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Relationships between smoking status and levels of bulky
DNA adducts were investigated in bronchial tissue of lung
patients in relation to their GSTM1 and CYP1Al1 Msp
genotypes. A total of 150 Hungarian patients undergoing
pulmonary surgery were included in the study, 124 with
lung malignancies and 26 with non-malignant lung condi-
tions. There were significant relationships between smoking
status and bulky DNA adduct levels, as determined by2P-
post-labelling analysis, in macroscopically normal bron-
chial tissues. There was a highly significant difference in
the adduct levels of a combined group consisting of current
smokers and short-term ex-smokers €1 year abstinence)
compared with life-time non-smokers and long-term ex-
smokers (-1 year abstinence) P = 0.0001). The apparent
half-life was estimated to be 1.7 years for bulky DNA
adducts in the bronchial tissue from ex-smokers. There were
no statistically significant correlations between (i) daily
cigarette dose and DNA adduct levels in current smokers,
(ii) DNA adduct level and histological type of lung cancer,
or (ii) GSTM1 and CYP1Al1 Msp genotypes and DNA
adduct levels after adjustment for either smoking status
or malignancy. By multiple logistic regression analysis,
smoking and GSTM1 null genotype were found to be risk
factors for squamous cell carcinoma. However, bulky DNA
adduct levels in bronchial tissue did not appear to be a
statistically-significant risk factor for the major histological
types of lung cancer.

Introduction

carcinogen metabolites to DNA are considered key events in
tumour initiation (3-5).

Many components of cigarette smoke are both activated and
detoxified by combinations of phase | and phase Il enzymes.
The principal enzyme families involved in these reactions are
the cytochrome P-450s, epoxide hydrolases, glutathisne
transferases, uridine’&liphosphoglucuronyltransferases and
N-acetyltransferases (6). There are large interindividual vari-
ations in enzyme activities (7-9), carcinogen—-DNA adduct
formation (10,11) and DNA repair activity in target and non-
target human tissues (12-14). The phenotypic and/or genetic
polymorphisms of particular enzymes in the complex of
activating and detoxifying mechanisms (15-17) may affect
particular metabolic pathways and the overall metabolic bal-
ance (18-20). Therefore genetic factors may have a substantial
influence on individual cancer risk (21). Cytochrome P4501A1
activates PAHs by mono-oxygenation (22). In a Japanese
population (23,24) significant correlations were observed
between lung cancer and homozygosity of the Ms@ variant
allele of CYP1Al and between lung cancer and a point
mutation in the gene that results in a lle to Val replacement.
However, neither polymorphism was found to correlate with
lung cancer risk in a Finnish population (25). The Mu class
of glutathioneStransferases has been shown to have a rela-
tively high specific activity towards epoxides (26), ZB8TM1
gene deficiency has been found to be a moderate risk factor
for lung cancer development in a meta-analysis (27).

The relationship betweel©YP1Al and GSTM1 genetic
polymorphisms and the levels of bulky or PAH-DNA adducts
in the lung and in peripheral white blood cells has been the
subject of recent investigations with regard to tobacco smoking
and the interaction with micronutrient antioxidants (28-30).
Those results indicated either weak associations or a lack of
statistically-significant associations between these biomarkers,
and call for further extensive studies in various geographical
populations in order to elucidate the role of genetic factors in
the metabolic activation of tobacco-derived procarcinogens. In
the present work we have investigated the relationships between
CYP1Al Msp and GSTM1 genotypes, smoking status and
bulky DNA adduct levels in the bronchial tissue in a population

Epidemiological studies indicate that tobacco smoking is & Hungarian patients undergoing lung surgery.
major causative factor for lung cancer (1). Cigarette smoke

has >4000 chemical constituents, of which at least 43 aréMaterials and methods

animal carcinogens and some are known to be human carpingtudy population

gens. Polycyclic aromatic hydrocarbons (PAHs*), includingHungarian patientsn(= 150) undergoing pulmonary surgery for lung cancer
benzof]pyrene, aromatic amines, such as 4-aminobiphenylor other lung conditions were included in the study. The patients were admitted
tobacco_speC|f|C nltrosamlnes and free radlcal SpeC|eS md r Iung surgery to the Thoracic Surgical Clinic of the National Institute of

contribute to the carcinogenic and mutagenic activity of

ulmonology, Hungary, from countrywide, and represent a random subset of
patients operated on by one surgical team during a 2-year period. Information

cigarette smoke (2). Metabolic activation of potentially carcino-on smoking history and life-style was obtained from the patients by interview
genic chemicals and the covalent binding of the reactivewith informed consent. The study population is described in Table I.

Of the 150 individuals, 84.7% had smoked during a period of their lives,
and 54.7% were current smokers who smoked up to the day of the surgery.

*Abbreviations: PAH, polycyclic aromatic hydrocarbon; CYP, cytochrome Of the patients, 82.7% had lung malignancy and 40.7% were diagnosed as
P450; GST, glutathione S-transferase; PCR, polymerase chain reaction; TL®aving squamous cell carcinoma and 27.3% as having adenocarcinoma. There
thin-layer chromatography; TBE, Tris—borate and EDTA; AHH, aryl hydrocar- were 26 patients with non-malignant lung conditions, which was 17.3% of

bon hydroxylase.
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the subjects. Of the patients, 24% were women.
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Table I. Descriptive data of the study population

Smoking status Number of Number of males/  Age rdnge Mean age+ Number of cancer patients Number of non-
patients (%) femalés SD SQI/A/SCILC/OT cancer patients
All patients 150 (100) 114/36 22-74 53495 124 26
61/40/6/9/8
Current smokefs 82 (54.7) 66/16 22-68 523 94 70 12
40/19/3/6/2
Short-term ex-smokefs 25 (16.7) 20/5 38-69 54.8 8.8 23 2
9/7/3/3/2
Long-term ex-smokefs 20 (13.3) 16/4 34-74 55.7 9.8 17 3
9/6/0/0/2
Life-time non-smokers 23 (15.3) 12/11 30-69 52:110.4 14 9
3/8/0/0/3

aCurrent smokers who smoked up to the day of the pulmonary surgery.

bFormer smokers who gave up smoking for a maximum of 1 year before surgery (range: 1 week-1 year).

‘Former smokers who gave up smoking fell year before surgery (range: 2-20 years).

dSQ, squamous cell carcinoma; A, adenocarcinoma; SC, small-cell carcinoma; LC, large-cell carcinoma; OT, other types of lung malignancy (carcinoid
tumour, carcinosarcoma, Hodgkin lymphoma, leiomyosarcoma, melanoma metastasis). Non-malignant lung diseases included abscess, pulmonary
actinomycosis, benign adenoma, aspergilloma, bronchiectasis, pulmonary fiboroma, pulmonary hamartoma, chronic pneumonitis, tuberculosis, hydatidoma,
cystadenoma, arteriovenous fistula, lymphocytoma, stenosis.

€One patient with double cancer (squamous cell and small-cell carcinoma).

fThe male/female ratio for malignancy: 95/29; for non-malignancy: 19/7.

9The age range for malignancy: 22—74; for non-malignancy: 30-67.

Isolation of DNA from bronchial tissue (Boehringer Mannheim, Germany) and 2.5 Ndspl (10 U/ul, Boehringer
Samples of macroscopically-normal bronchial tissue (200-600 mg) werdlannheim, Germany) to 10l PCR product. The PCR products were run on
obtained from the resected lobes of patients with malignant and non-malignadt8% agarose gels in TBE electrophoresis buffer.

lung diseases, and the tissues were stored at —80°C prior to DNA isolatiorstatistical analysis

Cartilage was removed and a homogenate was prepared from the combin
mucous membrane and bronchial wall with stroma in 10 mM EDTA.

. . . M|
DNA was isolated by a phenol—chloroform isolation procedure as descnbezgYplA1 Mspgenotypes. Linear and non-linear regression analyses were used

previously (31). for calculations of the time course of elimination of DNA adducts in former
Determination of the levels of bulky DNA adducts®§-post-labelling smokers. Multiple logistic regression analysis was performed for the assessment
Adduct enrichment by nuclease P1 was applied for sensitivity enhancemesf possible risk factors for lung cancer. Two-tailBevalues were calculated

in the 32P-post-labelling procedure. The procedure was performed wjtg 4  for the determination of statistical significance.

bronchial DNA as described previously (10,32), except thap@5 carrier-
free [y-32P]ATP (end-labelling grade, ICN Biomedicals, CA, USA) was used |
for labelling instead of laboratory-synthesizé@-labelled ATP in a T4 Results

polynucleotide kinase-catalysed reaction. The presence of excess ATngkin status and bronchial DNA adduct levels
remaining at the end of the labelling reaction was verified by thin-layer g

chromatography (TLC) of an aliquot of the reaction mixture. Two-dimensionalThe majority of the autoradiographic maps &P-labelled
chromatograms of thézP-‘IabeIIed DNA digests were developed as describedDNA digests showed the characteristic diagonal zone of
elsewhere (33). Autoradiography of the chromatograms was at —80°C for 2r3 inactivity containing unresolved or partially-resolved spots:

4 days. Radioactivity present in the characteristic diagonal zones and i
individual spots, as well as of a blank area adjacent to the diagonal zone, wa ese are the most Commonly observed DNA adduct patterns

determined by Cerenkov counting of the excised areas of the chromatogramlduced by tobacco-smoke and complex PAH exposure. Eight
The calculation of the levels of’P-labelled adducts was derived from the typical autoradiographic maps are presented in Figure 1. The
specific activity of {->2PJATP, which was determined by isotope-labelling of DNA adduct maps of the two current smokers (c,d) and short-

dAp (32). The specific activity ofyf32P]JATP was within the range of 1460— ) . . .
3390 Ci/mmol. Values of DNA adduct levels were obtained from two to fourterm ex-smokers (e'f) show much hlgher rad'oaCt'V'ty than the

determinations in separate labelling assays. The assay variability was-25.4 autoradiographs of the two life-time non-smokers (a,b) and
19.6% (mean+ SD). two long-term ex-smokers (g,h), which have similar intensities.
Identification of genetic polymorphisms Overall, there were large, 15-fold interindividual differences
GSTM1genotype was determined by polymerase chain reaction (PCR) usin) the DNA adduct levels of the patients, in the range of 1.4
the three oligonucleotide primers described by Zhenhgl. (34) and Hirvonen  to 21.0 adducts/EOnucleotides. DNA adduct level of the
et al (35). The total volume of the PCR reaction mixture was 100  cyrrent smokers was 7-8 4.0 adducts/1Dnucleotides and of

containing 0.6ug genomic DNA, 10ul 10X PCR buffer (Promega, Madison, ~ _ -
WI), 1.5 mM MgCh, 0.2 mM each of dATP, dCTP, dGTP and dTTP, 0 the short-term ex-smokers 10:64.1 adducts/I®nucleotides.

of each primer and 1.5 U Taq polymerase (Promega, Madison, Wi). ThiyAdduct level determined in the samples.from life-time non-
repetitions of a temperature cycle of 94°C for 1 min, 52°C for 1 min and smokers was 6.2 3.8 adducts/1®nucleotides and from the
72°C for 1 min, were performed. The PCR products were run on 2%|ong-term ex-smokers 5.8 4.0 adducts/1®nucleotides. If
agarose gels in TBE (44.5 mM Tris-borate, 0.8 mM EDTA, pH 8.0) tha re|ated smoking-based categories are combined, i.e. current

electrophoresis buffer. . . -
CYP1A1 Mspgenotype was determined by PCR using the two oligonucleo-SmOkers with short-term ex-smokers (8:54.1) and life-time

tide primers described by Hayas#tial. (24). A total volume of 25l reaction nQn'Sm0kerS with long-term eX'SmOKerS (57 3.2), the_
mixture contained 0.3ig genomic DNA, 2.511 10X PCR buffer (Promega), differences between these two combined groups are highly
2.0 mM MgCh, 200 pg/ml bovine serum albumin, 0.2 mM each of dATP, significant P — 0‘0001).

dCTP, dGTP and dTTP, 0.8M of each primer and 0.5 U Taq polymerase
(Promega). After the initial denaturation step at 95°C for 1 min, 35 cycles of The DN_A addupt levels of the former SmOkerS_ were analysed
94°C for 1 min and 70°C for 1.5 min were run. The PCR product was digested®S @ function of time of abstinence from smoking. There was

at 37°C for 2.5 h in a reaction mixture by addingul10X RFLP buffer ‘L a highly significant linear relationship between DNA adduct
842

nn—-Whitney'sU-test was used for analysing the differences in DNA adduct
vels in relation to (i) smoking status, and (ii) individu@lSTM1 and/or
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Fig. 1. Typical two-dimensional autoradiographs of PEI-cellulose TLC sheetéRspost-labelled digests of DNA from human bronchial tissuasb) Life-
time non-smokers;c( d) current smokers who smoked up to the day of surgeaxyf)(short-term ex-smokers who stopped smoking) year before surgery;
(9, h) long-term ex-smokers who stopped smoking longer than 1 year before surgery. Autoradiography was at —80°C for 3 days, ejcapd foy where
it was for 4 days. (The small dots of radioactive ink at the peripheries of the TLC maps served a technical purpose.)

levels and logarithm of time of abstinence from smoking<
45, r = -0.471,P = 0.001). This function suggests an
exponential elimination of DNA adducts from the bronchial
tissue of former smokers with a fast early, and a slower later
phase. We determined the apparent half-life from a one-phase
exponential decay model. The half-life of DNA adducts was
calculated to be 1.7 years from the equation of the model
(Figure 2).

In current smokers, there was no correlation between daily
or cumulative cigarette dose and DNA adduct levels=(
—0.0076 and 0.0072, respectively).

Tumour type, gender and bronchial DNA adduct levels

DNA adduct levels were very similar in the various histological
categories. There was no difference between the malignant
and non-malignant group (72 4.1 adducts/1®nucleotides,
n = 124; 7.7+ 4.3 adducts/1%) n = 26, respectively). DNA 0.0 i . . : : i . , X
adduct levels did not show statistically significant differences 00 25 80 75 100 125 150 475 200 225
in the squamous cell, large-cell, small-cell and adenocarcinoma Years of abstinence from smoking
subgroups. The mean adduct levels were in the range 7.5 to 8r2). 2. Relationship between levels of bulky DNA adducts in the bronchial
adducts/18 nucleotides in those four histological categories.tissue and the time of abstinence from smoking in former smoker

DNA adduct levels were the same in smoking male andung-surgery patients. The points represent individual DNA adduct levels
female patients, with levels of 7.8 4.0 adducts/1®nucleo- determined from two to four replicate analyses={ 45). Equation of the
: : ! g one phase exponential curve-fitting model for the study population for
tides in malesrf = 66) and 7.9+ 3.9 in females1f = 16).  elimination of bulky DNA adducts: DNA adduct level
There was no correlation between the daily or cumulatives.5 x exp(-0.40x years)+ 5.1, half-life: 1.7 years.
cigarette dose and DNA adduct levels in males and females
separatelyR-values in the range of 0.45 to 0.81). If data were
adjusted for daily cigarette dose, there was still no significant
difference between DNA adduct levels in males and females

DNA adducts/10® nucleotides'

(P = 0.80). Table II. Frequency ofGSTM1and CYP1A1 Msppolymorphisms in a
Genetic polymorphisms and bronchial DNA adduct levels ~ Hungarian study population
The frequency ofcSTM1andCYP1Al Mspgenotypes in the GSTMilgenotype¥  CYP1A1 Mspgenotypes
study population is shown in Table Il. There was a significant ~
difference in the ratio ofGSTM1positive and null genotype Positive  Null mi/ml  mi/m2  m2/m2
between the patients with malignant diseases and non-malig,jignant ¢) 59 67 85 25 2
nant lung conditionsR < 0.05). The possible influence of |ung disease (%) 43.7 56.3 75.9 22.3 1.8
GSTM1land/orCYP1A1 Mspgenotypes on the levels of DNA _
adducts was investigated in association with four combination¥on-malignanti) 25 14 20 5 0

(%) 64.0 36.0 80.0 20.0 0.0

of the two genetic polymorphisms. The results are given in""9 disease
Table Ill. The DNA adduct levels were very similar in each ap < 0,05 for theGSTM1genotype frequency distribution between the
of the four genotype combinations, without any significantmalignant and the non-malignant disease group.
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Table Ill. Relationship between combinélYP1A1 Mspand GSTM1genotypes and levels of bulky DNA adducts, as determine@Bypost-labelling, in
bronchial tissue of lung surgery patients

Genotype DNA adducts/#hucleotides

Mean valuest SD (humber of patients)

Smoker8 Non-smoker Malignant Non-malignant
CYP1A1 Mspm1/m1 & GSTM1positive 8.4+ 3.8 (40) 7.4* 4.0 (10) 8.3+ 3.8 (37) 8.2+ 4.0 (13)
CYP1Al1l Mspm1/m1 & GSTM1null 8.7 £ 4.4 (36) 5.5+ 3.2 (18) 7.8+ 4.2 (48) 6.7+ 4.6 (6)
CYP1A1l Mspm1/m2 or m2/m2 &GSTM1positive 9.0+ 5.3 (10) 5.6* 2.1 (4) 7.3% 4.8 (11) 10.9+ 4.3 (3)
CYP1A1 Mspm1/m2 or m2/m2 &GSTM1null 95+ 4.1 (12) 5.1+ 3.0 (6) 8.3+ 4.1 (16) 6.0 (2)

aSmokers: current smokers, who smoked up to the day of surgery and short-term ex-smokers, who stopped<sihnpdamdbefore surgery.
bNon-smokers: life-time non-smokers and long-term ex-smokers, who stopped smwekiggar before surgery.

quantitative influence being exerted by the genotypes. Thereriginate from carcinogens possessing bulky structures, and
was a trend of slight increase related@®TM1null genotype that include PAHs. The radioactive zone often seen in auto-
for smokers (line 1 versus 2, line 3 versus 4) but the oppositeadiographic maps from life-time non-smokers, as shown in
trend was obtained for non-smokers. There was also a trerféigurela and b, could derive from many environmental sources
of slight increase related to the presenc&€dP1AIm?2 allele  except active smoking. The presence of PAH-DNA adducts
for smokers (line 1 versus 3, line 2 versus 4), however, thén human lung and white blood cells has been demonstrated
opposite trend was observed for non-smokers. If the group dfy immunoassay (45), and benajfyrene—DNA adducts have
malignant cases was subdivided for smoking status, the trertseen identified in smokers’ lung tissue by physico-chemical
for GSTM1null genotype was unchanged but the trend for theanalyses (46—48).
m2 allele disappeared. Higher levels of bulky DNA adducts have been found, using
Multiple logistic regression analysis was performed in order3?P-post-labelling, to be present in many tissues of smokers,
to identify the contribution of proposed major risk factors toincluding bronchus (10,12,49), peripheral lung (50), larynx
the development of lung cancer. The variables of the statisticgb1), oral cavity (52), nasal mucosa (53), bladder (54) and
analysis were positive smoking history, which included allcervix (55), compared with non-smokers. Our results are in
subjects who had ever smoked at least for a period ohgreement with these findings. We calculated an apparent half-
their lives, GSTM1 null genotype, theCYP1Al Msprare life of ~1.7 years for bulky DNA adducts in the bronchial
heterozygous and rare homozygous genotypes, and bulky DNfissue from ex-smokers. This value involves some uncertainties
adduct level. DNA adduct level in the bronchial tissue wasconcerning the self-reported length of abstinence from smoking
not found to be a statistically significant risk factor for lung and the large interindividual variation in adduct levels in
malignancy in the total lung patient population (OR, 0.98;short-term ex-smokers. A 4-year post-smoking elimination of
95% Cl, 0.87-1.10) or for the histological categories ofsmoking-induced DNA adduct levels in bronchial tissue was
squamous cell carcinoma, large-cell carcinoma and adengemonstrated by Dunet al. (12), and the association between
carcinoma. The results of the analysis suggested that smokiRgars since quitting smoking and bronchial DNA adduct levels
andGSTMInull genotype were risk factors for lung malignancy \as also statistically significant in that study. The presence of
involving all histological categoriesP(= 0.002; OR, 6.23; DNA adducts in former smokers’ bronchial tissue may depend
95% ClI, 1.97-19.8 an& = 0.02; OR, 3.31; 95% Cl, 1.20- in part, on the long persistence of particular DNA adducts,
9.09, respectively), and for squamous cell carcinofa=  pyt may also be a consequence of the slow release and
0.001; OR, 22.8; 95% CI, 3.44-151.2 aRd= 0.004; OR, activation of PAHs from tar and particulate material that

] ) We did not find a correlation between daily or cumulative
Discussion cigarette smoking and bulky DNA adduct levels among current

The genetic polymorphisms of cytochrome P450s and glutasmokers. This is in contrast to earlier analysis of a smaller
thione S-transferases have been the subjects of many receiitidy population (10), and to previous findings in peripheral
investigations in association with various human canceréung (50). Dunnet al (12) observed a positive trend between
(27,36-41). Smoking-related DNA adducts have also beefigarette consumption and bronchial DNA adduct levels, which
widely investigated in attempts to identify exposure—respons#as, however, not significant. In a Norwegian population of
relationships in target and non-target human tissues (42). Ipatients with non-small-cell lung cancers, the correlation
the present work we have examined the influenc&8TM1  between adduct levels and the number of cigarettes smoked
and CYP1A1 Msp genotypes on bronchial aromatic DNA daily had only low significance (29). In the study by Ryberg
adduct levels in patients with malignant and non-malignanet al. (29), higher DNA adduct levels were detected in smoking
lung diseases. women than in smoking men, but the difference was of
The autoradiographs of tt¥éP-labelled digests of bronchial borderline significance. In the present study, there was no
DNA samples showed the characteristic broad diagonal zongignificant difference between the adduct levels of smoking
of radioactivity, which has been observed in many other studiesales and females; however, the female patients smoked
on smoking-associated DNA damage in human tissues (43,443ignificantly less than the male patients. We did not find
The components present in the DNA adduct patterns have netatistically significant differences between the bronchial DNA
been identified so far. Some of the components of the DNAadduct levels of lung-cancer and non-cancer patients, which
adduct mixtures found in smokers might be expected tads in contrast to other investigators’ findings in bronchial tissue
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