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to the ethical guidelines of the 1975 Declaration of
Helsinki as reflected in a priori approval by the Ethical
Committee of Mie University.

Quantitative assay for serum hepcidin using
the SELDI-TOF MS system

we used SELDI-TOF MS system to measure the serum
hepcidin levels, as reported previously.”"” Serially
diluted synthetic hepcidin-25 (Peptide Institute, Osaka,
Japan) was used for external mass calibration. The data
from the peak intensities were normalized with the total
jon current using Biomarker Wizard, v. 3.1.1 (Ciphergen
ProteinChip; Chiphergen Biosystems, Fremont, CA,
USA) to compensate for the variations in sample con-
centrations loaded onto a spot; the data were repre-
sented as arbitrary units (AU) calculated using this
software.

Statistical analysis

Data are expressed as the mean * standard deviation
(SD). The baseline characteristics were compared using
the unpaired Student t-test or Mann-Whitney U-test
for continuous variables and y>-test for categorical vari-
ables. Correlations between two variables were assessed
by the Spearman rank correlation test. To analyze the
changes of laboratory data before and after the iron
reduction, paired Student’s t-test was used. Two-sided P
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values of <0.05 were considered as statistically signifi-
cant. All statistical analyses were performed using the
commercially available software SPSS 11.5 software
(SPSS, Chicago, IL, USA).

RESULTS

LINICAL CHARACTERISTICS OF patients are

shown in Table 1. Patients with C-HCV had signifi-
cantly higher serum iron, transferrin saturation, and fer-
ritin levels compared to healthy subjects, indicating that
iron overload condition is relatively common in chronic
HCV-infected patients, as reported previously. Serum
hepcidin was measurable in all 9 C-HCV patients and
10 healthy controls. The mean serum hepcidin was
91.2 £ 50.0 AU in C-HCV before the iron reduction, and
this value was significantly higher than that of healthy
controls (34.2 £15.6 AU) (Fig. 1a). When the correla-
tion between serum hepcidin and clinical characteristics
was investigated, serum ferritin levels were strongly
related to serum hepcidin, indicating that hepcidin is
expressed in response to iron burden (Fig. 1b). Hepci-
din expression is also known to increase in response to
inflammatory stimuli,” but there were no significant
correlations between serum hepcidin and serum tran-
saminase levels and histological inflammatory grading
in C-HCV patients.
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Figure 1 (a) Serum hepcidin concentrations in normal subjects (open wiangles) (n =10} and in patients with chronic hepatitis C
virus (C-HCV) before (open circles) and after {closed circles) the phlebotomy (n=9). Serum hepcidin was measured by surface-
enhanced laser desorptionfionization time of flight mass spectrometry (SELDI-TOT-MS) systemn. Before the phlebotomy, C-HCY
patients had significantiy higher seruni hepcidin concentrations than those of norma! subjects. Serum hepcidin levels were
drastically decreased in all C-HCV patients after the phlebotoniy. and its mean value was significantly lower as compared Lo that
of healthy subjects. Bar shows mean +SD. (b) Correlation between serum hepcidin concentrations and serum ferriiin levels in
normal subjects (open triangles) (n=10) and in patients with C-HCV (open circies) {(# = 9). Regression line is shown.
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A mean blood volume of 2910+920 mL was :
removed by 9.0 £2.89 venesection times performed :
over a period of 12.0 + 2.8 months in 9 C-HCV patients N % sanmagETan
(Table 2). Red blood cell counts, hemoglobin concen- E s i
trations, serum iron, and ferritin levels were reduced in =
all patients after phlebotomy, except for 1 case of serum ©
iron. Serum transaminase levels were also decreased in é RRFETREIRELR
all treated patients, indicating that liver damage was .
improved after the iron reduction in C-HCV. Serum :
hepcidin levels were drastically decreased in all C-HCV g e % o et :
patients after the therapy, and its mean value {9.0£ 6.0 go|e|yammesnm ey
AU) was significantly lower as compared to the level of <2
healthy subjects (Fig. 1a). Phiebotomy stimulates eryth- 2 :
ropoietic activity, as the result of iron deficiency. Indeed, ZSREIE2LRES
mean reticulocyte count, a marker of erythropoieses, .
was significantly increased after phlebotomy (Table 2), :
but pretreatment reticulocytes were not correlated with g |Blma®39353%9 S
serum hepcidin levels in CH-C patients (r=0.118, B Il A AR
P =0.7393; Spearman rank correlation). 2 % .
Our findings of strong positive correlations between C = ] PO, :
serum hepcidin and ferritin, and significant reduction 2 glmgzadonizas
of serum hepcidin after phlebotomy also suggest the g .
feedback mechanism of hepcidin expression against 2 3 :
iron signal. Then, to evaluate the appropriateness of 2| £ :‘g 2R RRNFNRAR
hepcidin expression relative to iron overload,? the E.’ E E :
ratio of hepcidin to ferritin levels was calculated in g E TS g:
each patient. Before the phlebotomy, the ratio of z |lR D~ @ w T
C-HCV was significantly lower compared to healthy Z B : 3
subjects (0.33£0.41 vs. 0.73£0.36, P=0.0068) 2852|8282 222R8% 3
(Fig. 2). Hepcidin/ferritin ratio was not significantly oy 5% . 3
changed after phlebotomy, and its mean was still sig- IS I T - RN § 2
nificantly lower than that of controls (0.32+0.14, £ L2222 7% £
P=0.0338). These results indicate that the hepcidin 3 . i
expression is impaired in chronic HCV-infected = z . Eimmowaganaa = :;z g
patients when adjusted for serum concentrations of = ‘gﬁé Bl i N ~5%é e
ferritin, and this relative impairment is not improved & E Sl e ooy 74 ol T2E E
when the iron overload condition is cured. g R R B .;,: 3 ﬁ% %; EE:;? g
DISCUSSION AP AR EY S =R
Z|=5¢ R = P
EPCIDIN MAINTAINS BODY iron balance by 2| 2|§|5535388383(5243 % 5 YR
acting as a regulatory feedback mechanism & S R g g g :
between body iron needs and intestinal iron absorp- Sz EEEEEEEEE |gcfsdESA
tion, and measurement of serum hepcidin is useful for Sle. . §228853283 |f253572¢E¢
understanding the mechanism of iron dysregulation in g 2 Tg _E 3 ?E ?? E ?E *E R- 5E 2 ";é; %
patients suffering from iron regulatory disorders.' S|EEZ === s g - é&n ¥7E
Hencidin is recognized as the hormone that almost T8 lisisssz.z 152 ¥2 e
exclusiveiy syntliesized in hepatocytes™ and we previ- & 23 TTgRSAzaL; | LEF [ fZE Z,
ously confirmed that serumz hepcidin levels were el : 3 A
strongly correiated with hepatic mRBNA expression =213 i |2 ¢ Z
levels of hepcidin 1n C-HCV patients.” In this study, S T B k< itz
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Figure 2 Serum hepcidin/ferritin- ratio in normal subjects
(open triangles) (7 = 10) and in patients with chronic hepatitis
Cvirus (C-HCV) before (open circles) and after (closed circles)
the phlebotomy (n=9). Serum hepcidin was measured by
surface-enhanced laser desorption/ionization time of flight
mass spectrometry (SELDI-TOF-MS) system. Before the phle-
botomy, C-HCV patients had significantly lower hepcidin/
ferritin ratio than those of normal subjects, and this relative
low ratio was not significantly changed during phlebotomy in
C-HCV patients. Bar shows mean + SD.

serum hepcidin levels of C-HCV were significantly
higher than those of healthy controls. Serum iron,
transferrin  saturation, and ferritin were also sig-
nificantly higher in C-HCV than in control, suggesting
that the many C-HCV patients are in iron overload
condition, and recollecting the hepcidin expression in

response to iron overload. Drastically decrease of

serum hepcidin by phlebotomy in C-HCV also indi-
cates that the hepcidin is responded to iron overload
signal, even in the chronically HCV-infected liver. But
hepcidin to ferritin ratio was significantly lower in
C-HCV patients than in controls, indicating that
up-regulation of hepcidin by increased body-stored
iron may be impaired in the HCV-infected liver. Serum
hepcidin, consistent with ferritin, was significantly
decreased aiter phlebotomy, but the hepeidin/ferritin
ratio was not significantly changed during the treat-
meni. From these results, relative imparment of hepci-
dinn production iin C-HCV seem: to be directly related
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to HCV infection, not to iron overtoad condition.
Recently, Nishina et al® clearly demonstrated that
transgenic mice expressing [HCV ployprotein had
decreased hepcidin expression and increased ferritin
expression in the liver. They also showed the down-
regulation of hepcidin promoter activity and increased
hepatic reactive oxygen species. Because it is well
known that hepatic oxidative stress is elevated in
patients with C-HCV,* HCV-induced oxidative stress
formation may invelve the down-regulation of hepci-
din, causing iron accumulation during chronic HCV
infection.

Besides hepcidin, numerous iron-related proteins
[hemojuvelin, ferroportin, transferrin receptors (TtR) 1
& 2, ferritin, etc.| involve the keeping of iron balance in
the body. We have previously examined these hepatic
mRNA expression levels in several phlebotomized
C-HCV patients at preliminary.®® Although ferroportin
and TtR2 mRNA levels were not significantly changed,
hepatic TfR1 levels were significantly increased by
phlebotomy. Large number and more detailed analysis
would be performed in the future.

[t is reported that increased iron storage plays a role as
a cofactor for liver disease progression during chronic
HCV infection. Indeed, a beneficial effect of phle-
botomy on serum transaminase levels and histological
inflammation has already been reported in C-HCV.>® In
this study, all C-HCV patients also reduced serum tran-
saminase levels after phlebotomy. But in this subclinical
iron deficiency condition by phlebotomy, depleted
stores iron further decreased serum hepcidin concentra-
tions, and may lead to a vicious circle of frequent main-
tenance phlebotomies to counteract an upregulated iron
absorption from the gut in C-HCV. Efficacy of iron
restricted diet judging from serum trasamianse levels
was also documented in C-HCV,* and combination
with phlebotomy and iron restricted diet may be more
beneficial for the amelioration of liver injury in C-HCV
patients. Further clinical prospective studies should be
necessary.

In conclusion, we measured serum hepcidin levels in
patients with C-HCV and its strict response to iron sig-
naling was observed. But, its response was relatively
diminished and it was irreversible after iron reduction
by phlebotomy in C-HCV patients. The consequences
of this hepcidin dysregulation may be an important
mechanisni underlying the iton overload seen in many
patients, and may hiave significant implications foi the
management of C-HOV infection. Improvemeint for
the regulaticn or supplementation of hepdidin may be
heneficial for iron-overicaded patients with C-HCV.

© 2009 The lapan Society of Hepatology
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Iron Overload Is Associated with Hepatic Oxidative
Damage to DNA in Nonalcoholic Steatohepatitis
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Abstract

Several lines of evidence have suggested that oxidative
stress plays an important role for the pathogenesis of
nonalcoholic steatohepatitis (NASH). Therefore, by
using immunohistochemical staining of liver biopsy
samples, we measured hepatic 7,8-dihydro-8-oxo-2’
deoxyguanosine (8-oxodG), 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-oxodG levels were
significantly higher in NASH compared with simple
steatosis (17.5 versus 2.0 8-oxodG ~positive cells/10° pm>;
P < 0.0001). 8-oxodG 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-oxodG. After the iron reduction therapy, hepatic
8-0x0dG levels were significantly decreased (from 20.7
to 13.8 positive cells/10° pm?; P < 0.01) with concomitant
reductions of serum transaminase levels in NASH
patients. In conclusion, 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-oxo-2 deoxyguanosine (8-oxodG) is a
modification 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-ox0dG 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
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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 (M/F) 22/16 11/13 NS
BMI (kg/m?) 25.6 (22.5-36.7) 24.7 (16.3-35.1) NS
Obesity 23 (60.5%) 11 (45.8%) NS
Type 11 diabetes, n (%) 18 (47.4%) 8 (33.3%) NS
Hypertension, n (%) 14 (36.8%) 9 (37.5%) NS
Hyperlipidemia, n (%) 25 (65.8%) 15 (62.5%) NS
Laboratory data

ALT (TU/L) 63.0 (23-171) 59.0 (12-863) NS
AST (TU/L) 58.0 (27-134) 37.0 (17-443) 0.0047
Total cholesterol (mg/dL) 201 (151-358) 216 (155-276) NS
Triglyceride (mg/dL) 155 (63-443) 125 (73-261) NS
Glucose (nl}ﬁédL) 102 (71-241) 99 (73-427) NS
Serum insulin (microunits/mL) 12.1 (2.4-34) 9.2 (1.0-18) 0.0083
HOMA-IR 3.48 (1.51-9.56) 2.21 (1.05-9.24) 0.0010
Hyaluronic acid (ng/mL) 66.5 (5-365) 19.6 (6-258) 0.0004
Platelet count (x10%/mm?) 18.0 (4.9-37.0) 23.0 (13.1-45.2) 0.0146
RBC count (x10*/mm?) 448 (274-633) 461 (367-558) NS
Hemoglobin (g/dL) 14.3 (8.3-18.9) 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 (9.4-43.8) 0.0152
Serum ferritin (ng/mL) 283 (69-847) 139 (18-640) <0.0001
Liver histology

Inflammatory activity (1/2/3)* 14/21/3 — —
Fibrosis staging (1/2/3/4)* 8/17/11/2 — —
Stea{osis (%) 43 (15-86) 51 (28-90) NS
TIS 3 (0-8) 0 (0-7) <0.0001

NOTE: Results are presented as numbers (percentages) for qualitative data and as medians (ranges) for quantitative data.

Abbreviation: NS, not significant.

*Inflammatory activity and fibrosis staging in NASH was scored according to Brunt classification (16).
t Hepatic steatosis degree was assessed based on the percentage of affected hepatocytes.
1 The histologic quantification of iron was assessed by TIS proposed by Deugnier et al. (17).

normal liver tissue surrounding the resected lesion was
used as a control. A diagnosis of NASH was established
if a combination of the following clinical and histopath-
ologic features was present: (a) a persistent 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 estrogens, 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 surgery. Simple steatosis was also diagnosed by
liver biopsy. Obesity was defined as a body mass index
(BMI) of >25 kg/m? according to the criteria of the
Japan Society for the Study of Obesity (14). Patients
were assigned 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

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 2140/90 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 University. The study was carried
out according to the ethical guidelines 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 proposed 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
fibrosis (stage) was defined as follows: stage 1, zone 3
perisinusoidal fibrosis; stage 2, zone 3 perisinusoidal
fibrosis 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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contained fat droplets. The histologic quantification
of hepatic iron was done according to Deugnier et al.
(17) by scoring iron separately within hepatocytes
(hepatic iron score, 0-36), sinusoidal cells (sinusoidal
iron score, 0-12), and portal tracts or fibrotic tissue
(portal iron score, 0-12). The total iron score (TIS, 0-60)
was defined by the sum of these scores. This score has
been shown to highly correlate with the biochemical
hepatic iron index and hepatic iron concentration as
measured by the atomic absorption spectrophotometry
in patients with chronic liver diseases (18-20). All
histologic grading and staging were done by a single
pathologist without knowledge of the patients’ clinical
and laboratory data.

Immunohistochemical Detection of 8-oxodG Adducts
in Liver Biopsy Samples. Inmunohistochemical stain-
ing of 8-oxodG was done as previously described
(21). Mouse monoclonal antibody against 8-oxodG
(Japan Institute for the Control of Aging, Shizuoka,
Japan) and Alexa Fluor 488-labeled goat antibody
against mouse IgG (Molecular Probes) were used.
The degree of immunoreactivity was estimated by
counting the number of stained hepatocyte nuclei
using Adobe Photoshop version 5.5 and NIH Image
free software (version 1.62, NIH, Image program;
ref. 21).

The specificity of the anti-8-oxodG antibody used in
this study was confirmed by several parallel experi-
ments. Sections in which the primary antibody was
omitted or those treated with normal control serum
instead of the primary 8-oxodG antibody consistently
yielded negative staining. Localization of 8-oxodG was
considered specific because the recognition of hepato-
cytes was completely blocked by previous incubation
with 25 ng/mL of 8-oxodG but not by over a thousand-
fold greater concentration of guanosine. When the
primary antibody was preincubated with graded

8-oxodG competitively, a similar blocking of immuno-
labeling was obtained. Further, enzymatic treatment with
RNase did not affect the immunoreactivity toward
oxidized DNA.

Iron Reduction Therapy for NASH. To evaluate the
clinical effects of iron reduction for NASH, 11 NASH
patients with iron overload [serum ferritin levels were
elevated above the reference range (>300 ng/mL for
male and >200 ng/mL for female)] underwent iron
reduction therapy and the changes of serum and
histologic features were analyzed. We selected patients
that fulfilled the following criteria for iron reduction: no
complication with hypertension and/or cardiovascular
disorder, <70 y, and their histology showed without
cirrhosis and TIS is not score 0. Iron depletion was
accomplished by doing intermittent phlebotomies in
combination with regulation of dietary iron intake as
described previously (22). In brief, at the initial phase of
iron depletion, all patients underwent weekly or
biweekly phlebotomy of 200 g until a state of mild iron
deficiency was achieved (defined by a serum ferritin
levels <50 ng/mL and/or a blood hemoglobin concen-
tration of 12 g/dL). The mild iron deficiency state was
maintained by additional phlebotomies during the
study period: patients were followed up every 1 to
2 mo for the duration, and a phlebotomy was done if
the serum ferritin level exceeded 80 ng/mL. In addition,
those subjects were instructed both orally and in writing
by a registered dietitian to reduce their intake of iron-
rich foods during the intervention. The subjects were
not required to alter their total caloric intake but were
expected to replace iron-rich foods with appropriate
substitutes.

Statistical Analysis. Results are presented as the
medians and ranges for quantitative data or as
numbers with percentages in parentheses for qualitative
data. Demographic and baseline data were compared
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Figure 1. A and B. Representative 8-0xodG immunohistochemical staining in liver tissues from patients with NASH (A) and simple
steatosis (B). In the liver of NASH, 8-0x0dG immunoreactivity was strongly observed at the nuclei of many hepatocytes and several
Kupffer cells (arrow) throughout the whole acinus. P4, portal area. In the liver of simple steatosis, relatively faint immunoreactivity of
8-0x0dG was observed in the nuclei of hepatocytes and rarely in the cytoplasm. Scale bar, 100 pm. C. Comparison between 8-
0x0dG —positive hepatocytic nuclear counts of patients with NASH and those of simple steatosis (SS). Positive cells were significantly
higher in NASH patients than in simple steatosis. O, individual data of patients.
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Table 2. Correlations between clinical findings and 8-oxodG levels in the liver of patients with NASH (n = 38)

Characteristics 8-oxodG Statistics

(positive cells/10° um?) r P
Age (y) 0.048* NS*
Gender
Male (n = 22) 20.7 (10.0-43.3) " Ns*
Female (n = 16) 154 (7.3-35.7)*
BMI (kg/m?) -0.057* NS*
Laboratory data
ALT (IU/L) -0.012* NS*
AST (IU/L) 0.068* NS*
Total cholesterol (mg/dL) -0.258* NS*
Triglyceride (mg/dL) —-0.050* NS*
Glucose (mg/dL) 0.628* 0.0001*
Serum insulin {microunits/mL) 0.359* 0.0294*
HOMA-IR 0.683* <0.0001*
Hyaluronic acid (ng/ mL) 0.307* NS*
Platelet count (x10%/mm?) ~-0.491* 0.0028*
RBC count (x10*/mm?) -0.119* NS*
Hemoglobin (g/dL) 0.009* NS*
Serum iron (ug/dL) 0.587* 0.0004*
Transferrin saturation (%) 0.364* 0.0267*
Serum ferritin (ng/mL) 0.325* 0.0481*

Liver histology
Inflammatory activity®

Al (n = 14)
A2 (n = 21)
A3 (n =3)

Fibrosis staging®
F1(n = 8)

F2 (n = 17)

F3/4 (n = 13)
Steatosis?
TIS**

18.9 (10.0-40.0)°
190 (7.3-43.3) ' Ns!
147 (12.0-17.6)

14.9 (10.0-43.3)"
150 (7.3-37.7) 1 NS
21.0 (12.0-40.0)

0.392* 0.0172*
0.455* 0.0056*

*Spearman rank correlation test.
T Data are expressed as median (range).
tUnpaired Student’s ¢ test.

§ Inflammatory activity and fibrosis staging in NASH was scored according to Brunt classification (16).

1 One-way factorial ANOVA and multiple comparison test.

1 Hepatic steatosis degree was assessed based on the percentage of affected hepatocytes.
*The histologic quantification of iron was assessed by TIS proposed by Deugnier et al. (17).

by use of Kruskal-Wallis ANOVA, which is indepen-
dent of the distribution of the data. Distribution of
variables was first evaluated to determine the most
appropriate statistical method across group compari-
sons. Normally distributed data were compared using
one-way ANOVA. Data that were not normally distrib-
uted were analyzed using Kruskal-Wallis ANOVA. The
mean values of two groups of normally distributed data
were compared by a ¢ test, and the median values of
two groups of data that were not normally distributed
were compared using the Mann-Whitney U test.
Spearman rank correlation was used to quantify the
association between continuous or ordered categorical
variables. To analyze the changes of BMI, serum, and
histologic variables after the iron reduction therapy,
paired Student’s ¢ test was used. Logistic regression
analysis was used to identify significant factors that
influence elevated hepatic 8-oxodG expression in NASH
and simple steatosis patients. Categorical variables with
more than two levels were coded as dummy variables.
All tests were two tailed, and P values <0.05
were considered as statistically significant. Statistical
analysis was done using the commercially available
software Statistical Package for the Social Sciences 11.5
(SPSS, Inc.).

Results

Clinical Characteristics of the Patients with NASH
and Simple Steatosis. The main demographic and
clinical laboratory features of the patients with NASH
and simple steatosis are compared in Table 1. Patients
with NASH were older, and more male and obese
subjects than in simple steatosis, but they did not reach
the statistical significance. The prevalence of type II
diabetes, hypertension, and hyperlipidemia, and serum
total cholesterol, triglyceride, and glucose levels were not
significantly different between the two groups. Serum
aspartate aminotransferase (AST), fasting insulin levels,
insulin resistance [assessed by homeostasis model
assessment of insulin resistance (HOMA-IR)], and
hyaluronic acid were significantly higher in NASH
than in simple steatosis. iron-related serum markers
(i.e., serum iron, transferrin saturation, and ferritin) were
found to be significanily elevated in NASH compared
with those of simple steatosis. Although liver histology
showed no significant difference in steatosis degree
between the NASH. and simple steatosis, hepatic iron
deposition was more prominent in NASH; TIS was
significantly higher in NASH compared with simple
steatosis [3 (0-8) versus 0 (0-5); P < 0.0001].
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Hepatic 8-0x0dG Levels in NASH and Simple
Steatosis Patients. Figure 1A and B showed the 8-oxodG
immunohistochemical staining in liver biopsy samples
in patients with NASH and simple steatosis, as repre-
sentative. 8-oxodG immunoreactivity was strongly
observed in the nuclei (and weakly in the cytoplasm) of
hepatocytes, Kupffer cells, and infiltrated inflammatory
cells in NASH patients’ liver biopsy specimen (Fig. 1A).
The hepatocyte nuclei were differentiated from the
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Figure 2. Correlations between 8-oxodG-—positive hepatocytic
nuclear counts and clinical variables in 38 NASH or 24 simple
steatosis patients. A. 8-0x0dG counts and serum glucose levels
in NASH. B. 8-0x0dG counts and HOMA-IR in NASH. C. 8-
oxodG counts and serum iron levels in NASH. D. 8-oxodG
counts and TIS in hepatic tissues in NASH. Dotted vertical line
indicates that the TIS is 0. E-1. 8-0xodG counts and extent of
hepatic steatosis in NASH. E-2. 8-0x0dG counts and extent of
hepatic steatosis in simple steatosis.

nuclei of other cells using computed analyses at the
point of nuclear shape and size. 8-oxodG-immunoreac-
tive hepatocytes were distributed throughout the whole
acinus in liver of patients. Using the liver samples
of patients with simple steatosis, relatively faint
immunoreactivity of 8-oxodG was observed in the
nuclei of hepatocytes and was rarely in the cytoplasm
(Fig. 1B). As a whole, 8-oxodG-positive hepatocyte
counts were significantly higher in NASH patients
than in simple steatosis [17.5 (range, 7.3-43.3) versus
2.0 (range, 0.0-13.3) cells/10°> um?; P < 0.0001; Fig. 1C].
In the liver of 10 healthy controls, immunoreactivities
of 8-oxodG were rarely detected in the nuclei of
hepatocytes.

Clinical Variables That Correlate with Hepatic
8-0xodG Levels in NASH Patients. To estimate the
source of oxidant-generated DNA damage that frequent-
ly occurred in the livers of patients with NASH, the
correlations of clinical and histologic findings with the
degree of hepatic damaged DNA were evaluated, and
the results are summarized in Table 2. Patients’ age,
gender, and BMI were not related to hepatic 8-oxodG
counts in NASH patients. Although the 8-oxodG-
positive hepatocytic counts were not correlated with
serum transaminases, cholesterol, and triglyceride
levels, hepatic 8-0x0dG levels were elevated in parallel
with increase of fasting glucose, serum insulin, and
HOMA-IR in patients with NASH [8-oxodG versus
glucose (r = 0.628, P = 0.0001) versus serum insulin
(r = 0.359, P = 0.0294) versus HOMA-IR (r = 0.683, P <
0.0001); Table 2; Fig. 2A and B]. It is noteworthy that the
hepatic 8-oxodG levels were also positively correlated
with body and hepatic iron deposition markers; serum
iron, transferrin saturation, ferritin, and the hepatic iron
deposit grade (i.e., TIS) were significantly correlated with
8-oxodG-positive hepatocyte nucleus counts [8-oxodG
versus iron (r = 0.587, P = 0.0004) versus transferrin
saturation (r = 0.364, P = 0.0267) versus ferritin (r = 0.325,
P = 0.0481) versus TIS (r = 0.455, P = 0.0056); Table 2;
Fig. 2C and DJ. Platelet count was also correlated with
hepatic 8-oxodG levels, but histologic features (inflam-
matory activity and fibrosis staging) were not related
to hepatic oxidative damage to DNA in patients with
NASH. Moreover, elevated hepatocytic 8-oxodG levels
were significantly correlated with the extent of hepatic
steatosis in patients with NASH (8-oxodG versus
steatosis, r = 0.392, P = 0.0172; Fig. 2E-1), but these two
variables were not related in patients with simple
steatosis (Fig. 2E-2). The degree of hepatic iron deposi-
tion (TIS) and insulin resistance (HOMA-IR) was also
correlated mutually in patients with NASH (Fig. 3).

Clinical Variables That Correlate with Hepatic
8-0x0dG Levels in Simple Steatosis Patients. The
correlations of clinical and histologic findings with
the hepatic 8-oxodG levels were also investigated in
simple steatosis patients (Table 3). Patjents’ age and
serum ferritin levels were significantly related to hepatic
8-oxodG levels in simple steatosis, but other variables,
including HOMA-IR, serum iron levels, and TIS, were
not correlated. )

Factors Independently Associated with Elevated
Hepatic 8-oxodG Levels. To ideniify the variables
independently associated with elevated hepatic 8-oxodG
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Figure 3. Correlation between TIS in hepatic tissues and
HOMA-IR in NASH patients. Dotted horizontal line indicates
that the TIS is 0.

levels in NASH and simple steatosis patients, logistic
regression analysis was done using the variables
recorded in Tables 2 and 3. When the analysis was done
in combination NASH and simple steatosis, positive for
hepatic iron deposit (i.e., TIS > 0) and insulin resistance
(i.e., HOMA-IR > 2) were independent variables contrib-
uting to elevated (>10 positive cells/ 10° umz) hepatic
8-0x0dG (Table 4).

Changes of Serum and Hepatic Histologic Features
by Iron Reduction in NASH Patients. To directly
evaluate the effect of iron overload to oxidatively

generated damage to DNA in the liver of patients
with NASH, iron reduction therapy (phlebotomy plus
iron-restricted diet) was done in 11 hyperferritinemic
NASH patients (7 males and 4 females; range, 39-67
years) and changes of serum and histologic variables
were examined (Table 5). A mean blood volume of
1,700 + 630 mL was removed by 8.5 + 3.1 venesection
times done over a period of 10.8 = 1.9 months. Serum
hemoglobin, iron, and ferritin levels were decreased in
all treated patients at the end of iron reduction. Serum
alanine aminotransferase (ALT), TIS score, and hepatic
8-0xodG levels were also decreased in most treated
patients, and mean values were significantly decreased
after the treatment. Serum cholesterol, triglyceride,
fasting glucose, and insulin levels were not significantly
changed by iron reduction therapy.

Discussion

In this study, we used immunohistochemical approaches
using a monoclonal antibody against 8-oxodG in forma-
lin-fixed, paraffin-embedded liver sections for assess-
ment of oxidatively generated damage to DNA in the
liver of nonalcoholic fatty liver disease. Using this
approach, 8-oxodG-positive signals in liver tissue were
detected in all patients with NASH, suggesting that
oxidative stress is a frequent event in the liver of NASH
patients. At present, a commonly accepted model for the
pathogenesis of NASH is the so-called two-hit hypoth-
esis; first hit leads to accumulation of hepatic free fatty
acids resulting in a histologic picture of macrovesicular
steatosis, and a subsequent second hit may result in liver

Table 3. Correlations between clinical findings and 8-oxodG levels in the liver of patients with simple steatosis

(n = 24)
Characteristics 8-ox0dG Statistics
(positive cells/ 10° um?) r P

Age (y) 0.485* 0.0251*

Gender . .

Male (n = 11) 2.0 (0.7-13.3) NS

Female (n = 13) 2.0 (0.0-6.3)'

BMI (kg/m?) 0.221* NS*

Laboratory data

ALT (TU/L) 0.276* NS*
AST (TU/L) 0.310* NS*
Total cholesterol (mg/dL) . 0.009* NS*
Triglyceride (mg/dL) —-0.070* NS*
Glucose (mg/dL) 0.321* NS*
Serum insulin (microunits/mL) -0.225* | NS*
HOMA-IR 0.001* NS*
Hyaluronic acid (ng/ mL) 0.360* NS*
Platelet count (x10%/mm?) —0.265* NS*
RBC count (x10%/mm?) —-0.265* NS*
Hemoglobin (g/dL) -0.237* NS*
Serum iron (ug/dL) 0.094* NS*
Transferrin saturation (%) 0.141* NS§*
Serum ferritin (ng/mL) 0.577* 0.0082*

Liver histology

Steatosis’ 0.155* NS*

TIS! 0.282* NS*

“Spearman rank correlation test.
+ Data are expressed as median (range).
tUnpaired Student’s ¢ test.

§ Hepatic steatosis degree was assessed based on the percentage of affected hepatocytes.
! The histologic quantification of iron was assessed by TIS proposed by Deugnier et al. (17).
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Table 4. Factors associated with the elevated hepatic
8-oxodG in NASH and simple steatosis patients by
regression analysis

Factors RR (95% CI) P
TIS>0 3.69 (2.18-13.97) 0.0088
HOMA-IR > 2 2.61 (1.50-6.46) 0.0273

Abbreviations: RR, relative risk; 95% CI, confidence interval.

injury (3). Although the precise mechanism of how the
second hit occurs and concerns in liver disease progres-
sion remains unclear, oxidative stress is recognized as the
most convincing mediator of second hit in NASH (4-6).
Significantly elevated hepatic 8-oxodG in NASH com-
pared with simple steatosis supports the hypothesis that
oxidative stress may contribute to the pathogenesis of
NASH. Because the hepatocytic 8-oxodG counts were
significantly correlated with platelet count, oxidative
stress may be related to disease progression in NASH,
especially fibrogenesis. Seki et al. (4) also reported that
hepatic oxidative stress formation as assessed by the
level of 4-hydroxy-2-2 nonenal was significantly in-
creased with the progression of histologic fibrosis staging
in NASH. The degree of hepatic fat deposit seems to be
relevant to hepatic oxidative stress formation in NASH
because hepatic 8-oxodG levels were positively correlat-
ed to the extent of steatosis in NASH. But steatosis alone
could not cause the hepatic oxidative stress because the
degree of hepatic steatosis was not significantly different
between the NASH and simple steatosis, and steatosis
and 8-oxodG levels were not correlated in simple
steatosis patients. These results clearly indicate that
second hit is necessary for the development from simple
steatosis to NASH.

Some authors believe that iron may be the substrate of
oxidative stress and could be responsible for the second
hit in patients with NASH (23, 24). In steatotic livers, the
saturation of B-oxidation by excess free fatty acids
will ultimately lead to the generation of hydrogen

peroxide, which in turn can be converted to highly
reactive hydroxyl radicals in the presence of free iron via
Fenton reaction (10). Indeed, there is strong evidence,
from in vitro and in vivo studies, that iron overload
enhances oxidative stress (25-27). Consistent with several
previous findings (7-9), the present data showing that
serum iron, transferrin saturation, and ferritin levels and
the grade of hepatic iron staining (TIS) are significantly
higher in NASH compared with simple steatosis also
suggest that iron overload may be responsible for
the second hit and pathogenesis of NASH. Quantitative
analysis revealed that hepatocytic 8-oxodG levels were
significantly correlated with these iron-related markers
in NASH, strongly indicating that the increase in the
body stored iron is specifically related to increased
hepatocytic oxidatively generated damage to DNA in
NASH patients.

Because serum insulin and HOMA-IR were signifi-
cantly higher in NASH than in simple steatosis, and
fasting glucose levels and HOMA-IR were significantly
correlated with hepatic oxidative damage to DNA
in NASH patients, another important factor for
hepatic oxidative stress formation in NASH may be
insulin resistance, as same as the iron overload. A
strong association between iron overload and insulin
resistance has been proposed. In fact, Mendler et al. (28)
defined a syndrome of “insulin resistance-associated
iron overload” in the presence of unexplained hepatic
iron overload and at least one component of the
insulin resistance. Insulin resistance also seemed to be
closely linked to total body iron stores in the general
population. Body iron stores are positively associated
with the development of glucose intolerance and type
2 diabetes (29, 30). Iron overload and insulin resistance
relationship also confirms the fact that iron depletion can
improve insulin sensitivity (31-33). Iron overload can
interfere with insulin signaling through the induction
of reactive oxygen species, the latter impairing insulin
uptake through a direct effect on insulin receptor
function, by inhibiting the translocation of glucose

Table 5. Profile, phlebotomy, and changes in individual data after iron reduction therapy in patients with NASH

Patient Age/ Phlebotomy period  BMI ALT Hemoglobin Serum iron  Ferritin TIS 8-oxodG
no. gender (mo)/volume (mL) (kg/ m?) (Iu/L) (g/dL) (ug/dL)  (ng/mL) (/10° pm?)
Before After Before After Before After Before After Before After Before After Before After
1 47/M 9/2,200 310 297 59 32 156 147 220 172 718 77 8 4 40.0 21.7
2 66/M 9/1,000 26.2 259 171 110 145 142 188 155 431 382 6 8 32.0 39.0
3 67/M 12/1,800 273 265 98 56 142 136 141 115 539 123 5 4 270 223
4 41/F 14/2,400 29.0 278 136 97 145 132 170 122 481 53 5 2 253 123
5 59/F 13/1,400 35.0 322 46 38 149 136 138 101 223 75 5 1 20.0 127
6 41/M 12/2,800 25.1 253 122 89 15.3 139 92 72 374 68 4 4 19.0 57
7 59/F 10/800 23.5 222 133 72 12.2 115 202 154 847 272 7 5 17.6 6.7
8 54/F 8/1,200 252 253 82 49 157 152 124 107 300 109 2 2 133 120
9 42/M 12/1,800 28.1 283 94 42 164 147 120 77 537 39 5 2 123 5.0
iQ 39/M 9/2,000 28.1 245 118 77 16.2 143 134 100 306 34 2 0 11.7 3.7
11 64/M 11/1,200 304 301 37 R 49 ' 15.0 . 142 . 96 94 339 46 4 2 10.0 10.7
Mean : 281% 2717 996 646 150 139  148° 115 463 116! 489315 207+ 13.8=

*Statistically significant difference at P = 0.0222 (paired ¢ test).
t Statistically significant difference at P = 0.0003 (paired ¢ test).
t Statistically significant difference at P < 0.0001 (paired ¢ test).
§ Statistically significant difference at P < 0.0001 (paired ¢ test).
! Statistically significant difference at P < 0.0001 (paired ¢ test).
1 Statistically significant difference at P = 0.0113 (paired ¢ test).
“*Statistically significant difference at P = 0.0092 (paired ¢ test).
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transporter GLUT4 to the plasma membrane (34, 35). The
relation of insulin resistance and iron overload is also
important in reverse, as insulin stimulates cellular iron
uptake through increased transferrin receptor external-
ization (36, 37). It is also known that the glycation
of transferrin decreases its ability to bind ferrous iron
(38) and, by increasing the pool of free iron, stimulates
ferritin synthesis. Glycated holotransferrin is additional-
ly known to facilitate the production of free oxygen
radicals, which further amplify the oxidative effects of
iron (38). Reciprocally, the oxidative stress also induces
both insulin resistance [by decreasing internalization of
insulin (34)] and increased ferritin synthesis. Therefore,
iron overload, insulin resistance, and oxidative stress
may amplify each other and may compose the vicious
cycle to progress liver injury in NASH.

The above-mentioned results prompted us to investi-
gate the possibility of iron reduction for improvement of
hepatic oxidative damage to DNA in NASH. Iron
reduction (phlebotomy plus iron-restricted diet) therapy
for NASH significantly reduced the serum ALT and
hepatic 8-0xodG levels, suggesting the possibility of iron
reduction for treatment option for NASH. Recently,
Valenti et al. (33) reported that iron reduction also
improved insulin resistance in 64 phlebotomized nonal-
coholic fatty liver disease patients with hyperferritine-
mia. A randomized study also suggests that iron
reduction may recover insulin action in type 2 diabetic
patients (39). But in our treated NASH patients, iron
reduction did not significantly affect insulin resistance
state. Large randomized controlled studies, considering
histology as final outcomes, are nonetheless required to
determine the clinical effect of iron reduction therapy in
patients with NASH before this therapy can be proposed.

In conclusion, iron overload, insulin resistance, and
hepatic oxidatively generated damage to DNA tightly
correlate each other in NASH patients, suggesting that
these three factors may play an important role in the
pathogenesis of NASH. Simple and inexpensive thera-
pies, such as phlebotomy and iron-restricted diet, may
be emerging as effective treatment options, which may
lead to reduction of hepatocellular carcinoma incidence
in NASH patients.
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1 SICLBEROF LTI UAHIDEES L UB-OHIGDEERER
BE % B 2 ik iIFenton MG IZ & » T3 MMERICEI S NG, SO, BWHRIHEEREETH
A FOFLSUANCOH)EET A, SO FOFYFIUANMDN T T DMIZT Y
N4 % & T8hydroxy-2-deoxyguanosine (8-OHdG) A EA SN 5.

1 BESILUCREMTREE

C BHBHEIT £

1] 18 4 75
Characteristics (N=118) B %\;’;‘%E % P values
E# (%) 57.5 (18-82) 54.0 (24-75) NS
R (/) 66/52 24/10 NS
BMI (kg/m?) 24.3 (16.3-35.2) 24.0 (18.3-28.2) NS
mg— 7 —
ALT (IU/L) 58.0 (11-225) 49.0 (11-561) NS
AST (1U/L) 61.5 (17-183) 58.5 (18-702) NS
v 7 g (ng/ml) 101.8 (5.4-736) 49.0 (11.0-324) 0.0024
/R (X 10*/mm?3) 14.6 (2.9-34.5) 14.3 (3.6-25.3) NS
FRIOLER (X 104/mmd) 429.5 (283-520) 447.5 (280-566) NS
~NEZFTOY Y (g/dl) 13.5 (8.3-16.5) 13.8 (9.2-17.1) NS
&gk (ug/dl) 135.5 (17-334) 128.5 (20-240) NS
b AT ) vaFE (%) 37.2 (3.2-86.2) 41.5 (6.1-85.4) NS
fiiE 7 =) F > (ng/ml) 139.8 (6.0-884) 101.9 (9.1-322) 0.0032
TANAE
HCV-RNA (KIU/ml) 1220 (23.6-5000) -
HBV-DNA (LGE/ml) - 5.4 (<3.7-8.7)
iRk g '
Inflammatory activity (0/1/2/3) 1/41/49/27 1/12/14/7 NS
Fibrosis staging (0/1/2/3/4) 1/29/26/27/35 0/6/10/9/9 NS
AR a7 7 (0-22) 3 (0-16) 0.0033

Data are expressed as median (range). HCV ! hepatitis C virus, HBV ! hepatitis B virus
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T2 CHIEMIFRICE I INBECEST 3AF (CoxDttfflHazard modelil & 3 2 E S /R

Factor Odds ratio 95%ClI Pvalues
8-OHAG R4 iF#is £% (10 cells/10° pym? L H/ &) 1.487 1.12-1.97 0.0058
Fibrosis staging (stage 1 L8 &) 4,090 1.27-13.15 0.0181
CI : confidence interval

£ 3 NASHEE & MMIERFRE
T
Characteristics (EAZS;;) iﬁ-&iﬂggﬁﬂ? P values

Ein (%) 59.0 (29-78) 51.0 (19-73) NS
R (5 /%) 22/16 11/13 NS
BMI (kg/m?) 25.6 (22.5-36.7) 24.7 (16.3-35.1) NS
FERRFE (N (%)) 18 (47.4%) 8 (33.3%) NS
= IMEAE (N (%)) 14 (36.8%) 9 (37.5%) NS
S (N (%)) 25 (65.8%) 15 (62.5%) NS
M7 — 4 —

ALT (1U/L) 63.0 (23-171) 59.0 (12-863) NS

AST (IU/L) 58.0 (27-134) 37.0 (17-443) 0.0047

#wal z7Fu—)v (mg/dl) 201 (151-358) 216 (155-276) NS

AR (mg/dD) 155 (63-443) 125 (73-261) NS

ZEREREIMAE (mg/dl) 102 (71-241) 99 (73-427) NS

migA 2 > (uWU/ml) 12.1 (2.4-34) 9.2 (1.0-18) 0.0083

HOMA-IR 3.48 (1.51-9.56) 2.21 (1.05-9.24) 0.0010

v 7o B (ng/ml) 66.5 (5-365) 19.6 (6-258) 0.0004

/MR (X 104/ mm3) 18.0 (4.9-37.0) 23.0 (13.1-45.2) 0.0146

FRILER (X 10¢/mm3) 448 (274-633) 461 (367-558) NS

~NEFTE Y (g/dl) 14.3 (8.3-18.9) 14.7 (11.5-18.9) NS

1 iEsk (ng/di) 126 (88-220) 93 (25-188) 0.0059

N v AT o) vEFIE (%) 38.0 (22.3-87.6) 32.4 (9.4-43.8) 0.0152

g7 =+ (ng/mi) 283 (69-847) 139 (18-640) <0.0001
FF AL skAr R

Inflammatory activity (1/2/3) 14/21/3 - -

Fibrosis staging (1/2/3/4) 8/17/11/2 — -

BERKAL (%) 43 (15-86) 51 (28-90) NS

FARgkAa7 3 (0-8) 0 (0-7) <0.0001

HOMA-IR : Homeostasis of model assessment-insulin resistance. Results are presented as numbers
(percentages) for qualitative data and as medians (ranges) for quantitative data.
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