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Accumulation of genetic alterations in hepatocarcinogenesis is closely associated with
chronic inflammatory liver disease. 8-oxo-2�-deoxyguanosine (8-oxo-dG), the major pro-
mutagenic DNA adduct caused by reactive oxygen species (ROS), leads to G:C 3 T:A
transversions. These lesions can be enzymatically repaired mainly by human MutT homolog
1 (hMTH1), human 8-oxo-guanine DNA glycosylase (hOGG1) and human MutY homolog
(hMYH). The aim of this study was to evaluate the extent of oxidative damage and its
dependence on the cellular antioxidative capacity and the expression of specific DNA repair
enzymes in tumor (tu) and corresponding adjacent nontumor (ntu) liver tissue of 23 patients
with histologically confirmed hepatocellular carcinoma. 8-oxo-dG levels, as detected by
high-pressure liquid chromatography with electrochemical detection, were significantly
(P � .003) elevated in ntu tissue (median, 129 fmol/�g DNA) as compared to tu tissue
(median, 52 fmol/�g DNA), and were closely associated with inflammatory infiltration. In
ntu tissue, the hepatic iron concentration and malondialdehyde levels were significantly
(P � .001) higher as compared to tu tissue. Glutathione content, glutathione peroxidase
activity and manganese superoxide dismutase messenger RNA (mRNA) expression did not
show statistical differences between ntu and tu tissue. Real-time reverse transcription poly-
merase chain reaction revealed in tu tissue significantly (P � .014) higher hMTH1 mRNA
expression compared to ntu tissue. In contrast, hMYH mRNA expression was significantly
(P < .05) higher in ntu tissue. No difference in hOGG1 mRNA expression was seen between
tu and ntu. In conclusion, these data suggest that ROS generated by chronic inflammation
contribute to human hepatocarcinogenesis. The role of DNA repair enzymes appears to be of
reactive rather than causative manner. (HEPATOLOGY 2004;39:1663–1672.)

Epidemiological studies have demonstrated a strik-
ing correlation between chronic inflammatory
liver diseases such as hepatitis B virus or hepatitis C

virus (HCV) infection and the occurrence of hepatocel-
lular carcinoma (HCC). Hepatocarcinogenesis is a mul-
tistep process that involves the accumulation of both
genetic and epigenetic events such as point mutations,
gross chromosomal rearrangements, oncogene activation,
and tumor suppressor gene inactivation.1 Reactive oxygen
species (ROS) have been implicated in the pathogenesis of
degenerative and inflammatory diseases, aging, and can-
cer.2 In liver disease, infiltration of activated phagocytic
cells provides an additional source of ROS production
that promotes oxidative stress and damage to proteins,
lipids, and DNA.3 8-oxo-2�-deoxyguanosine (8-oxo-dG),
one of the major and most deleterious DNA base lesions,
is induced by the attack of either hydroxyl radical or sin-
glet oxygen on deoxyguanosine.4 8-oxo-dG is a promuta-
genic lesion as it mispairs preferentially with adenine
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during replication; if DNA repair mechanisms are inef-
fective, the result is G:C3T:A transversions both in vitro
and in vivo.5

“Free” iron catalyzes the formation of ROS and,
thereby, the induction of oxidative damage in vitro.6 In
vivo, iron is predominantly bound to proteins, minimiz-
ing the amount of “free” catalytic iron. However, in-
creased amounts of circulating “free” iron complexes have
been reported in conditions of chronic iron overload.7

ROS react with polyunsaturated fatty acids to induce the
release of toxic and reactive aldehyde metabolites such as
malondialdehyde (MDA).8 Hepatic lipid peroxidation
has been found in various forms of chronic liver disease9

and is a proposed driving force for hepatocarcinogenesis
in genetic hemochromatosis. Cells are protected against
ROS by nonenzymatic antioxidants, predominantly glu-
tathione (GSH), and scavenger enzymes such as glutathi-
one peroxidase (GSH-Px) and manganese superoxide
dismutase (MnSOD). An imbalance between the produc-
tion and detoxification of ROS results in oxidative stress
of hepatocytes and favors the induction of DNA muta-
tion.3,10

When cellular DNA damage is detected, the p53
tumor suppressor gene induces cell cycle arrest to in-
hibit replicative DNA synthesis.11 A newly emerging
role of the p53 protein is the regulation of DNA exci-
sion repair.12 A specific DNA repair system that com-
prises the enzymes MutT, MutM, and MutY exists in
Escherichia coli and prevents 8-oxo-dG–induced mu-
tagenesis. Human homologs of MutT (human MutT
homolog 1 [hMTH1 ]),13 MutM (human 8-oxo-guanine
DNA glycosylase [hOGG1]),14 and MutY (human MutY
homolog [hMYH])15 have been characterized. The
hMTH1 protein is an 8-oxo-dGTPase that prevents in-
corporation of 8-oxo-dGTP into nascent DNA by hydro-
lyzing 8-oxo-dGTP to 8-oxo-dGMP, thereby eliminating
8-oxo-dGTP from the nucleotide precursor pool.13 The
DNA glycosylase/lyase hOGG1 removes the oxidized
base from 8-oxo-dG:C base pairs,14 while hMYH DNA
glycosylase excises misincorporated adenine from 8-oxo-
dG:A base pairs formed during DNA replication.15 Aber-
rant enzyme expression and gene mutations have been
described in several types of cancer16–20; however, to date,
expression of hMTH, hOGG1, and hMYH genes has not
been investigated in human HCC.

Therefore, the aims of our study were to (1) determine
oxidative damage of DNA and lipids in tumor (tu) and
corresponding adjacent nontumor (ntu) liver tissue of 23
patients with histologically proven HCC; (2) evaluate the
capacity of the cellular antioxidative system in these tis-
sues; and (3) assess the expression of specific DNA repair

enzymes in these tissues to elucidate their potential as
contributors to human hepatocarcinogenesis.

Materials and Methods

Patients. Tu and ntu liver tissue was obtained from
23 patients with histologically confirmed HCC after in-
formed consent was given. The ntu liver tissue was at least
1 cm in distance from the tu margin. The median age was
59 years (range, 42 to 71 years). Sixteen patients were
male (69.6%) and 7 were female (30.4%). Eight (34.8%)
patients showed markers of hepatitis B virus infection, 6
(26.1%) were seropositive for anti-HCV antibodies, and
7 (30.7%) had a history of alcohol abuse. In 2 cases, the
underlying cause of liver disease remained unknown. All
patients underwent surgical resection or transplantation
without prior chemotherapeutic treatment. The tu and
corresponding ntu liver tissues were dissected immedi-
ately after surgical removal, snap-frozen in liquid nitro-
gen, and stored at �80°C. The study was performed
according to the guidelines of the local ethical committee.

Histopathological Evaluation. Histopathological anal-
yses were performed without knowledge of clinical data.
Inflammatory infiltration of ntu liver tissue was graded as
absent or minimal, mild, moderate, and severe.21

Isolation and Hydrolysis of Hepatic DNA. DNA
was isolated using 1 mL 1% sodium dodecyl sulfate, 1
mmol/L ethylenediaminetetraacetic acid and 0.1 mmol/L
deferoxamine mesylate (Sigma, Taufkirchen, Germany)
to avoid iron catalyzed DNA oxidation.22 Samples were
digested with proteinase K (Boehringer Mannheim,
Mannheim, Germany) (100 �g/mL) at 50°C for 2 hours.
Extracted DNA was dissolved in 20 mmol/L sodium ac-
etate (pH 5.0)/0.1 mmol/L deferoxamine mesylate and
denatured at 95°C for 10 minutes. After digestion with 20
�g nuclease P1 (Boehringer Mannheim) at 65°C for 10
min, 1 mol/L Tris/H3PO4 (Sigma) (pH 8.5) was added
(10% vol/vol) and samples were hydrolysed with 4 units
of calf intestine alkaline phosphatase (Boehringer Mann-
heim) at 37°C for 60 minutes and filtered through a 5.000
Da cut-off filtration system (Millipore, Bedford, MA).

Analysis of 8-oxo-dG. DNA hydrolysates were sepa-
rated by high-pressure liquid chromatography (Pharma-
cia Smart System, Erlangen, Germany) using a RP-18
column (250�4mm; 5 �m; Merck, Darmstadt, Ger-
many) and 12% methanol (vol/vol) in 50 mmol/L
KH2PO4 (pH 5.5) as the mobile phase with a flow rate of
600 �L/min. 8-oxo-dG was determined by electrochem-
ical detection (Waters 460 EC-Detector, Waters, Mil-
ford, MA) with an oxidation potential of �0.55 V.
Deoxyguanosine was measured simultaneously by UV ab-
sorbance (Pharmacia �peak UV-detector) at 260 nm.22
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Determination of Malondialdehyde and Protein
Content. Liver tissue was homogenized (10% wt/vol) in
ice-cold 1X phosphate-buffered saline (pH 7.4) using 2,6-
Di-tert-butyl-4-methylphenol (Sigma) to avoid autoxida-
tion and subsequently heated to 90°C for 60 minutes.
High-pressure liquid chromatography (Shimadzu,
Kyoto, Japan) was used to separate 0.05 mL of the neu-
tralized preparation using an RP-18 column (250�4mm;
10 �m; Merck) and a mixture of 40% methanol and 60%
50 mmol/L potassium phosphate buffer (pH 6.8) as a
mobile phase; the flow rate was 1 mL/min. Malondialde-
hyde-thiobarbituric acid adducts were detected fluori-
metrically (Kontron SFM-23, Zürich, Switzerland) at
550 nm using an excitation wavelength of 525 nm.23 Pro-
tein content was determined using the Bio-Rad protein
assay (Bio-Rad Laboratories, München, Germany).

Hepatic Iron Determination. Hepatic iron concen-
tration was measured after incineration of the tissue sam-
ples by inductively coupled plasma emission spectroscopy
using a JY 70 spectrometer (Jobin Yvon, Grasbrunn, Ger-
many) as previously described, with minor modifica-
tions.24

Glutathione Assay. Reduced GSH was assayed ac-
cording to the method of Sedlak and Lindsay.25

Glutathione Peroxidase Assay. The activity of sele-
nium-dependent GSH-Px was assayed as described previ-
ously26 with minor modification using hydrogen peroxide
as the substrate.

Immunohistochemistry. Cryosections (6 �m thick)
were stained by an indirect immunoperoxidase technique
using the primary monoclonal mouse antibody DO-7
(DAKO, Glostrup, Denmark).27 This antibody reacts
with both wild-type and mutant p53 protein.

RNA Preparation and Reverse Transcription. To-
tal RNA was extracted with the Trizol reagent (Life Tech-
nologies, Karlsruhe, Germany). First-strand complementary
DNA was prepared from 2 �g total RNA by random prim-
ing using Moloney murine leukemia virus reverse transcrip-
tase (Promega, Mannheim, Germany) at 42°C for 60
minutes.

Polymerase Chain Reaction (PCR) Primers and
Standard Preparation. External DNA standards were
generated by PCR amplification of hepatocellular com-
plementary DNA using the respective oligonucleotide
primers (Gibco BRL, Eggenstein, Germany), shown in
Table 1, and subsequently purified with the GenElute
PCR DNA Purification Kit (Sigma). The concentration
was detected spectrophotometrically and diluted to 1
ng/�L with double-distilled (dd) H2O. Serial dilutions
were used to obtain standard curves.

Real-time PCR. hMTH1, hOGG1, hMYH alfa
(hMYH�), MnSOD, and beta-actin (�-actin) mRNA ex-

pression was measured by real-time PCR using the
LightCycler system (Roche Diagnostics, Mannheim,
Germany). A standard PCR reaction contained 0.5 �L of
each primer (5 �mol/L), 1 �L magnesium chloride
(MgCl) (25 mmol/L), 6 �L ddH2O, and 1 �L DNA
Master SYBR Green I (Roche). Either 1 �L of the exter-
nal standard or 1 �L of complementary DNA were used
as templates. PCR conditions were as follows: initial de-
naturation at 95°C for 30 seconds followed by 40 to 45
cycles including denaturation at 95°C for 1 second; an-
nealing, �-actin at 60°C, hMTH1 at 60°C, hOGG1 at
64°C, hMYH� at 65°C, MnSOD at 62°C, for 3 seconds;
and strand extension at 72°C for 30, 15, 15, 20, and 16
seconds, respectively. Total hMYH� values were calcu-
lated as the sum of mRNA expression levels of only sub-
types hMYH�3 and hMYH�4, as subtypes hMYH�1 and
hMYH�2 were not expressed in liver tissue. The acquisi-
tion temperatures obtained via melting curve analysis
were 87°C for hMTH1, 86°C for hOGG1, 87°C for
hMYH�, 83°C for MnSOD, and 87°C for �-actin. The
expression of all gene products was analyzed in relation to
the housekeeping gene �-actin and multiplied by a factor
of 100.

Cloning and Nucleotide Sequencing. All reverse
transcription PCR products were cloned into the pST-
Blue-1 AccepTor Vector (Novagen, Madison, WI) by
means of the T-A cloning technique and sequenced
(SeqLab, Göttingen, Germany).

Statistical Analysis. Data are expressed as median,
range or percentage. Wilcoxon signed rank test was used
for paired data. Unpaired groups were compared by
Mann-Whitney and Kruskal-Wallis test as appropriate.
Correlations between two variables were examined by
Spearman rank correlation coefficient. A P value less than
.05 was considered as statistically significant. Statistical

Table 1. Oligonucleotide Primers Used for PCR Amplification

Gene Sequences

GenBank
Accession

No. Base No.

hMYH� 5�-GAG GAG CCT CTA GAA CTA TGA-3� AB032922* 1–19
5�-AGG CTG TGA CTT CAG CTA C-3� AB032923† 378–351*

314–296†
hOGG1 5�-ACA CTG GAG TGG TGT ACT AGC G-3� AB000410 427–448

5�-GCG ATG TTG TTG TTG GAG G-3� 726–708
hMTH1 5�-AGC CTC AGC GAG TTC TCC TG-3� AK026631 138–157

5�-GAT CTG GCC CAC CTT GTG C-3� 307–291
MnSOD 5�-GAG ATG TTA CAG CCC AGA TAG C-3� Y00472 293–314

5�-AAT CCC CAG CAG TGG AAT AAG G-3� 612–591
�-actin 5�-CGG GAA ATC GTG CGT GAC AT-3� NM001101 689–708

5�-GAA CTT TGG GGG ATG CTC GC-3� 1400–1381

*Subtype hMYH�3
†Subtype hMYH�4
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analysis was performed with SPSS for Windows version
9.0 (Chicago, IL).

Results

Hepatic 8-oxo-dG Concentration and Inflamma-
tory Activity. The median 8-oxo-dG concentration in
ntu tissue was significantly (P � .003) higher than in tu
tissue (Table 2). The different concentrations of
8-oxo-dG adducts in tu and ntu liver tissue were closely
associated with the presence of inflammatory infiltration.
Only 4 of 23 ntu tissues (17.4%) lacked significant in-
flammation, 13 (57.5%) revealed mild and 6 (26.1%)
exhibited moderate inflammatory lymphohistiocytic in-
filtration. Overall, a trend for higher 8-oxo-dG concen-
tration in ntu tissues with increased inflammatory
infiltration (P � .067) was seen. Subgroup analysis re-
vealed a significantly (P � .02) higher 8-oxo-dG concen-
tration in ntu tissues with moderate inflammatory
infiltration as compared to those with absent or mild in-
flammatory activity (Table 3). There was no relevant in-
flammatory activity in any of the tumor samples. Five
(21.7%) tu tissues were graded as well differentiated (G1),
7 (30.4%) as moderately differentiated (G2), 4 (17.4%)
as moderately to poorly (G2-G3) differentiated, and 7

(30.4%) as poorly differentiated (G3) carcinomas. There
was no correlation between 8-oxo-dG concentration and
tumor grade.

Hepatic Iron Concentration. In 17 of 23 patients
(73.9%), the hepatic iron concentration was at least
2-fold higher in ntu tissues than in the corresponding tu
samples (Table 2). The median iron content in ntu tissues
was significantly (P � .001) higher than in tu tissues
(Table 2). In the ntu tissue of 5 patients (21.7%), the
hepatic iron concentration was above 1400 mg/kg tissue
dry weight. Statistical analysis revealed no positive corre-
lation of hepatic iron content and 8-oxo-dG concentra-
tion. In ntu tissues with moderate inflammatory
infiltration, the hepatic iron content was significantly
(P � .036) lower as compared to those with absent or
mild inflammatory activity (Table 3).

Hepatic Lipid Peroxidation. Median MDA levels
detected in HCCs were significantly (P � .001) lower
than in the corresponding ntu tissue (Table 2). In ntu
tissue, there was no association between MDA levels and
grade of inflammatory infiltration (Table 3). There was

Table 3. Association of Markers of Oxidative Damage and
Hepatic Iron Content in ntu Tissue With Inflammatory

Infiltration

Patient
No.

8-oxo-dG
fmol/�g DNA

MDA
nmol/mg
protein

Hepatic Iron
mg/kg tissue

dry weight

0/�* ��* 0/�* ��* 0/�* ��*

1 33 0.11 994
2 27 0.40 85
3 75 1.20 1530
4 47 1140
5 53 0.66 1760
6 50 1.13 1440
7 133 0.47 13
8 46 0.94 1840
9 75 0.41 473

10 76 652
11 133 0.63 525
12 111 0.76 1070
13 387 3.77 1610
14 129 0.17 26
15 141 0.30 82
16 144 1.34 209
17 226 1.04 817
18 136 1.09 224
19 91 1.27 91
20 248 1.50 947
21 220 0.61 1160
22 262 0.52 575
23 143 881

Median 76 183.3† 0.85 0.5 994 328†

*Grade of inflammatory infiltration: 0, absent or minimal; �, mild; ��,
moderate.

†P values (�.05) were derived by the Mann-Whitney test.

Table 2. Markers of Oxidative Damage and Hepatic Iron
Content in tu and ntu Tissue

Patient
No.

8-oxo-dG
fmol/

�g DNA

MDA
nmol/mg
protein

Hepatic Iron
mg/kg tissue dry

weight

tu ntu tu ntu tu ntu

1 37 33 0.13 0.11 89 994
2 22 27 0.53 0.40 39 85
3 16 75 0.15 1.20 171 1530
4 90 47 509 1140
5 56 53 0.60 0.66 258 1760
6 49 50 0.56 1.13 632 1440
7 59 133 0.31 0.47 389 13
8 20 46 0.70 0.94 337 1840
9 30 75 0.40 0.41 97 473

10 46 76 206 652
11 40 133 0.19 0.63 190 525
12 45 111 0.70 0.76 75 1070
13 58 387 0.78 3.77 2100 1610
14 27 129 0.10 0.17 95 26
15 25 141 0.45 0.30 37 82
16 113 144 0.83 1.34 116 209
17 72 226 0.33 1.04 84 817
18 52 136 0.78 1.09 22 224
19 115 91 0.74 1.27 97 91
20 134 248 0.42 1.50 344 947
21 361 220 0.59 0.61 705 1160
22 86 262 0.16 0.52 113 575
23 93 143 316 881

Median 52 129* 0.49 0.71* 171 817*

*P values (�.01) were derived by the Wilcoxon signed rank test.
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no association between MDA levels and either 8-oxo-dG
content or iron concentration in ntu or tu tissues.

Capacity of the Antioxidative Defence System. The
GSH content was not significantly different between tu
(median, 0.99; range, 0.19-5.13 �mol/g tissue wet
weight) and ntu tissues (median, 1.55; range, 0.42-5.26
�mol/g tissue wet weight). No correlation was found be-
tween GSH content and 8-oxo-dG concentration, MDA
levels, and iron concentration in tu and ntu tissues. The
median GSH-Px activity was 60.5 U/g protein (range,
9.8-161 U/g protein) in tu, and 81 U/g protein (range,
4-205.7 U/g protein) in ntu, which was not significantly
different. GSH-Px activity and GSH levels were nega-
tively correlated in ntu tissue of the same patient (r �
�0.56, P � .009). Expression of MnSOD mRNA was
not significantly different between tu (median, 0.186;
range, 0.010-1.257 MnSOD/�-actin mRNA � 100) and
ntu tissues (median, 0.190; range 0.114-1.114 MnSOD/
�-actin mRNA � 100).

Nuclear p53 Accumulation. Nuclear p53 protein ac-
cumulation was detectable in 6 of 21 tu tissues (28.6%)
whereas this was not found in any ntu tissue. Only poorly
(n � 4) or moderately to poorly (n � 2) differentiated
HCCs showed nuclear accumulation of the p53 protein.
There was no association with the extent of 8-oxo-dG
formation.

hMTH1, hOGG1 and hMYH� mRNA Expression.
A representative ethidium bromide–stained gel with
hMTH1-, hOGG1-, hMYH�-, and �-actin-specific PCR
products is shown in Figure 1. hMYH� revealed two am-
plimers that represent the hepatic hMYH�3 (upper band)
and hMYH�4 (lower band) forms as confirmed by se-
quencing. In HCCs, the median hMTH1 mRNA expres-
sion was 0.476 hMTH1/�-actin mRNA � 100 (range,
0.082-4.861 hMTH1/�-actin mRNA � 100), which was
significantly (P � .014) higher than in ntu tissues (0.256;
range 0.062-1.917 hMTH1/�-actin mRNA � 100) (Fig.
2A). In contrast, the median hMYH� mRNA expression
(0.857; range, 0.092-8.152 hMYH�/�-actin mRNA �
100) was significantly (P � .039) higher in ntu tissues
than in HCC (0.424; range, 0.069-4.390 hMYH�/�-
actin mRNA � 100) (Fig. 2B). hMYH� mRNA expres-
sion was significantly correlated to hMTH1 mRNA
expression in ntu (r � 0.497, P � .022) (Fig. 3A) and in
tu tissues (r � 0.803, P � 0.001) (Fig. 3B). No difference
was seen for hOGG1 mRNA expression in ntu (median,
1.256; range, 0.392-5.782 hOGG1/�-actin mRNA �
100) compared to tu tissues (median, 1.196; range,
0.370-6.687 hOGG1/�-actin mRNA � 100). hOGG1
mRNA expression was significantly correlated to hMTH1
mRNA expression in ntu (r � 0.735, P � 0.001) (Fig.
3C) and in tu tissues (r � 0.86, P � 0.001) (Fig. 3D).

Additionally, a positive correlation between hOGG1 and
hMYH� mRNA expression was found in ntu (r � 0.535,
P � .012) (Fig. 3E) and in tu tissues (r � 0.81, P �
0.001) (Fig. 3F). There was no association between levels
of hMTH1, hOGG1, and hMYH� mRNA expression and
either 8-oxo-dG concentration, the extent of inflamma-
tory infiltration, tumor grade, or p53 protein accumula-
tion.

Discussion
Mice transgenic for the large hepatitis B surface gene

exhibited increased production of ROS and elevated lev-
els of 8-oxo-dG in their livers as compared to the non-
transgenic control strain.28 These animals develop
chronic necroinflammatory liver disease that progresses to
preneoplastic foci and eventually to HCC. Hagen et al.
hypothesized that ROS production in activated Kupffer
cells may have caused oxidative DNA damage in regener-
ating hepatocytes. 8-oxo-dG was observed by immuno-
histochemical labeling in patients with various forms of
chronic liver diseases, and the number of stained hepato-
cytes was positively correlated to the severity of chronic
hepatitis.29 In a pilot study, Shimoda et al.30 reported that
the 8-oxo-dG content in liver samples of patients with
chronic active hepatitis (but not in HCC) was signifi-
cantly higher than in individuals without liver disease. In
our study, we demonstrated that the 8-oxo-dG concen-
tration in ntu liver tissues is significantly higher than in
the corresponding HCC of the same subject (Table 2). In
ntu tissue of patients with HCC, inflammatory infiltra-
tion to a various extent in dependence on the etiology is
frequently seen.31 We found that 8-oxo-dG levels are sig-
nificantly higher in ntu tissues with moderate inflamma-
tion compared to those with absent or mild inflammation
(Table 3). Accordingly, Shimoda et al.30 established a pos-
itive correlation between 8-oxo-dG concentration in ntu
liver tissue and serum alanine aminotransferase activity.
Increased 8-oxo-dG concentrations in ntu tissue of HCC
patients compared to tu tissue and to ntu tissue of patients
with primary non-HCC liver tumors or liver metastasis
have been recently demonstrated.32 However, in contrast
to our study, tu and ntu tissues were often not derived
from the same patient. The higher median 8-oxo-dG lev-
els measured in our study compared to these reports30,32

and to the study of Kato et al.33 are most likely related to
differences of methodology. Several variations of
8-oxo-dG levels have been reported, depending on the
DNA extraction procedures and detection methods
used.34 Therefore, a comparison of absolute 8-oxo-dG
values between different studies can be done only with
caution, whereas a comparative analysis within a definite
cohort in which the same methodology was used is appro-
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priate. The lack of a significant inflammatory infiltrate in
our HCCs, in accordance with the typically low inflam-
matory infiltration in HCCs,35 may explain their lower
content of 8-oxo-dG. Furthermore, DNA adducts may
have been diminished by DNA replication during rapid
tumor cell turnover. Our results strengthen the hypothe-
sis that chronic inflammation of the liver produces oxida-
tive DNA damage that may increase the risk for genomic
alterations.

Significantly higher hepatic 8-oxo-dG levels have been
reported in iron-fed rats as compared to control groups.36

Patients with hereditary hemochromatosis and cirrhosis
have an increased risk for developing HCC; this may be
due to iron-induced oxidative damage to DNA. In addi-
tion to the toxicity of excessive hepatic iron overload,

there is growing evidence that only mildly increased or
even normal amounts of iron can serve as a cofactor in
chronic liver disease.37 Kato et al.33 reported elevated
8-oxo-dG levels and iron overload in 34 patients with
chronic HCV infection. The adduct levels significantly
decreased to near normal levels after iron reduction ther-
apy by phlebotomy. None of these patients developed
HCC; however 1 out of 8 patients without phlebotomy
did develop HCC. In our study, the median iron content
in ntu tissues was approximately 5-fold higher than in tu
tissues (Table 2). However, only 5 out of 23 patients
exhibited mild hepatic iron overload in ntu tissues; there-
fore, increased “free” iron due to excessive iron overload

Fig. 1. Agarose gel electrophoresis of hepatic hMTH1, hOGG1,
hMYH�, and �-actin amplimers after semiquantitative real-time reverse
transcription polymerase chain reaction analysis. The fragment size of
complementary DNA amplimers is given. bp, base pairs; C, negative
control; M, size marker; ntu, nontumor; tu, tumor.

Fig. 2. Expression levels of DNA repair enzymes in tu and correspond-
ing ntu tissue. Box-plot analysis of hepatic (A) hMTH1 and (B) hMYH�
messenger RNA expression in tumor and corresponding nontumor tissues
using �-actin as an endogenous control for semiquantitative evaluation
(n � 21). Median values are shown by the bold horizontal line, the box
comprises values between the 25th and 75th percentiles, and the lower
and upper bars indicate the 10th and 90th percentiles, respectively. The
P value of the Wilcoxon signed rank test is given (P). mRNA, messenger
RNA.
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did not play a role. This may explain that there was no
positive correlation between hepatic iron content and
8-oxo-dG concentration. Independent of the total he-
patic iron content, increased “free” catalytic iron may oc-
cur in liver tissue with enhanced inflammatory
infiltration, as ROS are known to release “free” iron from
heme-containing compounds, iron storage proteins, and
proteins containing iron-sulfur clusters.38 Thus, iron may

be involved in oxidative damage (even in hepatic tissue
without iron overload) and act as a cofactor in hepatic
inflammatory disease.

Lipid peroxidation results in altered membrane func-
tion and production of toxic and reactive aldehydes,
mainly MDA, which is capable of interacting with pro-
teins or DNA and thereby may promote mutagenesis.6,8

These mechanisms may also be relevant for our patient

Fig. 3. Relationship between the messenger RNA (mRNA) expression of DNA repair enzymes in tu and corresponding ntu tissue. The correlation
of hMTH1 and hMYH� mRNA expression in (A) nontumor and (B) tumor tissues, hMTH1 and hOGG1 mRNA expression in (C) nontumor and (D) tumor
tissues and hOGG1 and hMYH� mRNA expression in (E) nontumor and (F) tumor tissues is shown. Correlation between two variables was calculated
by Spearman rank correlation coefficient (r).
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collective, as we detected significantly higher MDA levels
in ntu tissue than in tu tissue (Table 2). In previous stud-
ies, decreased lipid peroxidation has been found in rat
hepatoma tissues as compared to nonmalignant counter-
parts and in regenerating rat liver after partial hepatec-
tomy.8 Therefore, it is still unclear whether increased
resistance to lipid peroxidation is typical for cancer cells or
whether it is a common feature of rapidly dividing cells.

GSH inhibited 8-oxo-dG formation in vitro39 and was
negatively correlated to 8-oxo-dG concentration in hu-
man lymphocytes.40 In HCV core-transgenic mice that
subsequently develop HCC, especially older animals
showed increased levels of hepatic hydroperoxides of
phosphatidylcholine and phosphatidylethanolamine and
a reduction in GSH content as compared to nontrans-
genic controls.41 HCV infection may alter the oxidant/
antioxidant ratio and thereby facilitate the development
of HCC. In human HCCs, findings regarding the anti-
oxidative capacity were inconsistent.42,43 In our study, we
assessed the content of reduced GSH, GSH-Px activity,
and MnSOD mRNA expression. There was neither a sig-
nificant difference of the median values between tu and
ntu tissue nor a correlation with ROS-mediated damage
to lipids (MDA) or DNA (8-oxo-dG). This may be ex-
plained by either a possible compensatory up-regulation
of other antioxidative enzymes or efficient DNA repair.

Tsuzuki et al.44 generated an MTH1 knockout mouse,
which developed a greater number of spontaneous tumors
of the liver, lung, and stomach 18 months after birth. In
the present study, hMTH1 mRNA was overexpressed in
HCC compared to ntu tissue. This finding is in accor-
dance with reports of elevated hMTH1 mRNA expression
in SV-40 transformed nontumorigenic human bronchial
epithelial cells in 11 out of 12 human lung cancer cell
lines45 and in renal cell carcinomas.17 In these studies,
8-oxo-dG levels were also lower in transformed and ma-
lignant cells compared to normal controls. Effective re-
moval of 8-oxo-dGTP by hMTH1 may, therefore, be an
additional reason for the low 8-oxo-dG levels in HCCs.
Up-regulation of hMTH1 gene expression may be a reac-
tion to a larger nucleotide precursor pool that is needed
for DNA synthesis in proliferating tu cells.

An increase of hOGG1 mRNA expression in human
colorectal carcinoma tissues and a direct linear correlation
with 8-oxo-dG levels has been reported previously.19 In
human kidney tumors, no significant difference of
hOGG1 mRNA levels was found between normal and
tumor tissues.18 A few homozygous mutations in the
hOGG1 gene were discovered in different types of cancer;
some of these mutations may influence biochemical activ-
ity of the hOGG1 enzyme.18 In our study, the hOGG1
mRNA expression was not significantly different between

HCC and ntu tissue. These data argue against an impact
of hOGG1 in hepatocarcinogenesis; however, mutational
inactivation of the hOGG1 gene in some HCC cases can-
not be ruled out. In ntu tissues, hOGG1 activity may be
functionally inhibited by increased NO production in the
inflammatory infiltrate, since NO mediated inhibition of
hOGG1 activity has been shown in a cholangiocarcinoma
cell line.46 Studies with OGG1 knockout mice revealed
an accumulation of elevated levels of 8-oxo-dG in liver
tissue; however, only a moderate increase of the sponta-
neous mutation rate was observed, and no malignancies
were detected.47,48 Possible reasons for these findings are
limited fixation of mutations in slowly proliferating liver
cells, repair of the opposite strand by a MutY homolog, or
additional complementary repair functions of the nucle-
otide excision repair system. In our study, a highly signif-
icant positive correlation was obtained between the
hOGG1 and hMTH1 mRNA expression in tu and ntu
tissues, suggesting a cooperative action of these enzymes
in the repair of 8-oxo-dG. Increased removal of the mis-
paired 8-oxo-dG via hOGG1 may result in augmentation
of 8-oxo-dGTP in the nucleotide pool, resulting in up-
regulation of hMTH1 gene expression.

A significantly higher expression of hMYH� mRNA
was detected in ntu tissue compared to tu tissue. hMYH�
gene expression may have been up-regulated by high
8-oxo-dG concentrations and may represent a response to
increased oxidative stress in ntu tissues to protect the in-
tegrity of cellular DNA. The significant positive correla-
tion of hMYH� mRNA expression to hMTH1 and
hOGG1 mRNA expression in tu and ntu tissues indicates
that all three enzymes may act together to prevent 8-oxo-
dG-induced mutagenesis. Mutated forms of hMYH pro-
tein, such as the nonconservative missense variants
Tyr165Cys and Gly382Asp, were recently described in a
single family that was affected by multiple colorectal ad-
enomas and carcinomas.20 The impact of similar sporadic
mutations of the hMYH gene in HCC requires further
investigation.

Diminished base excision repair has been reported in
p53 mutant and p53-null cells.12 These cells exhibited
very low activity of DNA polymerase beta, an enzyme
required for base excision repair. We found that accumu-
lation of the p53 protein in HCC, which is assumed to
reflect p53 mutation, had no effect on the expression of
cellular base excision repair genes hOGG1 and hMYH at
the mRNA level. Therefore, the p53 protein may not
regulate these enzymes on a transcriptional level in human
HCCs.

In conclusion, the results of our study indicate that
inflammatory infiltration in ntu liver tissue of patients
with HCC is closely linked to the occurrence of hepato-
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cellular oxidative damage. In addition, hepatic iron may
act as pro-oxidative cofactor. The DNA repair genes
hMTH1, hOGG1 and hMYH are differentially expressed
at the mRNA level in tu and ntu tissue. Their role is likely
to be more reactive to than causative for enhanced DNA
damage. Unrepaired 8-oxo-dG adducts may initiate
hepatocarcinogenesis. Our data thus provide an addi-
tional rationale for antioxidative and anti-inflammatory
treatment, as shown for TJ-9 in a rat model49 or inter-
feron therapy in chronic hepatitis C patients,50 to prevent
HCC development.
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