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Abstract
Twelve chemical compounds have been selected for the European NewGeneris study due to their potential to damage DNA to establish adequate and reliable biomarkers of exposure. These genotoxic chemicals include heterocyclic amines, organochlorines, polycyclic aromatic hydrocarbons, mycotoxins, lipoperoxidation products and alcohol. Damage in somatic cells such as lymphocytes could give rise to cancer, while damage in germ cells could not only give rise to cancer but also to inherited defects. The alkaline Comet assay with and without the presence of metabolic activation as well as the neutral Comet assay were used to assess DNA integrity in spermatozoa and lymphocytes after in vitro treatment with low, middle and high doses of each chemical. DNA reactive-aldehydes generated by lipid peroxidation, food-mutagens such as heterocyclic amines, nitrosamine and benzo[a]pyrene produced the highest amounts of DNA damage, even without metabolic activation. Damage seen with the neutral Comet assay detecting primarily double strand breaks was lower than with the alkaline assay. In general, there was increased damage in the spermatozoa by comparison with the lymphocytes with altered slopes in the dose response curves. The sperm Comet assay was generally very sensitive in assessing genotoxic damage with the Comet parameters being good biomarkers of induced DNA damage. Hence, establishing reliable biomarkers of exposure for the evaluation of dietary / environmental carcinogens is of utmost importance to protect our health and the health of our offspring. 
Introduction

Over the last few years it has become clear that children may be more genetically susceptible to dietary / environmental toxins than adults 
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[1-2]
. This is especially true for certain sub-groups carrying high risk alleles [3]. Depending on the diet, the environment and life style, toxins may be ingested, inhaled or absorbed in varying concentrations. Such contaminants can then act either per se as DNA damaging agents or after being activated by metabolising enzymes. Hence, exposure to a large number of dietary / environmental compounds with a wide variety of chemical properties can lead to cell injury such as unrepaired DNA damage and subsequently to the onset of severe diseases or cancer. Although, exposure to such compounds is most likely to be intermittent rather than continuous, certain dietary patterns in ethnic or social groups may result in a chronic exposure to genotoxic compounds, thus, increasing the risk for cancer [4]. 

The European NewGeneris study of maternal diet during pregnancy and children’s health currently focuses on identifying links between foetal in utero exposures to mutagens and the onset of childhood disease and cancer [5]. Also, the NewGeneris project includes a work package which targets the paternal contribution to the children’s health. To evaluate different cellular susceptibilities and to find adequate biomarkers of exposure, twelve well-characterised model genotoxins were chosen, representing different groups of chemicals, either acting as carcinogens or co-carcinogens. These compounds are commonly found as dietary food mutagens, environmental pollutants or life style factors (Table 1). Heterocyclic amines such as the food mutagens 2-amino-3-methylimidazo[4,5-f]quinoline (IQ) and 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) are considered highly mutagenic, especially after metabolic activation, originating from preparing proteinaceous food like meat or fish at high temperatures 
 ADDIN EN.CITE 
[6-7]
. N-nitrosodimethylamine (NDMA) is often found in fried food, as a disinfection by-product in water and it can be formed endogenously from nitrates. Nitrosamine is also a component of cigarette smoke 
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[8-11]
. Another mutagenic food mutagen is acrylamide (AA) commonly consumed with fried carbohydrate-rich food like French fries and chips [12]. Smoking is a life style factor and considered as a major source of the polycyclic aromatic hydrocarbon benzo[a]pyrene (BaP). Upon metabolic activation, BaP becomes even a more potent genotoxin. However, other ways of exposure for BaP include contaminated food as BaP is a combustion and frying by-product 
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[13-14]
. Organochlorins like 2,3,7,8-tetrachlorodibenzodioxin (TCDD) and 3,3',4,4'-tetrachloro​biphenyl (PCB77) are mainly found as very persistent environmental pollutants contaminating our food chain. Despite their production being widely banned, some industrial and household products containing PCBs are still in use 
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[15-16]
. Mycotoxins such as the fungal metabolites deoxynivalenol (DON) and aflatoxin B1 (AFB1) are produced by mould, i.e. by Fusarium graminearum and Aspergillus ﬂavus, respectively, which can infest grain and granaries. Hence, DON and AFB1 can be found in varying amounts in bread products and cereals. After consumption, AFB1 can form a very potent carcinogenic compound when being metabolically activated 
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[17-18]
. Oxidative stress from reactive oxygen species from intrinsic or external sources is responsible for endogenous lipid peroxidation products such as the DNA-reactive aldehydes 4-hydroxynonenal (HNE) and malondialdehyde (MDA), which may play an important role in carcinogenesis 
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[19-21]
. Ethanol (EtOH) is consumed with alcoholic beverages and is considered a life style factor. Ethanol per se is not considered mutagenic; however, it has shown an adverse effect on the development of the foetus during pregnancy 
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[22-23]
.
[Insert Table 1 here]

The Comet assay, an assay which has already been included in the strategy guidelines for the testing of chemicals for mutagenicity [24] was employed in two versions, the alkaline and the neutral Comet assay, using spermatozoa and lymphocytes as in vitro target cells. The Comet assay was chosen as an indicator test as it is very sensitive for detecting small amounts of DNA damage, for being flexible and for requiring only small numbers of cells 
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[25-26]
. Especially the alkaline sperm Comet assay, as a relatively new technique, may become important as it is very sensitive in assessing genotoxic damage [27].
In this study, these twelve selected well-known dietary / environmental contaminants were evaluated for genotoxicity using the alkaline and neutral Comet assay through in vitro exposure of human spermatozoa and lymphocytes in the presence and absence of S9 metabolic activation [28]. For assessing genotoxicity with the Comet assay, a dose range was selected with the highest doses being at most cytotoxic to 25% or less of the treated cells; some of these high doses can also reach non-physiological levels. The potential of these twelve chemically diverse model substances to induce DNA damage in cells will help to establish feasible, adequate and expedient biomarkers of exposure. 
Material and Methods

Chemicals

For this study the following chemicals were used: heterocyclic amines 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP, CAS# 105650-23-5) and 2-amino-3-methylimidazo[4,5-f]quinoline (IQ, CAS# 76180-96-6) from Toronto Research Chemicals, Inc. (Downsview, Ontario, Canada); the organochlorines 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD; CAS# 1746-01-6, Cambridge Isotope Laboratories, UK) and 3,3',4,4'-tetrachlorobiphenyl (PCB 77; CAS# 32598-13-3, Riedel-de Haën, UK); ethanol (EtOH; CAS# 64-17-5, Sigma-Aldrich, UK); the DNA-reactive aldehydes malondialdehyde (MDA; CAS# 102-52-3, Sigma-Aldrich, UK) and 4-hydroxy-2,3-nonenal (HNE; CAS# 18286-49-2, Calbiochem, UK); the polycyclic aromatic hydrocarbon, benzo[a]pyrene (BaP; CAS# 50-32-8, Supelco, UK); N-nitrosodimethylamine (NDMA; CAS# 62-75-9, Sigma, UK); the mycotoxins, deoxynivalenol (DON; CAS# 51481-10-8, Sigma, UK) and aflatoxin-B1 (AFB1; CAS# 1162-65-8, Sigma, UK); acrylamide (AA; CAS# 79-06-1, Fluka, UK); hydrogen peroxide (H2O2; CAS# 7722-84-1, Sigma, UK); and dimethyl sulfoxide (DMSO; CAS# 67-68-5, Sigma, UK). If not specified, all other chemicals used for the assays were purchased from Sigma, UK. Depending on the solubility of the compounds, three solvents were employed to prepare stock solutions: pure water for EtOH, AA and H2O2; ethanol for HNE, MDA, and DON; a 1:1 mixture of ethanol and water for AFB1; as well as DMSO for the hydrophobic compounds PhIP, IQ, TCDD, PCB77, BaP and NDMA.
Blood and semen samples

Ethical approval for blood and semen samples has been provided by the University of Bradford’s Research Ethics Subcommittee involving human subjects (reference number: 0405/8). After informed consent, peripheral blood from four healthy, non-smoking volunteers (average age of 35.75 ± 6.7 years) was obtained in heparinised vacutainers (Greiner-Bio-One, Germany) by venepuncture. Also, four semen samples were provided and each sample was analysed within 2 hours after ejaculation according to the WHO criteria [29] for general appearance, viscosity, volume, pH as well as sperm concentration, motility and morphology. After aliquoting, semen samples were snap-frozen in liquid nitrogen and subsequently stored at −80 °C until analysis.

Lymphocyte isolation for the Comet assay

Whole blood was diluted 50:50 with saline and lymphocytes were isolated using Lymphoprep (Axis-Shield, Norway) according to the manufacturer’s instructions. The lymphocyte pellet was then resuspended in foetal bovine serum (FBS; Invitrogen, UK) and transferred into a cryovials containing DMSO (9 parts FBS, 1 part DMSO). This cell suspension was frozen at -20 °C overnight and then transferred to -80 °C for storage before use.

Cell treatment
Cell suspensions (1 ml, 106 cells per ml RPMI) were exposed for 30 min at 37 °C for lymphocytes or for 60 min at 32 °C for sperm to defined concentrations of the 12 selected compounds as well as DMSO because of its use as a solvent and hydrogen peroxide, which served as a positive control. For genotoxicity assessment, the following concentrations were used: 0.5, 1, 3 mM for AA; 2.5, 25, 100 µM for PhIP; 9.2, 92, 183 µM for IQ; 5, 50, 135 mM for NDMA; 1.13, 11.3, 25 µM for BaP; 0.1, 0.5, 1 µM for TCDD; 3.4, 17, 34 µM for PCB77; 0.1, 1, 5 µM for AFB1; 10, 50, 100 µM for DON; 0.5, 5, 50 µM for HNE; 0.5, 5, 50 mM for MDA; 10, 100, 1000 mM for EtOH; and 1, 2.5, 5% for DMSO and 10, 50, 100 µM for H2O2. These concentrations were mainly chosen because of previously published toxicological data, but also due to availability of the compounds and solubility limits, especially for the highest doses. Cells were either treated in the absence or presence of 1% human S9-mix. The preparation of the S9-mix and the NADPH regeneration system was prepared freshly before each experiment as previously described [28]. Pooled human liver S9 (15 individuals, mixed-sex, catalogue number X00823) was obtained from InVitro Technologies, Germany. Glucose-6-phosphate (G-6-P), Glucose-6-phosphate dehydrogenase (G-6-P DH) grade I from yeast and nicotinamide adenine dinucleotide phosphate (NADP) was obtained from Roche Diagnostics, Germany.
Cell viability 

To exclude the effect of DNA degradation associated with cytotoxicity, for lymphocytes, viability staining was performed prior to the experiments [25]. Viability was measured using the Trypan blue exclusion test (10 µl of 0.05% Trypan blue was added to 10 µl of cell suspension) 
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[30]
 and additionally the fluorescein diacetate / ethidium bromide viability test (10 µl of 3 mg/ml fluorescein diacetate in acetone and 10 µl 0.025 mg/ml ethidium bromide in PBS was added per 10 µl cell suspension) [31]. The percentage of viable cells was obtained within 100 evaluated cells. For the highest concentrations of all tested compounds, a viability of above 75% was produced in both or at least one of the two viability tests (Table 2) in order to avoid a false positive response due to cytotoxicity [32]. Especially for spermatozoa, a viability percentage of 75% might be hard to achieve as even fresh sperm viability can vary. According to the WHO criteria, the sperm viability is considered normal when above 50% [29] or 55% as the lower reference limit [33], respectively. For the sperm Comet assay in reproductive toxicology, especially for larger studies, flash-freezing in liquid nitrogen using only seminal plasma is the method-of-choice that most closely reproduces results obtained with fresh sperm 
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[34-35]
. Although, freezing spermatozoa increases the rigidity of the sperm membrane and decreases the viability to values of 45% [36]. Thus, cytotoxicity of chemicals was determined mainly via the viability of lymphocytes to ensure against possible artefacts as suggested previously [27].
Comet assay

DNA integrity was measured using the Comet assay as previously described [25]. The alkaline and the neutral version of the Comet assay were employed. In brief, 100 µl of lymphocyte suspension was mixed with 100 µl of 1% low melting point (LMP) agarose (in PBS, <40°C warm; Invitrogen, UK). For sperm, 2% LMP agarose was used. From this suspension 100 µl were spread onto each of two duplicate microscope glass slides pre-coated with 1% normal melting point agarose (Invitrogen, UK). Once the agarose set, a final third layer of 0.5% LMP agarose (in PBS) was added. When using lymphocytes, slides were placed in freshly prepared, cold lysing buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH 10, with 1% Triton X-100 and 10% DMSO just added before use) and kept overnight at 4 °C. For sperm, the lysis solution was supplemented with 10 mM dithiothreitol (Sigma, UK) and 0.05 g/ml proteinase K (Roche, UK), respectively, and incubation took place in each solution for 1 hour at 4 °C. Slides were then transferred to freshly prepared cold electrophoresis buffer (alkaline buffer: 1 mM EDTA and 300 mM NaOH, pH ~13.5; neutral buffer: 1x TBE, pH ~8.5) for a pre-incubation prior to electrophoresis (30 min for lymphocytes, 20 min for sperm). Electrophoresis was carried out for 30 min (lymphocytes) or 20 min (spermatozoa) at 4 °C at ~0.75 V/cm (25 V, ~300 mA for the alkaline Comet assay) or at ~1 V/cm (35 V, ~10 mA for the neutral Comet assay). Under such conditions broken DNA extends towards the anode producing the characteristic comet tail. Only for the alkaline Comet assay, slides were neutralised three times with Tris buffer (400 mM, pH 7.4) after electrophoresis. All slides were blindly coded and stained with 60 µl of 20 µg/ml ethidium bromide. Evaluation was carried out using a computerised image analysis system (Komet 4.0; Kinetic Imaging, UK) attached to a fluorescence microscope (20x objective) equipped with a BP546/10 excitation filter and a 590 nm barrier filter (Leica, Germany). All of these steps were conducted under dimmed light to prevent the occurrence of additional DNA damage.

Statistical analysis

Data were tested for normality prior to statistical analysis. Normal distributions were checked through the Shapiro-Wilk test to assess whether parametric or non-parametric statistics could be used. For normally distributed data, differences were assessed by the parametric One Way ANOVA test. The relationship between DNA damage and various parameters characterising the individual donors was analyzed using post-hoc analysis (Dunnett test). The mean of each data set was used for statistical analysis. A probability level at p≤0.05 was regarded as statistically significant. 

For each given concentration, at least 50 cells were evaluated for every individual per duplicate slide, which yielded six means for three repeated experiments and eight means for four repeated experiments. The Comet assay parameters used to measure DNA damage were the % Tail DNA (fraction of DNA in the tail) defining the comets indicating a linear relationship to the DNA break frequency over a wide range of levels of damage 
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[37]
 and the Olive tail moment (OTM), which takes also the length of the observed tail into account, thus, describing variations in DNA distribution [38]. As the OTM parameter is defined as % Tail DNA multiplied by the tail moment length (= distance from the centre of the comet head to the centre of the comet tail) the pattern of DNA damage observed for certain chemicals may differ when compared to that seen for % Tail DNA. Kumaravel and Jha recommended that DNA damage should be measured with both parameters, % Tail DNA and OTM, for scientific investigations; however, for inter-laboratory comparisons only the % Tail DNA should be taken into account [38]. 

Results

Twelve selected chemicals (Table 1), well-characterised for their toxicity, were used for this feasibility study, due to their potential to cause DNA damage, to treat spermatozoa and isolated lymphocytes in vitro. Two versions of the Comet assay were employed: the alkaline and the neutral version. For the alkaline Comet assay, lymphocytes were additionally treated in the presence of S9-mix. The highest doses employed were showing ≥75% cell viability for at least one of the two viability tests used (Table 2). For all experiments hydrogen peroxide was chosen as a positive control resulting in a clear dose-dependent induction of DNA damage for both cell types and both versions of the Comet assay. 
[Insert Table 2 here]

[Insert Table 3 here]

The alkaline Comet assay:  spermatozoa vs. lymphocytes 

For spermatozoa, the Comet assay parameter % Tail DNA was generally more sensitive for detecting DNA damage than OTM, which also takes the comet length into account. Additionally, spermatozoa as target cells showed a higher sensitivity to the selected chemicals when compared to lymphocytes (Table 3 and in Figures 1-4). In contrast to lymphocytes where both Comet assay parameters % Tail DNA and OTM yielded nearly identical patterns of detected DNA damage for the single compounds, spermatozoa showed a different pattern of response with altered slopes. The average baseline damage for all control experiments was calculated to 24.8 % Tail DNA (OTM 4.6) for spermatozoa and 14.2 % Tail DNA (OTM 2.7) for lymphocytes. The positive control substance hydrogen peroxide (H2O2) clearly resulted in dose-dependent significant increases from control levels to the highest dose of 100 µM with 24 to 58 % Tail DNA (OTM: from 4.4 to 10.4) for sperm and 15 to 42 % Tail DNA (OTM: from 3.4 to 9.8) for lymphocytes. 

[Insert Figures 1-4 here]

After treatment, the highest doses of all tested compounds produced significant DNA damage (% Tail DNA) in spermatozoa in the range of 1.3 to 2.2-fold above control levels (p≤0.001; except for AA, BaP and TCDD with p≤0.01). For the OTM parameter, however, TCDD and PCB77 did not reach significance for their highest doses. With lymphocytes as target cells, the highest doses used for all tested compounds produced as well only significant increases in DNA damage in the range of 1.5 to 3.0-fold in % Tail DNA (p≤0.001; except for EtOH being p≤0.01). When focusing on NDMA and BaP, these two compounds showed in spermatozoa for the % Tail DNA parameter almost the same potential to increase DNA damage, while for the measured OTM a different pattern was seen with the OTM value of BaP being almost 2-fold increased compared to NDMA. Interestingly, when looking at the OTM results for lymphocytes the difference is reversed with BaP showing the lower OTM value. For AFB1, DON, HNE and MDA, spermatozoa seem to be equally sensitive and showed an increased induction of DNA damage (OTM parameter), in the same range as BaP. However, all four compounds were about 2-fold less effective in lymphocytes when compared to the induction of DNA damage by BaP.
The heterocyclic amines PhIP and IQ, the organochlorines TCCC and PCB77, the mycotoxins AFB1 and DON as well as the DNA-reactive aldehydes HNE and MDA induced significant damage in sperm DNA (% Tail DNA) for all tested doses. For the OTM parameter, only DON and MDA remained positive for the tested dose range. Only four out of the twelve selected environmental / dietary chemicals showed a significant increase in DNA damage in lymphocytes for the lowest dose used: BaP (1.13 µM; 1.4-fold, p≤0.05), both mycotoxins, AFB1 (0.1 µM; 1.6-fold, p≤0.05) and DON (10 µM; 1.3-fold, p≤0.01), as well as the reactive aldehyde HNE. For the lowest dose of HNE (0.5 µM), the significant increase in % tail DNA was found to be 2-fold (p≤0.001) above baseline DNA damage. However, when looking at OTM as the other parameter for damage, the lowest doses of AA (0.5 mM; 1.3-fold, p≤0.05) and PhIP (2.5 µM; 1.4-fold, p≤0.05) were additionally to those of AFB1, DON and HNE positive, while the lowest dose of BaP did not reach significance.
The supplementation of S9-mix during the treatment generally resulted in a much higher increase in DNA damage for all tested chemicals when using spermatozoa instead of lymphocytes, especially in connection with the lower doses (Figure 3 & 4). All compounds induced significant DNA damage in both cell types (p≤0.05, p≤0.01 and p≤0.001 % Tail DNA and OTM) for most of tested doses (Table 3). For both parameters, only TCDD, EtOH and DMSO did not reach significance for their lowest doses when spermatozoa were the target cells. For spermatozoa, these three compounds showed the lowest increase in % Tail DNA and OTM even when co-treated with S9-mix. For lymphocytes, HNE additionally to EtOH, TCDD and DMSO showed the lowest increase in % Tail DNA when co-treated with S9-mix; with the OTM parameter, MDA also joined this group.

The neutral Comet assay:  spermatozoa vs. lymphocytes 

The neutral version of the Comet assay assesses primarily double and only partially single-strand breaks (DSB, SSB) [39] while the alkaline version also includes alkali labile sites as well as DSB and SSB. In general, when compared to the alkaline Comet assay the neutral version resulted in lower numbers of % Tail DNA and OTM – reduced by approximately 50% for all twelve selected compounds for both lymphocytes and spermatozoa (Table 3, Figures 1 & 2). All chemicals induced a similar pattern of DNA damage measured in % Tail DNA for both versions of the Comet assay and both cell types with spermatozoa being more sensitive to some of the selected chemicals. For sperm, the neutral assay produced similar results compared to lymphocytes when looking at the measured % Tail DNA. Only EtOH induced more DNA damage in spermatozoa and showed a similar DNA damage response pattern (% Tail DNA) for the selected compounds. Similar to the alkaline Comet assay, the neutral version showed for spermatozoa a highly significant induction of DNA damage (OTM) for the DNA-reactive aldehydes MDA and HNE as well as for PhIP, IQ and BaP. TCDD induced some little damage, while DON did not induce any significant DNA damage when measuring OTM. However DON did significantly induce DNA damage for the middle (p≤0.05) and highest dose (p≤0.01) when measuring % Tail DNA. For lymphocytes, none of the chemicals, except for the positive control, peaked out but showed significantly increased DNA damage (OTM) when compared to the negative control. EtOH did not induce any DNA damage for the tested doses of 10, 100 and 1000 mM. The six compounds MDA, HNE, DON, TCDD, BaP and NDMA were each positive (% Tail DNA) for all three tested doses with a range of significance from p≤0.05 to p≤0.001. When considering the OTM parameter only MDA, HNE, TCDD and BaP remained significantly increased together with PhIP for all three doses. 
Discussion

From the moment of conception until birth and then during the entire lifetime we are constantly exposed to toxins which target our DNA. Food mutagens, environmental and life style genotoxins can even damage the cells’ DNA of the offspring through the placenta [40] – in addition to inherited DNA damage originating from paternal and maternal germ cells. It becomes clear that small changes in life style and food intake by the mother may have a major positive impact on the developing foetus’ health 
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[41]
. This statement also applies to the father, as the majority of transmitted structural aberrations are of paternal origin and can lead to genetic disease in the offspring 
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[42-43]
. The pan-European study NewGeneris which investigates exposure risks to newborns and links to early childhood cancer and diseases selected twelve candidate chemicals (Table 1) meant to be representative for well known groups of food-borne and environmental genotoxins. This group of compounds of various chemical classes and origins were used in this study, due to their potential to damage DNA, to investigate the Comet assay parameters % Tail DNA and OTM as rapid biomarkers of exposure to dietary / environmental genotoxins. Human spermatozoa and lymphocytes were employed as in vitro target cells.
A recent study assessing ten of the twelve selected NewGeneris compounds for their potential to induce cytogenetic damage using the cytokinesis-blocked micronuclei assay (CBMN) found that PhIP (2.5 µM), AA (0.5 mM) and PCB (250 µM) significantly induced micronuclei in binucleated lymphocytes. Both compounds BaP (100 µM) and AA (250 µM) also induced nucleoplasmic bridges [44]. As the CBMN assay requires culturing lymphocytes and thus allows time for repair, it cannot rapidly assess immediate DNA damage or damage towards differentiated cell types like spermatozoa which are highly specialised, unable to re-enter the cell cycle and deficient for DNA repair [45]. The Comet assay, a fast and sensitive technique to evaluate DNA integrity within single cells [25], has the advantage of being applied to different cell types and at different pH values. Thus, in various cell types different categories of damage and different levels of sensitivity can be assessed [27]. 
For the alkaline Comet assay, almost identical DNA damage response patterns for the % Tail DNA Comet assay parameter were observed for both cell types (Figures 1 & 2); however, spermatozoa are more sensitive than lymphocytes towards smaller doses of PhIP, IQ, AFB1, DON, HNE and MDA when treated under similar conditions without the presence of S9-mix. Compounds such as AFB1, AA, BaP and NDMA are usually considered indirect chemical mutagens which require metabolic activation [46] causing even higher damage to DNA in S9 co-treated experiments compared to those without supplementation. When using compounds, which require metabolic activation, recent studies clearly showed that minimal levels of enzymatic activity in the cells are enough to cause measurable DNA damage. Genotoxic activities were seen in both, lymphocytes as well as spermatozoa, caused by various compounds generally assumed to require enzymatic activation to be genotoxic 
 ADDIN EN.CITE 
[47-53]
.

In this study, especially for PCB77 and MDA, spermatozoa were showing a very high increase in DNA damage for all treatment doses. The damage response towards certain classes of chemicals became even more obvious when looking at the OTM Comet assay parameter. The mycotoxins AFB1 and DON as well as the DNA-reactive aldehydes HNE and MDA highly increased DNA damage in spermatozoa when compared to lymphocyte responses. In spermatozoa, NDMA triggered a very strong response for all three tested doses (OTM value), 1.7-fold higher compared to the induced damage in lymphocytes; a lower response was seen for all three doses of BaP. This result was reversed when using lymphocytes as in vitro target cells, with the response of BaP (without S9 co-treatment) being 1.6-fold higher for the middle and highest dose when compared to that in spermatozoa, while NDMA showed a much lower dose effect. As the OTM parameter takes account for the length of the comet additionally to the percentage of DNA in the comet tail, these results point to different modes of action in different cell types causing varying lengths of the comets. This result is supported by the finding that both compounds, NDMA and BaP, are almost in the same ranges in terms of induced damage in the two distinct cell types.
Even without metabolic activation in vitro, i.e. without supplementation of the treatment solution with S9-mix, BaP showed for the highest dose (25 µM) an even higher response in OTM in lymphocytes than the positive control. Still being highly significant at p≤0.001 the measured OTM for sperm was 1.6-fold smaller. When considering the measured % Tail DNA, BaP showed approximately the same significant increase in both cell types indicating an equal endogenous level of p450 enzymes to metabolise BaP. As seen at the measured OTM values, BaP seemed to produce a different comet tail migration pattern for lymphocytes than for spermatozoa: longer comet tails in lymphocytes and shorter tails for sperm. Sipinen and colleagues found recently that the DNA fragmentation seen in the Comet assay on sperm was independent of the addition enzymatic activation of BaP, suggesting an yet unknown metabolism of BaP in ejaculates [53].

Certain chemicals within the twelve selected dietary / environmental compounds seem to have a much stronger effect on spermatozoa than on lymphocytes, especially, those directly acting on DNA and being highly reactive. When performing the Comet assay using spermatozoa for DNA damaging investigations, spermatozoa always show a high amount of baseline DNA damage (around 20% Tail DNA for healthy fertile men) containing about twice as many single-strand breaks compared to lymphocytes 
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[54-55]
. This is possibly due to the high number of alkaline-labile sites introduced by the extremely dense DNA-protamine chromatin 
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[27, 56-57]
. As there is also a higher baseline DNA damage found for spermatozoa when using the neutral Comet assay, i.e. representing an increase primarily in double-strand breaks, additional intracellular processes during spermatogenesis utilising DNA-nicking enzymes may play a role 
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[58-59]
. Even with the given elevated baseline damage in spermatozoa, these cells seem to be a very sensitive to chemicals even if the DNA is tightly packed. Comet parameters detecting induced DNA damage in sperm seem to be good biomarkers of exposure when investigating dietary / environmental genotoxins. 
To dissolve hydrophobic compounds, DMSO was used as a solvent (Table 1); however, being restricted to a maximum of 1% within the treatment volume. It has been shown that 1% DMSO is normally not genotoxic and insufficient to induce significant DNA damage 


[53, 60] ADDIN EN.CITE . For lymphocytes, even a dose of 2.5% did not produce positive results in our study. For spermatozoa on the other hand, DMSO alone induced significant DNA damage for doses of 2.5% and 5% for both Comet assay parameters, % Tail DNA and OTM, while 1% DMSO showed borderline significance. Even with this finding, no dose response relationship was seen for DMSO in this study – instead, one out of four individuals contributed to the higher response bordering significance which indicates that spermatozoa from different donors might have show different sensitivity levels to DMSO. 
Supplementation with human liver-extract S9-mix for metabolic activation during the treatment with the selected compounds resulted in lower doses of the selected chemicals becoming a bigger insult to the cells, hence inducing increased DNA damage at a lower concentration. Especially, the damage the highest doses of AA and BaP induced almost doubled the % Tail DNA for lymphocytes (p≤0.001) compared to the treatment without metabolic activation. It is known that human lymphocytes and sperm themselves posses metabolising potential [61]. Also NDMA seemed to be affected producing the highest measured OTM for lymphocytes (p≤0.001). Similar results were seen for sperm.

For the neutral Comet assay, almost the same DNA damage response patterns have been observed compared to the alkaline version, although with reduced, lower values of % Tail DNA and OTM, suggesting that the detrimental effects of HNE, MDA and AFB1 are based not only on the induction of single-strand breaks and alkali labile sites but also on the induction of double-strand breaks. Thus, the evaluation of the damage response patterns for the selected compounds was pH-independent for the version of the Comet assay in use (alkaline conditions pH >13, neutral conditions pH ~8.5). All three compounds (HNE, MDA and AFB1) showed, as they did in the alkaline assay, that spermatozoa seem to be more sensitive to these chemicals. However, DON might be an exception regarding the neutral Comet assay when considering % Tail DNA and more obviously OTM, producing less damage than in lymphocytes, which was not seen in the alkaline Comet assay. DNA-reactive aldehydes like HNE have been previously shown to induce DNA damage in the Comet assay 
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[62-64]
. HNE has also been suggested to be a key mediator of oxidative stress-induced cell death and direct scavenging of intracellular glutathione 
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[65]
.
Spermatozoa as a highly specialized cell type with no cytoplasm and extremely condensed chromatin seem prone to being more sensitive towards certain chemicals found in our diet and environment than lymphocytes. As a result, it might be very harmful to the next generation if a damaged sperm happens to fertilise an oocyte, especially, when bearing in mind that 80% of de novo structural chromosome aberrations detected during development or birth in animal studies are paternal in origin 
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[66-67]
. It may therefore not be sufficient to study more easily accessible blood lymphocytes 
 ADDIN EN.CITE 
[68]
. Mature germ cells may also have to be used as indicators for the evaluation of geno- and reprotoxins  [27]. 

In conclusion, the most harmful impact on the DNA of spermatozoa and lymphocytes is due to the DNA reactive-aldehydes which are generated by lipid peroxidation. Additionally, the heterocyclic amines and food-mutagens as well as nitrosamine and benzo[a]pyrene produce in vitro high amounts of DNA damage, even without metabolic activation, possibly due to intrinsic amounts of p450 enzymes. In addition to the well-established use of lymphocytes in the Comet assay, spermatozoa should also be used as target cells for the rapid evaluation of genotoxins as they are more sensitive to assess baseline and externally induced DNA damage with the alkaline, but also the neutral, version of the Comet assay. The sperm Comet assay as a relatively new and important technique provides sensitive assessment of genotoxic damage. Both Comet assay parameters measuring DNA damage, % Tail DNA and OTM are feasible to be used as biomarkers of exposure. When using spermatozoa, the amount of the solvent DMSO has to be reduced to less than 1% in the treatment to avoid false positive results. This study has shown that not only readily available lymphocytes but also haploid spermatozoa are valuable target cells for in vitro exposures. Reliable and established biomarkers of exposure for the evaluation of dietary / environmental carcinogens are of utmost importance to protect our health and the health of our offspring, as these compounds might contribute to the onset of genetic disease or cancer. 
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