and Serum
and Decreased Iron Level in Spleen

FL-N/3$ transgenic mice fed a normal rodent
diet had greater hepatic iron contents at the ages of 8
(P < .05) and 14 months (P < .05) than nontransgenic
mice (Figure 1A4). Serum iron levels were also signifi-
cantly greater in FL-N/35 transgenic mice at the ages
of 8 (P < .05) and 14 months (P < .01) (Figure 1B).
Transferrin saturation was significantly greater in FL-
N/35 transgenic mice than in nontransgenic mice at
the ages of 8 (55.1% * 12.1% vs 40.2% % 12.0%; P <
.05) and 14 months (47.3 % 8.6 vs 35.8 * 5.6; P < .05).
In contrast, splenic iron content was significantly
lower in FL-N/35 transgenic mice at the ages of 8 (P <
.05) and 14 months (P < .01) (Figure 1C). Thus, it
appeared that hepatic iron accumulation in FL-N/35
transgenic mice likely resulted from increased intesti-
nal iron absorption and/or increased iron release from
macrophages.

As shown in Figure 1D, FL-N/35 transgenic mice had
histologically mild but clear iron accumulation in the
liver as compared with nontransgenic mice (Figure 1D,
I and I). Immunohistochemical analysis and high



January 2008

b

8

atic lron content
3

g/g wet liver)

M

o "

f'"""_"{""‘“-'-} nonTg.M.

5 @) (5)

Serum iron confent
(ng/dL)
@

O

5888

Splenlc iron content
(ng/g wet spleen)

GG
4 8 14

Months

HCV-INDUCED ROS INHIBIT HEPCIDIN EXPRESSION 229

Figure 1. Iron concentrations in the fiver, serum, and spleen and iron localization in the liver. (A) Hepatic and (C) splenic iron concentrations were
measured by atomic absorption spectrometry in mice at the ages of 4, 8, and 14 months. (B) Serum iron levels were measured using a colorimetric

method. *P < .05, P < .01 versus same-age nontransgenic mice (nonTgM). The numbers in parentheses represent the number of animals
examined in each group. (D) Iron in liver sections was examined by Perls' Prussian blue staining (| and II; original magnification 400X) and by
immunohistochemical method in TgM and nonTgM (il and IV: original magnification 1000X) at the age of 8 months. Arows indicate the sinusoidal

lining cells. TgM, FL-N/35 transgenic mice.

magnification made it possible to differentiate iron
localization in sinusoidal lining cells from that in
hepatocytes. Ferric iron was localized in both hepato-
cytes and sinusoidal lining cells but was predomi-
nantly present in hepatocytes in FL-N/35 transgenic
mice (Figure 1D, III and IV).

Hepcidin Levels in Liver

Because there is no known regulatory mechanism
for iron excretion, systemic iron homeostasis is main-
tained by tight regulation of intestinal iron absorption
and macrophage iron release.!* Although the mechanism
for this remains to be fully elucidated, hepcidin, a peptide
hormone secreted by the liver,8 seems to have a key role.
Hepatic hepcidin messenger RNA (mRNA) levels were
significantly lower in FL-N/35 transgenic mice at the ages
of 8 (P < .05) and 14 months (P < .01) (Figure 24).
Similarly, protein levels of prohepcidin were significantly

lower in FL-N/35 transgenic mice at the ages of 8 (P <
.05) and 14 months (P < .01) (Figure 2B). These results
suggested that hepatic iron accumulation was closely
associated with decreased hepcidin expression in the
transgenic mice.

Exiression of Ferroportin in Duodenum,
Spleen, and Liver

Hepcidin binds to the iron exporter ferroportin,
which results in internalization and degradation of fer-
roportin.!4 Diminished hepcidin expression, therefore, is
expected to lead to stabilization of ferroportin, with in-
creased mobilization of iron from macrophages and, pre-
sumably, increased intestinal uptake as well. As shown in
Figure 3A, several clusters of cells stained positively for
ferroportin were present in the duodenum, spleen, and
liver in FL-N/35 transgenic mice, whereas such clusters
were nearly absent in all 5 nontransgenic mice at the age
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Figure 2. Hepatic levels of hepcidin mRNA and prohepcidin. The ex-
pression levels of (4) hepcidin mRNA and (B) prohepcidin were mea-
sured by real-time RT-PCR and enzyme-linked immunosorbent assay,
respectively. The relative quantities of hepcidin mRNA in the liver were
nomalized to B-actin mRNA. The relative protein levels of prohepcidin
were nomalized by protein concentrations and expressed as nano-
gram per miligram protein. *P < .05 (8 months) and “P < .01 (14
months) versus same-age nontransgenic mice (nonTgM). The numbers
in parentheses represent the number of animals examined in each
group. TgM, FL-N/35 transgenic mice.

of 14 months. Hepatic expression of ferroportin was
found in both hepatocytes and sinusoidal lining cells,
probably Kupffer cells, with predominant localization in
sinusoidal lining cells (Figure 3A). The expression of
ferroportin in the duodenum, spleen, and liver was
greater in FL-N/35 transgenic mice at the age of 8 and/or
14 months (Figure 3B). Hepatic expression of ferroportin
did not appear to increase to the same degree as expres-
sion in the duodenum and spleen (Figure 3B).

Expression of DMT1 in Duodenum and Liver

DMT]1 is an apical iron transporter in the duode-
num and may participate in the uptake of non-trans-
ferrin-bound iron by hepatocytes.ts The expression of
DMT]1 in the duodenum and liver was similar in FL-N/35
transgenic mice and nontransgenic mice (Figure 4) at the
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ages of 4, 8, and 14 months. Because transferrin satura-
tion was approximately 50% at the ages of 8 and 14

‘months in FL-N/35 transgenic mice, it is unlikely chat

non-transferrin-bound iron contribured significantly to
circulating iron. Our results suggested that an increase in
DMT1 protein in either duodenum or liver was not
required for hepatic iron accumulation in FL-N/35 trans-
genic mice.

Expression of Ferritin and TfR1 in Liver

Intracellular iron excess inhibits the binding of
iron regulatory proteins to iron-responsive elements in
the S5'-untranslated region of ferritin mRNA and 3'-
untranslated region of TfR1 mRNA, which allows the
translation of ferritin mRNA and decreases the stability
of TfR1 mRNA.16 Ferritin consists of H subunits and L
subunits that assemble to form a shell of 24 subunits
with a cavity capable of storing up to 4500 Fe atoms as
hydrous ferric oxide polymers.l” As shown in Figure 54,
the expression of L subunits of ferritin was significantly
greater in FL-N/35 transgenic mice than in nontrans-
genic mice at the ages of 8 (P < .01) and 14 months (P <
.05). Although H subunits could not be detected, this was
consistent with the results of experimentally iron-over-
loaded C57BL/6 mice.18 H subunits of ferritin in the liver
may be difficult to detect with the anti-ferritin antibody
used in both studies.

We next measured the expression of TfR1 in the liver
to assess if it showed appropriate iron-dependent regu-
lation. As shown in Figure 5B, the expression of TfR1
protein was significantly lower in FL-N/35 transgenic
mice at the ages of 8 and 14 months (P < .01).

Hepcidin Expression in Response to

Inflammation

Hepcidin expression is enhanced by iron overload
and inflammation.”:!! We next examined if the present
animal model preserved the ability to induce hepcidin in
response to inflammation. Induction of acute inflamma-
tion by LPS injection led to significant up-regulation of
TNF-a, IL-18, and IL-6 in the liver in both FL-N/35
transgenic mice and nontransgenic mice. With up-regu-
ladon of inflammatory cytokines, hepatic hepcidin ex-
pression was significantly increased by LPS injection in
both FL-N/35 transgenic mice and nontransgenic mice

(Figure SC).

Promoter Activity of Hepcidin

To study the effects of HCV proteins on the trans-
criptional regulation of hepcidin, reporter gene assays were
performed for primary mouse hepatocytes. Two reporter
vectors, pGL3_mHAMP318 and pGL3_mHAMP789, exhib-
ited significantly lower luciferase activity in FL-N/3S
transgenic hepatocytes than in nontransgenic hepato-
cytes at the ages of 8 and 14 months (P < .05) (Figure
6B). Thus, the transcriptional activity of hepcidin was



