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ABSTRACT 

Aims: Chronic hepatitis C virus (HCV) infection is often associated with glucose metabolic disorders and iron overload. 
It has recently been shown that reactive oxygen species (ROS) increase gluconeogenesis in hepatocytes through the 
forkhead box-containing protein O subfamily-1 (FOXO1)-dependent pathway. The aim of this study is proving a cause- 
and-effect relationship between iron-mediated ROS production and insulin resistance (IR) in chronic hepatitis C (CH-C) 
patients. Methods: The study included 42 patients with CH-C (22 males and 20 females, median age 53 years). Homeo- 
stasis model assessment of insulin resistance (HOMA-IR) value was assessed for each patient at entry. Gene expression 
levels in the biopsied liver tissues were determined by quantitative reverse transcription-polymerase chain reaction (RT- 
PCR). In addition, the effect of ROS on gluconeogenesis was assessed using HepG2 cells treated with a well-known 
ROS generator, diethylmaleate (DEM). Results: The serum ferritin levels were significantly correlated with the serum 
aspartate aminotransferase level, alanine aminotransferase level, HOMA-IR value, grade of fatty accumulation, total 
hepatic iron score, and 8-OH-deoxy-2’-guanosine (8-OHdG)-positive cell count. FOXO1 expression was correlated 
with 8-OHdG-positive cell count, phosphoenolpyruvate carboxykinase (PEPCK) expression, and HOMA-IR. In HepG2 
cells, the gene transcription of FOXO1 and PEPCK was increased by DEM treatment, which was associated with an in- 
crease in non-phosphorylated FOXO1 protein in the nuclear fraction. Conclusions: Iron-mediated ROS production en- 
hances gluconeogenesis through the FOXO1-mediated pathway and is an affecting factor to IR in patients with CH-C. 
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1. Introduction 

More than 170 million people suffer from chronic heap- 
titis C virus (HCV) infection worldwide [1]. Chronic 
HCV infection may eventually lead to the development 
of cirrhosis and hepatocellular carcinoma [2]. Insulin 
resistance (IR) and diabetes are common complications 
of patients with chronic hepatitis C (CH-C) [3]. HCV- 
related glucose dysmetabolism significantly affects the 
clinical course and prognosis in CH-C patients and is 
associated with accelerated fibrogenesis [4], increased 
incidence of hepatocellular carcinoma [5]. Sustained vi- 
ral response to anti-viral therapy results in the ameliora- 
tion of IR and decreased incidence of T2DM after the 
end of therapy [6,7], indicating that an association exists 
between HCV infection and glucose metabolic disorders. 

The mechanisms of HCV-related diabetes have been 
well documented. Kasai et al. reported that HCV replica- 
tion suppresses cellular glucose uptake through down- 
regulation of glucose transporter 2 (GLUT2) on the he- 
patocyte cell surface [8]. In addition, this group recently 
reported that non-structural protein 5A (NS5A) of HCV 
enhances cellular glucose production in hepatocytes 
through the forkhead box-containing protein O subfam- 
ily-1 (FOXO1)-dependent pathway [9]. It is well known 
that increased hepatic glucose production through glu- 
coneogenesis is a major feature of IR [10]. Transcrip- 
tional regulation of phosphoenolpyruvate carboxykinase 
(PEPCK) and glucose 6-phosphatase (G6Pase) genes 
plays a key role in gluconeogenesis. 

Hepatic iron overload is another common manifesta- 
tion in CH-C patients [11]. The reduced form of iron 
(Fe2+) enhances the formation of highly toxic hydroxyl 
radicals by the Fenton reaction. In turn, iron-mediated 
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reactive oxygen species (ROS) formation can leads to 
progressive liver fibrosis [12] and increase the risk of 
developing hepatocellular carcinoma [13]. ROS oxidize 
numerous cellular components such as nucleic acids, pro- 
teins and lipids. 8-hydroxy-2’-deoxyguanosine (8-OHdG) 
is a representative indicator of oxidative DNA damage 
[14], and it has been was shown to correlate with iron 
overload in CH-C patients [15]. 

In the present study, we hypothesized that iron-medi- 
ated ROS, as well as HCV proteins, can affect glu- 
coneogenesis in the liver of CH-C patients. According to 
this hypothesis, a cause-and-effect relationship between 
iron overload and IR in CH-C patients was investigated. 

2. Materials and Methods 

2.1. Patients with Chronic Hepatitis C 

The present study comprised 42 patients with CH-C (22 
males and 20 females, with a median age of 53 years) 

who admitted to Mie University Hospital (Mie, Japan) 
between April 2007 and December 2010 (Table 1). All 
patients were seropositive for both anti-HCV antibody 
and HCV-RNA (Real Time-HCV assay; Roche Molecu- 
lar Diagnostics, Tokyo, Japan), and were seronegative 
for HB surface antigen/antibody and anti-human immu- 
nodeficiency virus antibody. Patients with other liver dis- 
eases (drug-induced, autoimmune, metabolic) were ex- 
cluded by serological tests and anamnesis. All patients 
had no HFE mutations C282Y or H63D. None of the pa- 
tients received any antiviral or immunomodulatory treat- 
ment within 6 months prior to the study. 

Patients with liver cirrhosis (fibrosis stage 4) were ex- 
cluded from this study. Patients with chronic alcohol 
consumption in excess of 40 g/week for men and 20 
g/week for women for at last 5 years were excluded. In 
addition, patients received any drugs for controlling their 
blood sugar levels and/or underwent insulin therapy were 
excluded. 

 
Table 1. Baseline characteristics of chronic hepatitis C patients. 

Characteristics Total HOMA-IR ≤ 2.0 HOMA-IR>2.0 p value 

Nos. of Patients 42 19 23  

Age (year) 53 (26 - 70) 53.8 ± 16.3 58.2 ± 10.0 0.54 

Gender (M/F) 22/20 10/9 12/11 0.82 

Body Mass Index (Kg/m2) 23.2 (16.7 - 31.2) 22.8 ± 3.0 23.4 ± 2.8 <0.05 

Laboratory data     

Hemoglobin (g/dl) 13.5 (10.2 - 17.6) 12.9 ± 2.8 13.5 ± 2.7 0.77 

WBC (×103/μl) 4.42 (2.68 - 7.25) 4.68 ± 1.29 4.41 ± 1.36 0.81 

Platelet (×104/μl) 17.2 (10.8 - 24.6) 17.5 ± 4.49 17.8 ± 5.13 0.88 

AST (IU/l) 45 (19 - 302) 37 ± 17 51 ± 57 0.60 

ALT (IU/l) 56 (23 - 365) 39 ± 22 66 ± 77 0.28 

γ-GTP (IU/l) 34 (14 - 121) 31 ± 25 42 ± 40 0.46 

Fasting plasma glucose (mmol/l) 5.5 (3.7 - 14.1) 5.0 ± 0.7 5.8 ± 2.1 0.15 

HbA1c (mmol/mol) 39.9 (27.9 - 62.8) 37.8 ± 7.2 41.1 ± 7.8 0.11 

HbA1c (%) 5.8 (4.7 - 7.9) 5.2 ± 0.6 5.5 ± 0.7 0.10 

HOMA-IR 2.48 (0.8 - 41.8) 1.52 ± 0.40 5.66 ± 8.49 <0.001 

Serum Iron (mmol/l) 49.3 (15.0 - 124.6) 43.4 ± 30.7 54.7 ± 46.5 0.13 

Transferrin satulation (%) 36.3 (11.2 - 81.3) 33.8 ± 20.6 39.5 ± 19.7 0.23 

Serum ferritin (μg/l) 163.5 (7.8 - 724) 150.5 ± 206.9 166.5 ± 113.4 0.06 

Serum HCV-RNA (Log IU/ml) 5.1 (2.1 - 7.4) 5.0 ± 2.4 5.3 ± 1.8 0.79 

HCV genotype (1a/1b/2a/2b) 1/26/8/7 1/10/4/5 0/16/4/2 0.31 

Liver histology     

Inflammatory grading (1/2/3) 22/15/5 9/8/1 13/7/4 0.57 

Fibrosis staging (1/2/3/4) 17/19/6/0 8/8/2/0 9/11/4/0 0.63 

Fatty accumulation (0, 1%~9%, 10%~29%, 30%~) 12/19/10/1 7/6/4/1 5/13/6/0 0.12 

ALT, alanine aminotransferase; AST, aspartate aminotransferase γ-GTP, gamma glutamyltranspeptidase; HCV, hepatitis C virus; HOMA-IR, homeostasis 
model assessment of insulin resistance; WBC, white blood cell. 
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Hematological, serum biochemical, and iron-related 

markers in blood were analyzed for each patient at entry. 
The homeostasis model assessment of insulin resistance 
(HOMA-IR) was calculated as (fasting glucose in mg/dl 
× fasting insulin in μU/ml)/405. We choose a cut-off 
value of 2.0 for HOMA-IR. This value has been used in 
CH-C to predict poor response to anti-viral therapy [16, 
17]. Serum transferrin saturation was calculated as (se- 
rum iron/total iron binding capacity) × 100 and expres- 
sed as a percentage. Body mass index (BMI) over 25.0 
was categorized as obesity in accordance with the guide- 
lines proposed by the Examination Committee of Japan 
Society for the Study of Obesity [18], which is adjusted 
to adult Asian population. 

Liver tissue was obtained by percutaneous needle bi- 
opsy in all patients for diagnostic purposes. One portion 
was fixed in buffered formalin and embedded in paraffin, 
and the other part was immediately frozen and stored in 
−80˚C for RNA analysis. 

Informed consent was obtained from each patient and 
the study was approved by the Ethical Committee of Mie 
University. The study was carried out according to the 
ethical guidelines of the 1975 Declaration of Helsinki. 

2.2. Histological Evaluation 

Tissue slides embedded in paraffin were stained with he- 
matoxylin-eosin, Masson’s trichrome, and Perl’s Prus- 
sian blue. The degree of necro-inflammatory activity and 
the stage of fibrosis were evaluated based on the criteria 
of Desmet et al. [19]. The degree of fatty accumulation 
was graded according to into 4 categories (grade 1; 0%, 
grade 2; 1% - 9%, grade 3; 10% - 29% and grade 4; ≥ 
30%). The histological assessment of hepatic iron was 
performed using the total iron score (TIS) as reported by 
Deugnier et al. [20]. This score has been shown to highly 
correlate with hepatic iron concentration as measured by 
atomic absorption spectrophotometry in patients with chro- 
nic liver diseases [21]. The assessment of liver histology 
was done by 2 independent pathologists without knowl- 
edge of the patients’ backgrounds and clinical conditions. 
Hepatic immunohistochemical staining of 8-OHdG was 
performed and the 8-OHdG-positive hepatocyte was quan- 
tified as previously reported [13]. 

2.3. Determination of Messenger RNA (mRNA)  
Levels in Liver Biopsy Samples 

Total RNA was isolated from liver tissues using Sepa- 
zol® RNA II Super (Nacalai Tesque, Tokyo, Japan) ac- 
cording to the manufacturer’s protocol and subjected to 
DNase I digestion (Takara Bio, Otsu, Japan) to eliminate 
contaminating genomic DNA. First-strand cDNA was 

synthesized from 5 µg-adjusted total RNA with Super- 
Script VILO Master Mix (Life Technologies, formerly 
Applied Biosystems, Foster City, CA). Quantitative Taq- 
Man® PCR was performed with universal TaqMan® Gene 
Expression Master Mix and commercial inventoried pri- 
mers (TaqMan® Gene Expression Assay, Life Technolo-
gies) for the genes PEPCK (Hs00159918_m1), G6Pase 
(Hs00609178_m1), FOXO1 (Hs01054576_m1), JNK (Hs- 
00177083_m1), and glyceraldehydes 3-phosphate dehy- 
drogenases (GAPDH) (FAM-MGB 4352934-1010033). 
Each TaqMan® reaction contained 4 µl of cDNA, derived 
from 100 ng of total RNA, in a total volume of 20 µl. 
The quantitative PCR was performed in duplicate using a 
7300 Real Time PCR System (Applied Biosystems-Life 
Technologies). The results were normalized for GAPDH. 

2.4. Cell Cultures 

HepG2 cells were cultured at 37˚C in a 5% CO2 atmos- 
phere in RPMI1640 medium (Gibco-Life Technologies) 
supplemented with 10% fetal calf serum (Gibco), peni- 
cillin (50 IU/ml), and streptomycin (50 μg/ml). Diethyl- 
maleate (DEM), a well-known ROS inducer, was then 
added to the medium to generate oxidative stress, as de- 
scribed previously [19]. After being cultured for 2 hours, 
total cellular RNA was isolated and subcellular protein 
samples from the cytoplasmic, membrane, and nuclear 
fractions were extracted separately using a ProteoExtract 
Subcellular Proteome Extraction Kit (EMD Chemical 
Inc., Darmstadt, Germany) according to the manufactu- 
rer’s instructions. Protein concentration was determined 
using the Bio-Rad Protein assay (Bio-Rad Laboratories, 
Inc., Hercules, CA, USA) and a BioSpec-mini analyzer 
(Shimadzu, Kyoto, Japan). 

2.5. Western Blotting 

Protein samples (10 - 20 µg) were separated by 7.5% or 
10.0% sodium dodecyl sulfate-polyacrylamide gel elec- 
trophoresis (SDS-PAGE). The proteins were then trans- 
ferred to a polyvinylidene difluoride (PVDF) membrane 
and blocked with 5% dry non-fat milk or 1% bovine se- 
rum albumin (BSA) in TBST buffer (Tris-buffered saline 
containing 0.1% Tween 20, pH 7.4) at room temperature 
for 1 hour. The membrane was then incubated overnight 
at 4˚C with primary antibody in TBST, followed by in- 
cubation with an alkaline phosphatase-conjugated sec- 
ondary antibody. The primary antibodies used were anti- 
FOXO-1 (dilution 1:1000; Cell Signaling Technology 
Inc., Danvers, MA, USA), anti-phospho JNK (dilution 
1:800; R&D Systems Inc., Minneapolis, MN, USA). There- 
after, chemiluminescence was performed using an Im- 
mune-Star chemiluminescent protein detection system 
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(Bio-Rad Laboratories), and immunoreactive bands were 
detected and the signal intensities quantified using a  
Lumino-image analyzer (LAS-4000 mini EPUV, Fuji 
Film, Tokyo, Japan). 

2.6. Statistical Analysis 

Clinical parameters were expressed as median with ran- 
ges. The expression level of gene or protein in cultured 
cells was expressed as mean ± standard deviation (SD). 
Comparisons between groups were made using the Mann- 
Whitney U test, paired or unpaired t test, or oneway 
ANOVA. Correlation coefficients between numerical va- 
riables were calculated using Spearman’s rho corrected 
for ties or Pearson’s test. All tests were 2-tailed, and p 
values less than 0.05 were considered statistically signi- 
ficant. Statistical analysis was performed using commer- 
cially available software (Multivariable Analysis Ver. 2.0 
for Mac, Esumi Co. Ltd., Tokyo, Japan). 

3. Results 

3.1. Clinical and Histological Characteristics of  
Patients with CH-C 

The baseline characteristics of the study group are shown 
in Table 1. Among the 42 cases, only 11 patients (26.2%) 
had body mass index (BMI) more than 25.0 Kg/m2, while 
23 patients (54.8%) had elevated HOMA-IR values (> 
2.0). Patients with elevated HOMA-IR values had sig- 
nificantly higher BMI (p < 0.05) and tended to have 
higher serum ferritin levels (p = 0.06). Patients with 
HOMA-IR values equal or more than 2.0 showed signi- 
ficantly lower SVR rate (56.5%) as compared with those 
with HOMA-IR less than 2.0 (68.4%; p < 0.05), which 
was consistent with the previous report [21]. Serum iron 
overload status was found in many CH-C patients: 13 
patients (31.0%) had elevated serum iron values (>170 
μg/dl for males and >120 μg/dl for females), 11 (26.2%) 
had elevated transferrin saturation (>45%), and 17 
(40.5%) had elevated serum ferritin values (>220 ng/ml 
for males and >100 ng/ml for females). Fatty accumula- 
tion was found in the liver of 30 patients (71.4%). Mod- 
erate (10% - 30%) and severe (>30%) fatty accumulation 
was found in 10 (23.8%) patients and 1 (2.4%) patient, 
respectively. 

HOMA-IR values were significantly correlated with 
BMI (r = 0.401, p < 0.05), HbA1c (r = 0.454, p < 0.05) 
and fasting plasma glucose (r = 0.495, p = 0.01). 

3.2. Correlations of Serum Ferritin Level with  
Clinical Characteristics, Liver Histology,  
and Hepatic Gene Expression Levels 

Serum ferritin was significantly correlated with serum 

aspartate aminotransferase level (AST; r = 0.372, p < 
0.05) (Figure 1(a)), alanine aminotransferase (ALT; r = 
0.439, p < 0.01) (Figure 1(b)), and HOMA-IR (r = 0.464, 
p < 0.05) (Figure 1(c)). Histological assessment of the 
biopsied liver tissues showed that serum ferritin levels 
were correlated with total hepatic iron scores (r = 0.646, 
p = 0.001) (Figure 1(d)) and 8-OHdG-positive cell counts 
(r = 0.560, p = 0.001) (Figure 1(e)), which is consistent 
with our previous study [15]. Interestingly, the serum fer- 
ritin levels were significantly correlated with the grade of 
fatty accumulation (p < 0.05) (Figure 1(f)). 

3.3. Correlation of FOXO1 Gene Expression  
with Hepatic Oxidative Stress,  
Gluconeogenesis Gene Expression Level,  
and Insulin Resistance 

FOXO1 is known to enhance gluconeogenesis through 
transcriptional activation of various genes including PEPCK 
and G6Pase [9]. The present study showed that FOXO1 
gene expression was significantly correlated with the 
number of 8-OHdG-positive cells (r = 0.387, p < 0.01) 
(Figure 2(a)), PEPCK gene expression (r = 0.421, p < 
0.01) (Figure 2(b)), and HOMA-IR (r = 0.327, p = 0.01) 
(Figure 2(d)). There was a non-significant correlational 
trend between G6Pase and FOXO1 expression (r = 0.277, 
p = 0.08) (Figure 2(c)). 

3.4. Effect of ROS on Gluconeogenesis  
Production in HepG2 Cells 

FOXO1 is regulated by the stress-sensitive serine/thre- 
onine kinase JNK at multiple levels [9,22]. We assessed 
the effect of ROS production on JNK, FOXO1 and 
PEPCK using cultured HepG2 cells. ROS were generated 
using DEM, well-known ROS inducer [23]. The present 
in vitro experiment showed that DEM (0.24 - 1.2 mM), a 
well-known ROS inducer, enhanced FOXO1 gene ex- 
pression in a dose-dependent manner (Figure 3(a)). JNK 
gene expression was also increased by DEM treatment, 
but to a lesser extent than the induction of FOXO1 gene 
expression (Figure 3(b)). 

In the presence of 1.2 mM DEM, PEPCK gene tran- 
scription was markedly increased by up to 738% of the 
baseline level (Figure 3(c)). 

Western blotting revealed that the expression of phos- 
phorylated JNK protein in the nuclear fraction was dose- 
dependently increased (Figures 4(a), 4(b)) and that of 
non-phosphorylated FOXO1 protein in the nuclear frac- 
tion was strongly increased by DEM treatment (Figures 
4(a), 4(c)). Conversely, expression of phosphorylated 
FOXO1 (p-FOXO1) in the cytoplasmic fraction was de- 
creased when treated with DEM at high doses (2.4 to 6.0 
mM) (Figure 4(a)). 
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(a)                                                (b) 

   
(c)                                                (d) 

   
(e)                                                (f) 

Figure 1. Correlation of serum ferritin level (ng/ml) with clinical characteristics and histological parameters of liver tissue. (a) 
Correlation between ferritin and aspartate aminotransferase (AST) level. (b) Ferritin and alanine aminotransferase (ALT) 
level. (c) Ferritin and homeostasis model assessment of insulin resistance (HOMA-IR). (d) Ferritin and Total iron score (TIS). 
(e) Ferritin and 8-hydroxy-2’-deoxyguanosine (8-OHdG) count. (f) Ferritin and fatty accumulation grade (analyzed using 
one-way ANOVA). 
 
4. Discussion ies to assess IR in CH-C patients [24]. The prevalence of 

IR in HCV-infected patients has been reported to range 
from 30% to 70% [25,26]. The prevalence in the present 
study was 54.8% (23 of 42 cases), which is consistent 
with previous reports. 

The characteristics and complications of HCV are well 
documented, but the molecular mechanisms of HCV- 
induced IR are not yet fully understood. HOMA-IR is the 
most commonly used model for assessing IR in the HCV 
setting. Typically, a HOMA-IR value greater than 2 is 
used to signify significant IR [16]. The HOMA model 
has proved to be valuable in large epidemiological stud-  

HCV core protein is known to play a key role in pro- 
moting IR. HCV core induces expression of tumor ne- 
crosis factor-α (TNF-α), which activates suppressor of 
cytokine signaling (SOCS), leading to subsequent  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2. Correlation of gene expression levels of forkhead 
box-containing protein O subfamily-1 (FOXO1) with other 
parameters in the liver of 42 patients with chronic hepatitis 
C. (a) Correlation between FOXO1 and 8-hydroxy-2’-de- 
oxyguanosine (8-OHdG) count. (b) FOXO1 and phosphoe- 
nolpyruvate carboxykinase (PEPCK). (c) FOXO1 and glu- 
cose 6-phosphatase (G-6-Pase). (d) FOXO1 and homeostasis 
model assessment of insulin resistance (HOMA-IR). 

 
(a) 

 
(b) 

 
(c) 

Figure 3. Effect of diethylmaleate (DEM) treatment on gene 
transcription in HepG2 cells. HepG2 cells were treated with 
0, 0.24, 0.6, 1.2, 2.4, and 6.0 μmol/ml DEM for 2 hours. (a) 
The expression level of forkhead box-containing protein O 
subfamily-1 (FOXO1) gene in response to DEM stimula- 
tion. (b) The expression level of JNK gene. (c) The expres- 
sion level of phosphoenolpyruvate carboxykinase (PEPCK) 
gene. 
 
proteasomal degradation of insulin receptor substrates 
(IRS1 and IRS2), resulting in the development of IR. 
Furthermore, SOCS inactivates phosphatidyl-inositol-3- 
kinase (PI3K), which inhibits translocation of glucose 
transporter 4 (GLUT-4) to the cell membrane, resulting 
in blockade of glucose uptake [27]. As well as GLUT4, 
GLUT2 is down-regulated in HCV-replicating hepato- 
cytes [8]. In addition, HCV-core protein enhances the se- 
rine phosphorylation of IRS-1, which leads to IRS-1 in- 
activation [28]. 

Hepatic iron overload in chronic HCV infection has  
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(a) 

   
(b)                            (c) 

Figure 4. Activation of forkhead box-containing protein O 
subfamily-1 (FOXO1)—dependent proteins by diethylma- 
leate (DEM) treatment. HepG2 cells were treated with 0, 
0.24, 0.6, 1.2, 2.4, and 6.0 μmol/ml DEM for 2 hours. (a) 
Western blotting of phosphorylated JNK (p-JNK) protein 
in the nuclear fraction, FOXO1 protein in the nuclear frac- 
tion, and phosphorylated FOXO1 (p-FOXO1) in the cyto- 
plasmic fraction. (b) The expression level of p-JNK protein 
in the nuclear fraction. (c) The expression level of FOXO1 
protein in the nuclear fraction. 
 
been frequently reported. Several studies have demon- 
strated that an association exists between IR and iron 
overload [29]. However, the mechanisms through by 
which iron causes IR are not clear. In the present study, 
we hypothesized that iron accumulation in CH-C patients 
would be an important factor for ROS production. The 
study showed that the level of ferritin in serum was 
strongly correlated with the degree of hepatic iron accu- 
mulation and the number of cells positive for 8-OHdG. 
Chronic inflammation can contribute to elevate serum 
ferritin levels in setting of HCV infection. However, those 
results show that serum ferritin level is a reliable marker 
for quantifying ROS production even in CH-C. Moreover, 
the serum ferritin level was significantly correlated with 
HOMA-IR. This evidence supports the no tion that he- 
patic iron-mediated ROS production is associated with 
IR in CH-C. 

Recently, an interesting molecular mechanism under- 
lying HCV-induced glucose metabolic disorders was re- 
ported; namely, HCV NS5A protein was shown to en- 
hance gluconeogenesis through activation of the tran- 
scription factor FOXO1 [9]. The present data showed 
that FOXO1 gene expression and the degree of hepatic 
iron overload were correlated with the number of 8- 
OHdG-positive cells. In addition, FOXO1 expression 
was significantly correlated with PEPCK expression and 
HOMA-IR. These data suggest that iron-mediated ROS 

production can enhance gluconeogenesis through activa- 
tion of the FOXO1-mediated pathway, which can result 
in IR. 

Interestingly, serum ferritin levels were correlated with 
the degrees of fatty accumulation in the liver tissues. The 
mechanism in HCV infection includes increased lipo- 
genesis, decreased degradation and impaired lipoprotein 
secretion [30]. Mitochondrial damage by iron-mediated 
ROS production may affect the lipid metabolism [31]. 

In the present in vitro study, we used a cultured cell 
line, HepG2, treated with DEM. It is ideal to use HCV- 
RNA replicon cells [32] treated with iron to investigate 
the effect of iron-mediated ROS production on the 
FOXO1-mediated pathway. We attempted to use HCV- 
replicon cells treated with Tf-bound iron (holo-Tf) in 
preliminary experiments; however, significant ROS in- 
duction was not observed (data not shown). These repli- 
con cells were derived from the Huh7 cell line. Huh7 
cells carry an HFE mutation (Y231 del), which is associ- 
ated with human hemochromatosis [33]. As a cones- 
quence of the significant problems associated with using 
HCV replicon to investigate iron-mediated processes, 
HepG2 cells treated with DEM were used as the model 
system in our study. 

FOXO1 protein is known to distribute in both the nuclear 
and cytoplasmic fractions. Non-phosphorylated FOXO1 
protein in the nucleus activates transcription of various 
gluconeogenesis genes [34]. Upon being phosphorylated, 
FOXO1 protein is exported from the nucleus to the cy-
tosol, resulting in the loss of its transcriptional activity. 
The present in vitro model demonstrated that oxidative 
stress enhanced FOXO1 protein production and repres- 
sed phosphorylation of FOXO1, which was followed by 
enhanced gene transcription of PEPCK. The present in 
vivo and in vitro data led us to speculate that HCV-me- 
diated iron overload enhances ROS production, which leads 
to an increase in gluconeogenesis through the FOXO1-me- 
diated pathway and, ultimately, IR. 

It should be noted that there are so many factors be- 
sides iron-mediated ROS production that affect IR. In 
HCV-infected hepatocytes, HCV core, NS3 and NS5A 
protein induce oxidative stress [13]. HCV leads to the 
over expression of the protein phosphatase 2A (PP2A) by 
induced endoplasmic reticulum (ER) stress [35]. PP2A 
inhibits insulin signaling through dephosphorylation of 
AKT [36]. Moreover, many other factors such as reduced 
glucose uptake via GLUT2 and GLUT4, inhibition of 
glycolytic pathways and reduction of insulin secretion 
from the pancreas, can affect IR. Therefore, oxidative 
stress by iron overload is one of the additional factors 
affecting IR in CH-C. Consequently, removal of hepatic 
iron will improve IR in CH-C, resulting in suppression of 
liver fibrosis and a reduced incidence of hepatocellular 
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carcinoma development. 
In summary, iron-mediated ROS production enhances 

gluconeogenesis through the FOXO1-mediate pathway 
and is a factor affecting IR in patients with CH-C. 
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