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Abstract

The air pollutant 3-nitrobenzanthrone (3-NBA), emitted in diesel exhaust, is a potent mutagen and genotoxin. 3-NBA can isomerise to
2-nitrobenzanthrone (2-NBA), which can become more than 70-fold higher in concentration in ambient air. In this study, three independent
methods have been employed to evaluate the oxidative stress and genotoxicity of 2-NBA compared to 3-NBA in the human A549 lung cell
line. HPLC-EC/UV was applied for measurements of oxidative damage in the form of 8-alem®Ryguanosine (8-oxodG¥P-HPLC for
measurements of lipophilic DNA-adducts, and the Comet assay to measure a variety of DNA lesions, including oxidative stress. No significan
oxidative damage from either isomer was found regarding formation of 8-oxodG analysed using HPLC—EC/UV. However, the Comet assay
(with FPG-treatment), which is more sensitive and detects more types of damages compared to HPLC—EC/UV, showed a significant effec
from both 3-NBA and 2-NBA3?P-HPLC revealed a strong DNA-adduct formation from both 3-NBA and 2-NBA, and also a significant
difference between both isomers compared to negative control. These results clearly show that 2-NBA has a genotoxic potential. Even if th
DNA-adduct forming capacity and the amount of DNA lesions measured witfffhelPLC and Comet assay is about one third of 3-NBA,
the high abundance of 2-NBA in ambient air calls for further investigation and evaluation of its health hazard.
© 2005 Published by Elsevier B.V.
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1. Introduction and more than 50 other human diseases, and it has been shown
that many carcinogens induce the formation of 8-oxodG in
1.1. Oxidative damage liver and/or kidneys in animal studi¢®,4]. Radical attack at

the 8-position of guanine leads to the oxidation product from

Oxidative stress has been defined “as a disturbance in the2’-deoxyguanosine (dG), 8-oxodG, which is commonly used
pro-/anti-oxidant balance in favor of the formdt], lead- as a biomarker for oxidative strefs,6]. 8-oxodG is pro-
ing to potential damage, i.e. the level of oxidizing agents, mutagenic and can induce a G:C to T:A transversion at DNA
primarily reactive oxygen species (ROS), exceeds the anti-replication[7]. Elevated levels of 8-oxodG have been found
oxidant and DNA-repair capacity of the celg. Analysis of in a number of disease states related to inflammation and
sufficiently stable end-products from oxidation processes canoxidative stres§3,9].
give an estimate of the level of oxidative stress in q&lJsAn
increased production of ROS upsets the redox-balance in the;.2. HPLC-EC/UV method for analysis of oxidative
cells. ROS are thought to influence the development of cancerdamage

* Corresponding author. HPLC—-EC/UV is a method for measurement of oxida-
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within the ESCODD network (European Standards Commit- of DNA-adducts in the range of 0.01-1 fmol but require the
tee on Oxidative DNA Damage) to optimize and validate dif- handling of radioactive material. Immunoassays offer LODin
ferent methods for measuring DNA damag@,11] GC-MS the range of 1-40 fmol, thus the lack of sensitivity and, more
and HPLC-MS/MS both failed to measure low levels of 8- importantly, the specificity of antibodies can pose a problem
0x0-dG[12]. In addition, work-up procedures required by [26]. Fluorescence methods with LOD between 1 and 20 fmol
these methods elevate oxidation more than HPLC—EC/UV. require substances with fluoresce and are highly specific for
The absolute background level of 8-oxodG is difficult to esti- specific types of DNA-adducts, such as bendmjrene-diol-
mate because it is easily formed during the isolation and hy- expoxide (BPDE) derived DNA-adducfg7]. AMS alone
drolysis of DNA[2,13]. This artifactual oxidation has been provides structural information and an even higher sensitiv-
shown to be responsible for overestimated levels of 8-oxodG ity (0.001 fmol) than post-labelling, but it requires the use of
and there is still no general agreement of basal levels of 8-isotopically labeled substances that are specifically searched
oxodG in cellular DNA[12,14] 8-oxodG is more easily oxi-  for during detection[26]. 32P-postlabelling with HPLC-
dized than guanine and can be further oxidized into secondaryseparation ¥P-HPLC) is a good method of choice for the
oxidation productf?,15]. Due to different background levels  detection of DNA-adducts. It yields DNA-adduct patterns of
of 8-oxodG itis difficult to compare results between different genotoxic substances and characterisations can be achieved
laboratories. It is more appropriate to compare data betweenby co-chromatography with standards, where the high resolu-
a control and a treated sample analysed at the same occasiotion is beneficial especially for complex mixturé&R-HPLC
with the same methofb,12]. is based on the extraction of DNA, enzymatic digestion to
In order to reduce oxidation during sample preparations, nucleotides, enrichment of adducted nucleotides, enzymatic
chilled centrifuges as well as high purity chemicals and en- labelling with®?P-phosphate, chromatographic separation of
zymes should be used and work-up performed on ice. Fur-various adducted and non-adducted nucleotides, and detec-
thermore, the antioxidant deferoxamine mesylate, which is ation of the radioactivity from the labelled compound$p-
Fe3* chelator, also seems to reduce artifactual oxidation and HPLC was developed in the early 1990s and proved to be

Chelex 100 resin can be used to remove metal jd8k somewhat less sensitive th#P-TLC with autoradiography.
However,32P-HPLC is usually faster, with better separation,
1.3. Single cell gel electrophoresis or Comet assay versatility and reproducibility compared f8P-TLC [28].

32p_HPLC, using only HPLC for separation and online de-

The single cell gel electrophoresis method (Comet tection, in contrary to variants using TLC for pre-separation
assay) has been evaluated at the International Workshopand radioactivity measurement on collected eluent fractions,
on Genotoxicity Test Procedures, where it was concluded has since then been used to analyse many kinds of DNA-
that the most optimal method of choice was the alkaline adduct samples, from both in vitro, in vivo and humans
(pH above 13) versiofil6]. The alkaline method is capable [22,29-31]
of detecting single-strand breaks (SSB), alkali-labile sites
(ALS) DNA-DNA/DNA—protein cross-linking and SSB  1.5. 3-NBA versus 2-NBA
associated with incomplete excision repair sites. In addition,
by using formamidopyrimidine-DNA glycosylase (FPG) 3-NBA (Fig. 1A) is most likely activated by the reduc-
treatment, the types of damage detected are increasedtion of its nitro group, forming highly reactive metabo-
(i) open ring forms of 7-methylguanine, including 2,6- lites that bind to DNA[32]. The activation pathway of 3-
diamino-4-hydroxy-aV-methylformamidopyrimidine and  NBA is quite similar to typical activation pathways of nitro-
4,6-diamino-5-amidopyrimidine, (i) 8-oxoguanine, (ii) PAHs (Fig. 1B), which include CYP1A1/2A1 expressions
5-hydroxycytidine, (iv) 5-hydroxyuracil, (v) aflaoxin-bound and phase Il enzymes such/és-tranferase§33,34] Most
imidazole-ring-opened guanine and (vi) damage induced of 3-NBA has been suggested to convert into 2-NBA in the
by amino compounds such as imidazole-ring-opeN2d-  atmospherg35,36] but no toxicity data has been available

aminofluorene-C8-guanirj@7-19] for 2-NBA so far.
The objective of this study was to compare the two isomers
1.4. 32P-HPLC method for DNA-adduct detection 2-NBA and 3-NBA Fig. 1A), by three independent meth-

ods measuring oxidative stress and genotoxicity. To establish
The reaction of carcinogens with DNA is one of the first the toxicity, if any, of 2-NBA as compared to its very po-
events in the development of chemical carcinogenesis. Nu-tent genotoxic isomer 3-NBA three methods, HPLC-EC/UV,
merous studies have shown that certain agents covalently bind?P-HPLC and the Comet assay with FPG-enzyme treat-
to DNA, thus inducing damages that may lead to a variety of ment, were employed to look at specific damages in exposed
lesions that alter cell functiorj0]. Different kinds of meth- ~ A549 type Il lung epithelial cells. The lung cells were cho-
ods have been developed for the study of lesions like DNA- sen as an appropriate cell type since the primary exposure
adducts, including?P-post-labelling21,22] immunoassays  to 3-NBA and its isomer is presumed to be through the res-
[23], fluorescencg24] and accelerated mass spectrometry piratory tract. The amount of cells needed for analysis by
(AMS)[25].32P-post-labelling has alimit of detection (LOD) HPLC—EC/UV and?2P-HPLC requires cells that divide fast
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Fig. 1. (A and B) Structure of the two nitrobenazanthrone isomers 3-NBA and 2-NBA (A) and the most common metabolic pathway of nitrated aromatics (B).

and can be harvested in large amounts within a few days.Rad Laboratories, Hercules, CA, USA). Trypsin-EDTA, Dul-
Also, Ab49 cell lines are sufficient and established for eval- beccos minimal essential medium (DMEM), foetal bovine
uating the metabolic and oxidative processes from exposureserum (FBS), penicillin—streptomycin and MEM sodium

to different substances, including nitro-PARY,38]

2. Experimental
2.1. Reagents and chemicals

Reagents and enzymes used were purchased from the fo
lowing sources: Nuclease P1 and Triton X-100 (Roche Diag-
nostics, Mannheim, Germany), alkaline phosphatase, defer
oxamine mesylate and bovine serum albumin (BSA) (Sigma,
St. Louise, MO, USA), RNAse A (from bovine pancreas)
and spleen phosphodiestrase (SPD; Boehringer Mannhei
GmbG, Mannheim, Germany), RNAse T1 (frotspergillus
oryzae) and micrococcal nuclease (MN; Sigma Chemi-
cal, Cleveland, OH, USA)E. coli formamidopyrimidine-
DNA glycosylase (FPG; Nordic BioSite,aby, Sweden),
adenosine '5[y-32P] triphosphate ®P-ATP; 32P-activity
of 3000 Ci/mmol; Amersham International, Little Chalfont,
UK), dithiothreitol (DTT), Trici® and HEPES (Merck,
Darmstadt, Germany), polynucleotide kinase (PNK; USB,
Cleveland, OH, USA), guanidine thiocyanate (GTC) (Fluka
Chemie GmbH, Buchs, Switzerland), Chelex 100 resin (Bio-

pyruvate (Invitrogen Corporation, Karlsruhe, Germany). All
chemicals were of analytical grade.

A549 cells originally obtained from the American Tis-
sue Type Collection was kindly provided by Prof. lan Cotg-
reave, the Karolinska Institutet, Department of Environmen-
tal Medicine, Stockholm, Sweden.

3-NBA, was synthesized and kindly provided by Prof. Hit-
I_omi Suzuki, Department of Chemistry, Graduate School of
Science, Kyoto University, Kyoto, Japan and 2-NBA by Dr.
_Takeji Takamura Enya, Cancer Prevention Division, National
Cancer Center Research Institute, Tsukiji, Tokyo, Japan.

Warning: The substances 2-NBA, 3-NBA, phenol a%8-

nf\TP that were used in the experimental procedures are ex-

tremely hazardous and proper precautions and guidelines
should be followed when handling and discarding the chem-
icals.

2.2. Test substances

The solid substances 3-NBA and 2-NBA were dissolved in
DMSO to a concentration of 2mM. Pure DMSO was used as
a negative control. Cell exposure was performed by adding
a volume of the solutes (2-NBA and 3-NBA) and DMSO,
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which corresponded to 1% of the total medium volume and The supernatant was discarded and the crude nuclei pellets

at the same time giving a final concentration ofu2@ of the were washed with isotonic buffer and centrifuged once more.

test substances. The pellets were then dissolved inx200u! Triton X-100
Dose-response was determined only for 3-NBA (since buffer and centrifuged for 5 min (2000¢) and the step was

suspected to be the most toxic) at the concentrations of 2, 5,repeated once more.

10 and 2QuM. The cell exposure for 3-NBA was performed

by adding 0.2, 0.5, 1 and 2mM in DMSO to 1% volume of 2.4.2. DNA isolation

the total medium volume. The crude nuclei pellets were dissolved in 1mI3M GTC
and kept on ice approximately 30 min after which occur-
2.3. Cell culture ring clusters were dissolved using a pipette. Additional 1 ml

of 3M GTC was added and each sample was transferred
The A549 cells were cultured in DMEM supplemented to a pre-centrifuged 15ml PLG tube. Two milliliters Se-
with 10% FBS, 100 U/ml penicillin—streptomycin and 1mM vag was added to each tube and shaken gently for 2 min,
MEM sodium pyruvate in a 5% Cfatmosphere at 3. followed by centrifugation (2308 g) for 6 min. The Sevag
Cells were seeded into dishes of 15Fdior HPLC—-EC/UV step was repeated once more by adding additional 2 ml Se-
analysis, 75 crh for 32P-HPLC analysis and into 24 well vag to the same PLG tubes. The upper phases were trans-
plates for the Comet assay. ferred to new 5 ml tubes and 2.0 ml isopropanol was added.
Exposure was carried out for 24 h. After exposure the cells DNA was precipitated at-20°C for 15 min. The tubes were
were washed twice with sterile PBS and harvested by trypsi- centrifuged (550 g) for 20 min. The pellets were washed
nation. 300, 150 and 80 (of which 60wl was immediately with 2 ml 70% ethanol £20°C), and centrifuged again for
removed) of Trypsine-EDTA (0.05%) 10 PBS were added 10 min.
to the 150, 75 crhand each well, respectively. Trypsination
was performed for 5 min at 3C after which enzymatic ac-  2.4.3. DNA hydrolysis
tivities were ceased by the addition of fresh supplemented DNA pellets were dissolved in 138 of 23 wM deferox-
DMEM. Cells were immediately placed on ice. amine mesylate in Milli-Q water. The DNA was hydrolyzed
Cytotoxicity tests were performed on each harvested batchenzymatically with 5U Nuclease;Rand 1 U alkaline phos-
by Trypan Blue staining. On average 200 cells were counted. phatase at 50C for 60 min (after 40 min occurring clusters
The amount of damaged cells out of the total was on averagewere dissolved using a pipette). The DNA hydrolysate was
<10% (data not shown). transferred into a Micropure-EZ filter and the filters were
The concentration of 2@M of the test substances was se- centrifuged (14,00& g) for 2 min. The DNA hydrolysates
lected because pilot studies indicated that this concentrationwere stored at-80°C until analysis.
was the minimum required by the method least sensitive in
detecting effects by 2-NBA and 3-NBA, and the maximum 2.4.4. HPLC-EC/UV analysis

allowed by those most sensitive. The HPLC-EC/UV system consisted of a Waters 717
Autosampler (Waters, Milford, MA, USA), a Scantec 650
2.4. HPLC-EC/UV analysis of 8-oxodG pump (Scantec, Partille, Sweden), an Opti-Guard C-18,

15mmx 1 mm i.d. pre-column (Optimize, Portland, OR,
Work-up procedures were performed onice and as quickly USA), two serial reversed-phase DeltaPak 150 mf19 mm
as possible to minimize artifactual oxidation. All aqueous id, 5um 100 A main columns (Waters, Milford, MA, USA),
solutions were treated by stirring with Chelex 100 resin for a Coulochem Il electrochemical detector (ESA, Chelmsford,
1h, to remove metal ions, and then filtered through a CN MA, USA) for the detection of 8-oxodG and a Waters 486 ab-

0.45pm filter. sorbance detector (Waters, Milford, MA, USA) setto 290 nm
for the detection of dG.
2.4.1. Homogenization and nuclei preparation Prior to HPLC-EC/UV analyses, the HPLC system was

Desferoxamine mesylate was added to the isotonic washed (0.08 mli/min) with methanol and Milli-Q water
(0.25M sucrose, 25mM KCI, 5mM Mgg| 2 mM tricine, (4:1) overnight and then re-equilibrated with HPLC eluent
pH 7.8) and Triton X-100 (0.5% Triton X-100, 20 mM Tris, (methanol and 20 mM sodium acetate in Milli-Q water, 1:10,
pH 7.5) buffers to a final concentration of 1 mM, after which pH 5.3) at 30 ml/min for atleast 30 min. The EC-cell was con-
the buffers were kept on ice. Harvested cells were centrifugednected to the HPLC-system and the flow rate was elevated to
(2300x g) for5 minat4°C and thenthe pelletswere frozenat 0.75 ml/min for approximately 30 min before injection.
—80°C until preparation. Cells were defrosted and the pellets  8-oxodG and dG-standards were prepared by separate
were washed with PBS and centrifuged again for 6 min. The weightings and dilutions. The standards were frozen inil30
pellets were homogenized in 90isotonic buffer using a  aliquots. New calibration curves for 8-oxodG and dG were
tissue grinder with 25 full strokes. Additional 90isotonic created each day of analysis with an autosampler with an in-
buffer was added and the homogenate was transferred intgected volume of 10Q.l. Standards and samples were eluted
2 ml Eppendorf tubes and centrifuged for 5 min (1508). for 20 min using 0.75 ml/min of the HPLC eluent. The EC-
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chromatograms were smoothed using the Stavinsky-Golazaqueous phase was extracted again with 1 vol Sevag and cen-

method. trifuged once more. The DNA was precipitated using ethanol

The methods are described in detail elsewHhs and NacCl, and the DNA pellet was washed with 70% ethanol
and centrifuged at 2800 g for 5 min. After the pellet had

2.5. Single cell gel electrophoresis (Comet assay) dried, it was re-dissolved in water. DNA concentration and

analysis of DNA strand-breakes purity was determined with ultraviolet spectrometry. Aliquots

of 10wg DNA were taken out and then dried through evap-

Microscopic slides were pre-coated with 0.3% agar atleast oration and stored in a non-hydrolyzed form-e80°C for
one day in advance. The harvested cells were centrifuged afurther analysis.
(210x g) for 3 min and the supernatant was removed. Cells
were washed with 1 ml PBS, centrifuged again and all but 2.6.2. DNA-adduct enrichment and 3 P-postlabelling
100wl of the PBS was removed. Twenty-five microliters Briefly, aliquots of DNA were dissolved in Milli-Q pu-
of the cell suspension were added to 15®.75% agarose  rified water and digested by @ micrococcal nuclease
(37°C) and the mixture was spread over a microscope slide. (0.2 Ujul) and SPD (1 mU4I) with the total incubation time
When the gels hardened the slides were placed in lysis bufferof 4 h at 37°C.
(1% Triton X-100, 2.5 M NaCl, 10 mM Tris, 0.1 MEDTA, pH The hydrolysed DNA and nucleotide samples were
10) for 1 honice in dark. Following this, DNA unwindingand adduct-enriched by butanol extraction. The phase transfer
washing were performed in the alkaline buffer (0.3 M NaOH, agent 10 mM tetrabutyl ammonium chloride (TBA), together
1 mM EDTA) for 40 min, on ice in dark. Electrophoresis was with 200 mM ammonium formate buffer (pH 3.5), facilitated
then performed at25 V for 30 min using the same alkaline the transfer of lipophilic adducts to the organic phase, while
buffer solution as in the previous step. After electrophoresis unmodified hydrophilic nucleotides remained in the water
the slides were washed twice in 0.4 M Tris—HCI for 5min phase. The organic phase was then evaporated to dryness.
and once in water for 5 min. The slides were dried over night,  The butanol extracted samples were re-dissolved in water.
then fixated in methanol for 5 min. Slides were left to dry, A mixture of 0.25u.1400 mM PNK buffer, 0.5.1 T4-PNK en-
then treated with EtBr solution (40g/mlin 1 x Tris acetate-  zyme (0.5 UfLg DNA) and 1.8ul (0.06 pmolfug DNA) 32P-
EDTA (TAE)) for 5min. Excess EtBr was washed away in ATP was added and the samples were incubated 30 min at
pure 1x TAE buffer for 5 min. Cover slips were placed over 37°C. After incubation the samples were stored-20°C
the slides for cell counting. until analysis.

2.5.1. FPG-enzyme treatment 2.6.3. DNA-adduct analysis

After the lysis treatment as explained above, the slides The32P-HPLC system consisted of a Waters 600 E pump
were placed in enzyme buffer (0.1 M KCI, 0.5mM EDTA, (Waters, Milford, MA, USA), a Hichrom, RP 5-C18, K-
40mM HEPES and 0.2 mg/ml BSA, pH 7.8) for<35 min. 100 guard column (Hichrom Ltd., Reading, UK), two serial
Following this 30ul enzyme buffer or 3@ FPG-enzyme reversed-phase DeltaPak 150 mr8.9 mm i.d., 5um 100 A
(54.4 ng{ul) was added to each field on the enzyme slides. main columns (Waters, Milford, MA, USA), a Packard 500
Incubation was performed in a humidity chamber af@7 TR flow scintillation detector (Packard Instrument Co., Meri-
for 30 min. Following this the slides were alkaline treated and den, CT, USA). In short, labelled samples were diluted with
electrophoresis was performed as previously described. The~150ul of Milli-Q water immediately before injection into
activity of FPG was tested by exposing cells to the enzyme the 32P-HPLC system. A plateau gradient with a flow rate

in the presence of $0». of 0.5ml/min was used as follows: 0-19% of 87.5% ace-
tonitrile:water, during 0—33 min in 2 M ammonium formate
2.6. 32P-HPLC analysis of DNA-adducts and 0.4 M formic acid (pH 4.5). A plateau followed holding
this mixture for 15 min. Then the amount of 87.5% acetoni-
2.6.1. DNA extraction trile:water was increased to 40% during 48—-90 min. Most of
The harvested cells were centrifuged (2308) for 5 min the polar compounds in the sample were separated by the

at 4°C. The supernatant was discarded and pellets wereguard column and removed by a switch valve, which was
DNA extracted by a standard phenol—chloroform method- opened for 1 min after injection.

ology. Briefly, the cell pellets were suspended in 3ml 1%

SDS-EDTA buffer and 7@l 1 M Tris—HCI, pH 7.4. The tis-

sues were homogenized and treated withua7RNAse A 3. Results

(10mg/ml) and 241 RNAse T1 (5Ufl) for 1 h at 37°C.

Then 18Qul protease (10 mg/ml) was added and the mix- 3.1. HPLC-EC/UV analysis of 8-oxodG

ture was incubated for 1 h more at 32. The mixture was

then extracted with 1 vol phenol and centrifuged (2&0¢) Cells exposed to 3-NBA at the concentrations of 5, 10,
for 10 min. The aqueous phase was then extracted with 1 vol20 and 5QuM, using DMSO as negative control, showed no
phenol:Sevag and centrifuged as above. Following this, the dose-response increase in oxidative damage, measured as 8-
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treatment was calculatedrify. 4B). Significant differences pficant difference between the two isomeps<(0.05). The bars represent
were found between cells exposed to DMSO and 2-NBA the mean value of three repeated experiments. Each experiment in turn was

(p<0.05), DMSO and 3-NBA<0.01) and also between based on three individual sets of exposed cells.
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2-NBA and 3-NBA { <0.05). The average percentage in tail
DNA for DMSO was 15.4+- 4.4, for 2-NBA 29.74 6.1 and
for 3-NBA 68.3+ 11.0.

3.3. P-HPLC analysis of DNA-adducts

3.3.1. Dose-response

The DNA-adducts selected for the dose—response curve

were the major DNA-adducts found between 60 and 70 min
(Fig. 5, shaded peaks), because of their stability with re-

gard to changes in concentration and because no endoge-

nous DNA-adducts were present in their vicinity. The
dose—response curve witRP-HPLC was quite similar to
that obtained by the Comet assay with respect to linearity
and the slight decrease of the slope between 10 apdv20
(Fig. 6A). The lowest concentration (2V) of 3-NBA pro-
duced DNA-adducts, which were significantly higher than
the DMSO control, which produced on averags 4 DNA-
adducts/18 normal nucleotides (NN). All other concentra-
tions tested also gave significant increases in DNA-adduct
formation.

3.3.2. 2-NBA versus 3-NBA and DNA-adduct formation
DNA-adducts after treatment with DMSO, 2-NBA and
3-NBA were summarized over a retention time range of

60—-83 min Fig. 6B). The DNA-adducts from both 2-NBA
and 3-NBA were significantly highep&0.001) than the
DMSO control, which in this wider time range formed on
average 189 adducts/1® NN. There was also a signif-
icant difference between cells treated with 2-NBA and 3-
NBA (p<0.005). On average the amount of DNA-adducts
produced by 3-NBA was about three times higher than that
produced by 2-NBA.

There were several DNA-adducts from both 2-NBA and
3-NBA that co-chromatographed. However, at the retention
times of 60.2,64.2, 70.6 and 71.8 min, 2-NBA-specific DNA-

adducts appeared; i.e. there was no interference with the othe

isomer. Similar DNA-adducts for 3-NBA were found at the
retention times of 60.6, 61.8, 64.8, 67.0 and 77.0 min. At

least 15 different DNA-adducts were detected after exposure
to 2-NBA and 17 after exposure to 3-NBA. Even with the
HPLC plateau method to improve separation, the main DNA-
adducts of both 2-NBA and 3-NBA between 60 and 70 min
did not separateHjg. 5).
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Fig. 6. (A and B) DNA-adducts from 3-NBA in human A549 lung cells,
measured by2P-HPLC. A linear dose response was observed at different
concentrations of 3-NBA. DMSO was used as control (A). The regression
line is based on the mean value of four repeated experiments. The amount of
DNA adducts from 3-NBA and 2-NBA (2@M) compared to DMSO control,
measured in the retention time range of 60—-83 min (B). Both 2-NBA and 3-
BA differs significantly p < 0.001) when compared to controls. In addition,
there is a significant difference between the two isomesd.005). The bars
represent the mean value of six repeated experiments.
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4. Discussion duce a variety of damage, in fact, not even 8-oxodG oxi-
dation can be entirely ruled out, since the Comet assay is
4.1. HPLC-EC/UV analysis more sensitive then the HPLC-EC/UV. Thus, the results from

HPLC—-EC/UV and the Comet assay with FPG-enzyme are
The background level of 8-0xodG/A6G in human DNA not necessarily contradictory. It has been reported that in the
is close to the detection limit and it may sometimes be hard case of peroxynitrite, the levels of 8-oxodG were low and
to interpret the EC-chromatograms when the 8-oxodG peakseven dropped, whereas other base oxidations incr¢aSgd
are difficult to distinguish from the background noise. Dur- Further, the FPG-enzyme probably does not recognize all
ing preparation, samples are susceptible to oxidation, whichoxidized bases in compact DNE1]. FPG-enzyme treat-
may elevate 8-oxodG/fdG levels. It has also been sug- mentmay also reveal apoptosis, which generates cq#igts
gested that analysis of too small amounts of tissue or culturedHowever, each harvested batch of cells was tested with Try-
cells (<20pn.g DNA obtained) generally result in a higher 8- pan Blue staining to monitor the viability of the cells. During
0xodG/dG ratid2,5]. Thus, results obtained from less than a pilot dose-response study, the only time elevated levels
20 g of DNA have been excluded from the study since they (>10%) of stained cells were observed was at the.&0
were considered to be too uncertain. Preparation was per-concentration, which is why experiments at this concentra-
formed in a way to minimize artifactual oxidatigh3] and tion were not performed. The average amount of stained cells
all results were within the interval of 0.3-4.2 8-oxodG¥10 was otherwise between 6 and 10% (data not shown).
dG, which has been suggested to be the background level of Compared to the HPLC-EC/UV method, the Comet assay
oxidation in normal human cel[42]. There is still no gen-  requires less material and artifactual oxidation is less critical,
eral agreement on background level of 8-oxodG/dG in DNA, since DNA is not purified. It is also generally more sensitive
hence, it is more important to compare the results with con- than the HPLC-EC/UV methdd2].
trols used in the experiments, than comparing results between
laboratorieg5,12]. 4.3. 32P-HPLC analysis
There was no dose—response for increasing levels of 3-
NBA and no significant difference between either 2-NBA or The wide range of DNA-adducts, more than 15, seen in
3-NBA when compared to the DMSO contréiig. 2B). This this study probably depends on different activation pathways.
points to that the main DNA damaging potentials of these Several experiments have been conducted to elucidate the
nitrated isomers is work through specific oxidative processesreaction pathways of nitrated polyaromatic hydrocarbons,
that yield significantly increased levels of 8-oxodG. How- such as 3-NBA. Most findings support the hypothesis that
ever, the redox state of the cell and the availability of transi- the primary step in activation is the reduction of 3-NBA to 3-
tion metal ions also influence different types of DNA damage aminobenzanthrone (3-ABA), then further oxidation and in-
[9,39]. 8-0x0dG is also more easily oxidized than dG itself volvement of phase Il enzymes give rise to intermediates that
and can be further oxidized, which would not be detected can produce acetylated and non-acetylated ad{a8143]
with the EC detectiof2,15,40] Oxidative DNA damage can Early studies have suggested that reduction of nitro-
occur without any changes in 8-oxodG or even with a fall in heterocycles in A549 cells occurs mainly through the catal-
the level of 8-0xodG/19dG [2]. Some reactive species that ysis by NADPH-requiring enzymdda4]. It has been shown
attack DNA only produce a minor amount of DNA base dam- that NADPH:P450 reductase, which is expressed in bronchial
age. Therefore measurement of 8-oxodG may fail to reveal and bronchiolar epithelium, alveolar lining cells and alveolar
other products of oxidative DNA base damage that is shown macrophages, does reduce nitrated xenobiotica and thereby
with the Comet assd$,39]. Although 8-oxodGis frequently  activate itf45,46] Thus, the first step in activation of 2-NBA
used as a biomarker for oxidative stress, the results are moreand 3-NBA in the A549 cells could be through the reduc-
reliable if several methods are employed simultaneously.  tion by NADPH:P450 reductase. The following oxidation
steps create reactive intermediates. In hamster lung fibrob-
4.2. The Comet assay (SCGE) analysis lasts the strongest expression, due to exposure to 3-NBA, has
been observed for CYP1A1, -1A2, -2B6 and -2D6, although
The Comet assay confirmed the genotoxic potential of others have been seen as well (CYP1B1, -2A6, -2C9, -2E1,
both 2-NBA and 3-NBA Fig. 4A and B). Both with and -3A4)[33]. The induction of CYP1A1l and -1B1 has been ob-
without FPG enzyme treatment, it shows that 3-NBA is two served in A549 cells treated with different kinds of nitrated
times as potent as 2-NBA in inducing DNA damage detected polyaromatic hydrocarbor{87]. However, the induction of
by the Comet assay{g. 4B). There was a significant differ- CYP1A2 was not detected in that study, most likely because

ence between the DMSO control and the isomgrs(.05), in humans this enzyme is said to be liver-sped#i¢] and

and also between the two isomeps<(0.05) Fig. 4B), which the expression of CYP1A2 is exceptionally low, if not ab-

is similar to what was observed witAP-HPLC Fig. 6B). sent, in tissue-derived cell ling48]. Therefore, itis difficult
FPG-enzyme treatment measures not only oxidative dam-to compare results obtained from different cell lines.

age on DNA, but a variety of other lesions as wW&lf-19] One major DNA-adduct from 3-NBA has been suggested

It is reasonable to assume that both 2-NBA and 3-NBA pro- to be dG-N-Ac-ABA[49]. This has been contradicted by a



102 E. Nagy et al. / J. Chromatogr. B 827 (2005) 94-103

study, which showed that this DNA-adduct did not form in Swedish Environmental Protection Agency. The authors of
vivo in rats[50]. In a pilot study, where we compared both dG- this paper are partners of the EU network of ECNIS (Euro-
N-Ac-ABA and dA-N-Ac-ABA standards to 3-NBA DNA-  pean Cancer Risk, Nutrition and Individual Susceptibility).
adduct patterns using comparative chromatography (HPLC),

no peak-alignments were seen. However, when comparison

was performed on 3-ABA and 3-NBA exposed A549 cells,
one prominent 3-ABA derived adduct did align with one of

the peaks in the major adduct cluster between 65 and 70 min

seenirFig. 3(data not shown). This supports previous finding
that 3-NBA is reduced to 3-ABA, then followed by further
oxidative reaction§33]. Pathways for 2-NBA may be quite
similar to those for 3-NBA, but the structural features of its
metabolites needs to be further investigated.

2-NBA is significantly less potent than 3-NBA as a geno-
toxin (Fig. 6B). However, it has been reported that ambient at-
mospheric concentrations of 2-NBA were 70-fold higher then
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