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Divergent behavior of oxidative stress markers 8

Introduction

Reactive oxygen species (ROS) are generated continuously in all human cells, mainly as a byproduct of aerobic metabolism and to a lesser extent e.g. by phagocytic cells, tobacco smoke and various wavelength irradiation. If ROS production exceeds the capacity of antioxidant system, several carcinogenic effects may occur. Firstly, ROS and in particular superoxide anion and hydrogen peroxide, are the major stabilizers of carcinogenic transcription factors such as HIF-1α and NF-κB [START_REF] Chandel | Reactive oxygen species generated at mitochondrial complex III stabilize hypoxia-inducible factor-1alpha during hypoxia: a mechanism of O2 sensing[END_REF][START_REF] Wang | Manganese superoxide dismutase suppresses hypoxic induction of hypoxia-inducible factor-1alpha and vascular endothelial growth factor[END_REF][START_REF] Toledano | Modulation of transcription factor NF-kappa B binding activity by oxidation-reduction in vitro[END_REF] . Secondly, uncontrolled levels of ROS may cause severe damage to all cellular compartments. In carcinogenesis, the most relevant damage occurs in DNA, although quantitatively the most important target for ROS-derived damage are unsaturated fatty acids of the cell membranes 4 . The latter mechanism is called lipid peroxidation and it induces loss or weakening of cell membrane structure and function, but it also generates genotoxic aldehyde products such as 4hydroxy-2-nonenal (HNE) 5 .

Of approximately 100 reported kinds of ROS damage in DNA, the most studied is 8hydroxydeoxyguanosine (8-OHdG). 8-OHdG adduct arises after the attack of hydroxyl radical (the most reactive ROS) on the guanine base in DNA and it is not only a useful marker of ROS derived damage, but has also multiple carcinogenic effects 6 . 8-OHdG formation is determined by the ROS levels and by the function of 8-OHdG repair enzymes, mainly 8-oxoguanine DNA glycosylase 1 (OGG1). On the other hand, repair systems against the genotoxic effects of HNE consist of several rather unspecific antioxidant or repair enzymes such as glutathione-S-tranferase (GST) and aldose reductase 7 and therefore its expression may be more universal indicator of oxidative stress in the cells. Breast intraductal proliferative lesions contain usual ductal hyperplasia (UDH), atypical ductal hyperplasia (ADH) and ductal carcinoma in situ (DCIS). There is some evidence that at least a subset of UDH can be a precursor of ADH 8,9 . Women with ADH have the risk of subsequent invasive breast carcinoma about four to five times compared to the general population 10 (Fitzgibbons et al. 1998). Furthermore, in a long-term follow-up up to 15-30% of DCIS lesions eventually develop into infiltrative breast carcinoma 10,11 . Certain characteristics, such as high grade, comedo necrosis, positive surgical margins, and large tumor size predict aggressive behavior of DCIS lesions 12 . However, there is lack of biological markers to predict progression to invasive carcinoma of a single DCIS lesion. More accurate markers are also needed to assist in the differential diagnosis between pre-malign breast lesions.

The current study was carried out to reveal two commonly used oxidative stress markers in breast carcinogenesis. This study is also a continuum to our previous report, where we demonstrated the significance of negative 8-OHdG immunostaining as an independent prognostic factor for poor breast cancer specific survival in a large prospective breast cancer material 13 .

Materials and methods

Patients

The study material consisted of 219 formalin-fixed, paraffin-embedded breast tumor samples from 

Immunohistochemistry

Four µm paraffin sections were sectioned from the specimens and placed on SuperFrostPlus glass (Menzel-Gläser, Germany), fixed at 37° C overnight, and processed further within a few days. The sections were then soaked in xylene to remove paraffin and rehydrated in a graded alcohol series.

To predigest the sections, they were heated in a microwave oven in 10mM citric acid monohydrate (pH 6.0) for 15 minutes and then cooled properly at room temperature. In order to consume endogenous peroxide, sections were immersed in 3% hydrogen peroxide in methanol for 15 minutes. The antibody dilution used for mouse monoclonal 8-OHdG antibody was 1:50 (Gentaur, Brussels, Belgium) and for HNE 1:200 (Calbiochem, CA, USA). Slides were incubated with primary antibody overnight at +4°C. Immunostaining was performed using the Histostain-Plus Bulk Kit (Zymed Laboratories Inc., CA, USA) and aminoethyl carbazole (AEC) (Zymed Laboratories Inc.) was used as a chromogen for all antibodies. The sections were counterstained in Meyer's hematoxylin, immersed in 2% ammonia water and finally mounted with Immu-Mount (Shandon, Pittsburgh, PA, USA). Negative control stainings were carried out using the same procedure and the same lesions, except that primary antibodies were replaced with PBS and rabbit or mouse isotype controls (Zymed Laboratories Inc.). Immunostaining results were graded independently by two of the authors (S.K., P.K.) and divided semiquantitatively in to four groups: -= no immunostaining present; + = weak immunostaining; ++ = moderate immunostaining; +++ = strong immunostaining. HNE immunostaining was evaluated in cytoplasm and 8-OHdG expression in nuclei. Immunohistochemical expression was evaluated only from the area of actual diagnosis, not i.e. from hyperplastic areas in DCIS patients. When comparing immunohistochemical stainings with each other or with clinicopathological parameters, the results were divided in to two categories: 0 = absence (-) or 1 = presence (+, ++, +++) of staining. Cut-off for steroid receptor positivity was 10%, i.e. 0-9% = negative, ≥10% = positive. As regards Ki-67, the cut-offs were: negative < 5%; + = 5-14%; ++ = 15-30%; +++ > 30%. HER2 was considered as positive in immunohistochemistry when the result was either ++ or +++ (reflecting moderate to strong intensity in all or almost all tumor cells).

Statistical analysis SPSS 17.0 for Windows (Chicago, IL, USA) was used for statistical analysis. The significance of the associations was determined using two-tailed Pearson Chi-square test. Statistical significance was set at p<0.05. Immunohistochemical 8-OHdG expression was observed in 77.4 % of UDH samples and the expression decreased towards invasive disease (40.6%) (invasive cancer vs. UDH p=0.0003; invasive cancer vs. ADH p=0.004; invasive cancer vs. DCIS p=0.004) (Figure 1.). The differences in 8-OHdG expression between non-invasive lesions (UDH, ADH and DCIS) were not statistically significant. The distribution of the immunostaining results is summarized in Table 2.

Results

F

Due to a small number of DCIS samples, there were no statistical differences in either 8-OHdG or HNE expression between DCIS lesions of different grade. Nevertheless, we observed a trend toward more HNE immunopositivity in high grade DCIS tumors. HNE expressed in 1 (33.3%) of grade I lesions, in 4 (57.1%) of grade II and in 10 (83.3%) of grade III tumors . 8-OHdG expression was observed in 2 (40.0%) of grade I DCIS tumors, 8 (80.0%) of grade II and 11 (73.3%) of grade III lesions.

As expected, 8-OHdG immunostaining located mainly to nuclei. 8-OHdG immunostaining was frequently less intensive in the malignant and invasive areas of tumor, while benign and hyperplastic areas in the same tumor block showed more intensive 8-OHdG expression (Figure 2A).

The extent of lipid peroxidation was studied with the antibody against HNE. Expression was primarily cytoplasmic and positive immunostaining increased slightly from UDH (45.8%) and ADH (52.4%) to DCIS (63.2%) and invasive breast cancers (73.0%). Invasive carcinomas expressed significantly more HNE than UDH samples (p=0.015). The difference between invasive carcinomas and ADH was not statistically significant (p=0.072) due to limited size of the ADH cohort in HNE immunostainings. 8-OHdG and HNE immunostainings were compared to traditional clinicopathological parameters in invasive carcinomas and also separately in invasive ductal carcinomas, since our previous experiences suggest a special role of 8-OHdG in this histological subgroup 13 . For these statistical analyses, the presence of lymphatic invasion, blood vessel invasion, lymph node metastases, expression of estrogen receptor, progesterone receptor and HER-2 were classified to either positive or negative. Grading and tumor size was divided to following subgroups: grade I group, grade II -III group, T1 group and T2-4 group. HNE did not show any association with these parameters. Within all invasive carcinomas, 8-OHdG overexpressed within tumors with estrogen receptor positivity (p=0.072), low Ki-67 expression (p=0.024) and T1 tumors (p=0.074). Among invasive ductal carcinomas positive 8-OHdG immunostaining had significant or near-significant associations with estrogen receptor positivity (p=0.069), low Ki-67 expression (p=0.024) and small tumor size (T1; tumor diameter < 2.0 cm) (p=0.056), which all are well-defined markers of good prognosis. HNE and 8-OHdG immunostainings did not associate with each other within the whole study group or separately within four cohorts. Lipid peroxidation, a consequence of ROS attack against lipids of cell membranes, is observed already under physiological conditions. It exposes cellular macromolecules to potentially hazardous damage such protein oxidation, weakening of cell membrane structure and function, and generation of aldehyde products such as HNE and malondialdehyde (MDA) 4, 14 . Besides of its roles in signal transduction (reviewed in 15 ), HNE also exerts genotoxic and carcinogenic effects 5, [START_REF] Feng | Trans-4-hydroxy-2-nonenal inhibits nucleotide excision repair in human cells: a possible mechanism for lipid peroxidation-induced carcinogenesis[END_REF] . Previously HNE expression has been reported to increase along with the progression of colorectal cancer, as the authors reported of significantly more HNE expression in malignant than in non-malignant colorectal tissue [START_REF] Murawaki | Aberrant expression of selenoproteins in the progression of colorectal cancer[END_REF] . In line with this, Zarkovic et al. have reported an increasing proportion of HNE immunopositivity from grade II (diffuse astrocytoma) to grade III (anaplastic astrocytoma) and further to grade IV (glioblastoma multiforme) astrocytomas [START_REF] Zarkovic | Immunohistochemical appearance of HNE-protein conjugates in human astrocytomas[END_REF] . However, the latter paper was mainly descriptive study due to small sample size.

In the current paper we concentrated on studying the immunohistochemical expression of HNE and 8-OHdG in a large breast tissue material. In our previous work there was a trend of more extensive HNE expression in more malignant breast tissue, however, due to smaller sample size the figures did not reach statistical significance [START_REF] Karihtala | Increasing oxidative damage and loss of mismatch repair enzymes during breast carcinogenesis[END_REF] . The proportion of HNE immunopositivity between the previous and present study are comparable. In the current material HNE was found in approximately half of UDH and ADH lesions. Both the intensity and the extent of HNE increased towards the invasive breast cancer cohort and strong HNE expression was seen only in invasive carcinomas. Invasive breast carcinomas expressed HNE significantly more than UDH lesions, and near-significantly more than the ADH cohort. HNE did not associate with the traditional prognostic factors of breast cancer in the invasive breast cancer cohort. Therefore lipid peroxidation appears as an important factor in breast carcinogenesis, but it is not applicable marker of the cancer behavior at an invasive stage. Previously the induction of HNE-scavengers, aldose reductase and GST, have been reported in breast cancer patients, which indirectly supports the current results but imply that the induction is not sufficient to prevent the formation of HNE in invasive carcinomas [START_REF] Rajneesh | Lipid peroxidation and antioxidant status in patients with breast cancer[END_REF][START_REF] Ghalia | Glutathione and its metabolizing enzymes in patients with different benign and malignant diseases[END_REF][22] . In addition, a recent study found increased lipid peroxidation in plasma of breast cancer patients with a simultaneous decrease of glutathione-dependent antioxidant enzymes in blood cells [START_REF] Kasapović | Antioxidant status and lipid peroxidation in the blood of breast cancer patients of different ages[END_REF] .

Several previous studies have shown elevated lipid peroxidation markers in the sera, plasma or urine of breast cancer patients compared to healthy controls in numerous studies [START_REF] Rajneesh | Lipid peroxidation and antioxidant status in patients with breast cancer[END_REF][START_REF] Huang | Association between oxidative stress and changes of trace elements in patients with breast cancer[END_REF][START_REF] Ray | Lipid peroxidation, free radical production and antioxidant status in breast cancer[END_REF][START_REF] Do | Plasma malondialdehyde levels and CXCR4 expression in peripheral blood cells of breast cancer patients[END_REF][START_REF] Chandramathi | Comparative assessment of urinary oxidative indices in breast and colorectal cancer patients[END_REF][28][START_REF] Yeh | Superoxide anion radical, lipid peroxides and antioxidant status in the blood of patients with breast cancer[END_REF] .

Nevertheless, these extratumoral measurements are likely, at least partly, to reflect generalized oxidative stress and/or inflammation in the whole body and there are no previous reports of lipid peroxidation during breast carcinogenesis. To summarize, the current results of HNE immunostainings confirm the moderate lipid peroxidation already in the early phases of breast carcinogenesis and demonstrate its increase during malignant transformation. However, with a cohort study it is impossible to determine whether increased HNE expression is cause or consequence in breast carcinogenesis. We have recently demonstrated in a large prospective study that negative 8-OHdG immunostaining is an independent prognostic factor for breast cancer specific death in breast cancer patients 13 .

Consistent with this, the present results show the most extensive 8-OHdG expression in the breast lesions with UDH, ADH or DCIS, all of these cohorts expressing 8-OHdG in approximately 70% of cases. In invasive carcinomas 8-OHdG expression diminishes notably, only 40.6% showing immunopositivity. Even within the same samples benign or pre-neoplastic foci nearby malignant cells express 8-OHdG more intensively than malignant cells (Figure 2A). Furthermore, 8-OHdG expression was reduced in the rapidly proliferating tumors but the associations with positive 8-OHdG immunostaining and estrogen positivity and small tumor size did not meet the criteria of statistical significance, although the trend was clear. Previously several other groups have reported higher 8-OHdG levels of breast cancer patients compared to healthy controls [START_REF] Musarrat | Prognostic and aetiological relevance of 8hydroxyguanosine in human breast carcinogenesis[END_REF][START_REF] Kuo | Urinary 8-hydroxy-2'-deoxyguanosine (8-OHdG) and genetic polymorphisms in breast cancer patients[END_REF][START_REF] Matsui | Increased formation of oxidative DNA damage, 8hydroxy-2'-deoxyguanosine, in human breast cancer tissue and its relationship to GSTP1 and COMT genotypes[END_REF] . In contrast with our study, the authors chose to use Enzyme-Linked ImmunoSorbent Assays (ELISA) or high performance liquid chromatography (HPLC) detection and studied the whole breast tumors or urine samples. According to the present results 8-OHdG formation is increased in non-malignant areas of breast tumor, which often represent considerably large proportion of breast tumors, and this may explain the contradictory outcomes with these previous studies. 8-OHdG expression depends on the function of DNA repair enzymes, mainly 8-OHdG-DNA glycosylase (OGG1), but also on MutY homologue (MYH) and MutT homologue (MTH1). A reasonable rationalization to low 8-OHdG expression in invasive carcinomas is the induction of DNA repair enzymes under oxidative stress which removes efficiently 8-OHdG from the DNA of malignant cells. To clarify the fundamental background behind the current results, DNA repair enzyme assessment would therefore be needed. In conclusion, the proportion of oxidatively stressed cells seems to be relatively high already in premalignant and non-invasive breast lesions. This is reasonable since ROS play physiologically essential signal transduction roles and it may be energetically "cheaper" to repair damaged DNA than maintain excess antioxidant reserves [START_REF] Halliwell | Biochemistry of oxidative stress[END_REF] . It appears that two widely used oxidative stress markers, HNE and 8-OHdG reflect different aspects in breast carcinogenesis, HNE being more a direct marker of oxidative damage, whereas 8-OHdG expression is probably affected by DNA repair enzymes. The most applicable use of oxidative stress immunostainings as a clinical biomarker may be reached by combining different immunostainings as shown in the "oxidative stress index" of the current study. Comment: Definitions of hormone receptor positivity and HER2 positivity have been added. There also needs to be a sentence defining low Ki-67 expression in the methods.
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  which 31 were diagnosed as UDH, 25 as ADH, 30 as DCIS and 133 as invasive carcinomas, respectively. Of DCIS lesions, 5 were grade I, 10 grade II and 15 grade III. The samples were collected from the archives of Department of Pathology, Oulu University Hospital and they dated 1989-2006. Each sample represented an individual patient. The diagnoses were reevaluated according to the WHO classification 8 during the grading of the immunohistochemical staining by the pathologist (S.K.). The clinicopathological characteristics of the invasive breast carcinoma cohort are shown in

  Based on the current results, we created an "oxidative stress index" by dividing the patients into two groups according to the immunostaining results. Only the patients with both 8-OHdG and HNE immunostainings available were included. The first group, reflecting aggressive disease, consisted of patients with negative 8-OHdG and positive HNE immunostaining. Another group encompassed all other patients, i.e. those with either positive 8-OHdG or negative HNE immunostaining. This division separated clearly different patient cohorts (p=0.00012), especially those with invasive disease (Figure3.).

  DiscussionConsidering the nature of reactive oxygen species, the direct assessment of ROS levels in vivo is enormously challenging. Immunohistochemical markers of ROS-derived damage have been developed to overcome this problem and one of their biggest advantages is the ability show the localization of the damage. The current results demonstrate increasing lipid peroxidation during breast carcinogenesis and a simultaneous decrease in the expression of one of the most used oxidative stress markers, 8-OHdG.

  LJ. Oxyradicals and DNA damage. Carcinogenesis. 2000;21;361-370. 5. Kowalczyk P, Ciesla JM, Komisarski M, Kusmierek JT, Tudek B. Long-chain adducts of trans-4hydroxy-2-nonenal to DNA bases cause recombination, base substitutions and frameshift mutations in M13 phage. Mutat. Res. 2004;550:33-48. 6. Evans MD, Dizdaroglu M, Cooke MS. Oxidative DNA damage and disease: induction, repair and significance. Mutat. Res. 2004; 567;1-61. 7. Yadav UC, Ramana KV, Awasthi YC, Srivastava SK. Glutathione level regulates HNE-induced genotoxicity in human erythroleukemia cells. Toxicol. Appl. Pharmacol. 2008;227;257-264. 8. Tavassoli FA, Devilee P (eds): World Health Organization Classification of Tumours. Pathology and Genetics of Tumours of the Breast and Female Genital Organs. Lyon; IARC Press, 2003;13-59 and 63-73. 9. Gong G, Devries S, Chew KL, Cha I, Ljung BM, Waldman FM. Genetic changes in paired atypical and usual ductal hyperplasia of the breast by comparative genomic hybridization. Clin. Cancer Res. 2001;7;2410-2414.

Figure 1 .

 1 Figure 1. The proportion of positive (weak, moderate or strong) immunostaining of 8-OHdG and HNE in the different study cohorts.

Figure 2 .

 2 Figure 2. Figure A shows weak 8-OHdG expression in the malignant cells of lobular carcinoma, whereas in the benign duct (arrow) immunostaining is more intensive. 8-OHdG immunoreactivity was observed in most of UDH lesions (B). Figure C shows an infiltrating ductal carcinoma with moderate to strong cytoplasmic HNE expression, only a minority of UDH lesions were HNEpositive (D).

Figure 3 .

 3 Figure 3. An "oxidative stress index" was formed by dividing patients into two groups according to their immunostaining profile. First group, reflecting aggressive features of breast cancer consists of patients with negative 8-OHdG and positive HNE immunostaining (weak, moderate or strong).
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  . Due to exhaustion of blocks, the number of reliably evaluable HNE immunostainings decreased to 24 UDH samples, 21 ADH samples, 22 DCIS and 115 invasive carcinomas. The mean age of the patients with invasive breast cancer was 56.2 years (range 28-90 years).

Table 2 .

 2 Another group encompasses all other patients, i.e. those with either positive (weak, moderate or strong) 8-OHdG or negative HNE immunostaining. The distribution of immunohistochemical stainings.We would also like to thank the Referee and Associate Editor for their highly constructive and useful comments. The requested changes and additions have been incorporated to the manuscript. Hopefully the revised manuscript now fulfils the requirements needed for the Histopathology. Comments to the Author The authors have addressed most of the suggestions made by the reviewers.
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