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The importance of DNA adducts in carcinogenesis has been discussed. The

32p.postlabelling method was developed as a quantitative technique to measure the
level of different DNA adducts including adducts in human DNA. The elevated level
of DNA adducts was found in white blood cells in persons exposed environmentally
and occupationally to high concentrations of PAHs (polycyclic aromatic hydro-
carbons) in the ambient air. Tobacco also generated higher level of DNA adducts both
in lymphocytes and laryngeal tissues of smokers. Exposure to styrene has been of
interest world-wide because of the very high exposure and persistence of adducts in

DNA of lamination workers.

WHY DNA ADDUCTS ARE IMPORTANT?

During the 15 years when DNA adduct
studies have been possible in humans (IARC,
1994) the question about their significance has
been asked. There is no direct answer to the
question but a lot of'circumstantial evidence
points to their mechanistic role in cancer (Hem-
minki, 1993). Unrepaired adducts in DNA can
induce mutations which are believed to be the
initiation step in carcinogenesis. Adducts
generating cross-links can stimulate the cell
proliferation and contribute in that way to car-
cinogenesis too. The direct evidence of the role
of DNA adducts in carcinogenesis is lacking
and it would be simplistic to assume that one

measurement in time would tell much about
the risk. However, if a particular exposure has
lasted for an extended period of time, or if has
been excessive, such as anticancer chemother-
apy or an accident with radioactive material,
some risk may be predicted. Adducts appear in
DNA soon after the exposure reflecting present
DNA damage. They are also useful in the ident-
ification of the active ingredients of the com-
plex mixtures. Although the action of adducts
in DNA is emphasized in “initiation” phase of
carcinogenesis, the recent evidence on genetic
lesions in multiple steps of cancer develop-
ment, suggest that DNA damage has a role in
many stages of oncogenesis what is especially
important in the assessment of hazards coming
from the environmental carcinogens where the
exposure is constant.

*The project was supported by the OK Environment Fund and the Work-Environment Fund., the EU
Environment program, partly through the Swedish Medical Research Council, the National Environmental
Protection Board and the Swedish Cancer Fund and the EU PECO program.

Abbreviations: GSTM], glutathione transferase; HPRT, hypoxanthine guanine phnspl"u}ribosyl transferase;
MNAT2, N-acetyltransferase; PAH, polycyclic aromatic hydrocarbons.
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DEVELOPMENT OF THE *?P-POSTLABEL-
LING METHOD

The *2P-postlabelling method, introduced
about 15 years ago made it possible for the first
time to analyze DN A-adducts existing in DNA
in vivo. The method has been extensively used
to compare adduct patterns in various tissues
and in various exposures. Most studies have
focused on unidentified aromatic adducts be-
cause the original technique selects for these
types of adducts (Hemminki, 1995). Our main
contributions in this area have been, by intro-
ducing standard compounds, 1) to focus on the
identification of adducts and 2) to introduce the
principles of quantification of adducts (Vo-
dicka et al., 1991; Hemminki et al., 1991a, b).
Although this is widely accepted now, it was
long thought by a large section of the groups
analyzing DNA adducts by postlabelling
method that labelling of all adducts is com-
plete. By now, we and others have demon-
strated with tens of different synthetic
postlabelling standards that, depending of the
adducts and conditions of labelling, the re-
coveries vary between 0 to 100%. Evendiastere-
omers can label differently (Hemminki et al.,
1991a). In an illustrative experiment, DNA ad-
ducts of a number of *H-labelled polycyclic
aromatic hydrocarbons (PAH) were prepared
in a microsomal system and used for optimis-
ation and measurements of recoveries in the
postlabelling assay. The optimal labelling con-
ditions for all tested compounds were very
similar. The recoveries varied from 3 to 60%
among different PAHs indicating that the levels
of these adducts could be considerably under-
estimated when analyzing human samples
from PAH exposed populations (Segerback &
Vodicka, 1993). As we have found similar re-
sults with an entirely different group of com-
pounds, it can be generally concluded that
different adducts require different conditions
for optimal labelling (Kumar ef al., 1995). Thus
the absence of proper standards, or unknown
adducts, make quantitative interpretation of
the postlabelling results difficult, if not im-
possible. The quantitative postlabelling can be
done for known adducts only if their stability,
labelling efficiency and total recovery were
tested.

In our laboratory the aim has been to scale
down the assay to reduce the amount of
radioactivity handled and the costs in general.
The assay is now run in 2 pl with about 1/10 of
the radioactivity used by most other labora-
tories. Parameters of the postlabelling assay
including the concentrations of enzymes, salts
incubation times etc. were optimized (Vaca et
al., 1992; Szyfter et al., 1994a).

AROMATIC ADDUCTS

In spite of the above problems in the interpre-
tation of postlabelling results of complex mix-
tures, the group has been involved in a number
of studies where PAHs are the principal expo-
sures, Also many of the groups studied have
been at a risk of cancer according to epidemio-
logical studies that reflect exposures a few de-
cades ago. The main questions posed have
been: 1) do the exposed groups show higher,
work-related adduct levels than the controls; 2)
is there a correlation between exposure
measures (air concentration or urinary 1-hy-
droxypyrene) and adducts; 3) how large are the
individual variations and metabolic genotypes
on the level of adducts. All the human studies
have been carried out on coded blood cell sam-
ples.

Occupational populations

The studied populations have included
foundry and coke workers, aluminium and
electrode workers and chimney sweeps. Addi-
tionally, some other occupational groups have
been studied as reference groups in environ-
mental studies, are discussed below. The
foundry study has involved blood and urine
sampling of the same individuals each Decem-
ber for four years. The last sampling was done
December, 1993. It is a multi-endpoint study;,
including some 15 parameters. Only results
from the two first years on certain outcomes
have been published but an intense compila-
tion of the total material is underway. The first
published papers showed elevated total white
blood cell DNA adduct levels measured by im-
munoassay (Santella et al., 1993) and postlabel-
ling (Perera ef al., 1994), relating to exposure.
HPRT (gene coding the hypoxanthine guanine
phosphoribosyl transferase) mutations corre-
lated with exposure and adduct levels while
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glycophorin A NO (the major cell surface sia-
loglycoprotein of human erythrocytes) muta-
tions had a moderate trend with exposure
(Perera et al., 1993, 1994). Among the other oc-
cupational groups coke workers had higher
levels of aromatic adducts than the local con-
trols (Grzybowska et al., 1993a). Somewhat
elevated but not statistically significant dif-
ferences were seen in electrode and aluminium
workers even though air concentrations of
PAHs and urinary 1-hydroxypyrene levels in-
dicated excessive exposure (Ovrebd et al., 1994,
1995). Adduct levels were also slightly in-
creased in total white blood cell DNA of chim-
ney sweeps. However, the difference to a
control group became significant only after ad-
justment for the CYP1A1 (cytochrome P450
monooxygenase gene) and glutathione trans-
ferase (GSTM1) genotype (Ichiba et al., 1994).
Yet it should be pointed out that each of the
genotype alone had a rather small effect on
DNA adduct levels. In all the studies cited the
interindividual variation in the levels of ad-
ducts has been large, over 10-fold. The vari-
ation is usually larger in the exposed as
compared to the control populations, indicat-
ing that exposures as well as constitutional fac-
tors contribute to such a variation.

Environmentally exposed populations

Two series of environmental studies have
been carried, one in Poland and the other
mainly in Sweden. The Polish study was in-
itiated several years ago in response to the
alarming reports on the environmental pollu-
tionin Silesia, a heavily industrialized area. The
first study on the Silesian population showed
an elevated level of adducts, by postlabelling
and immunoassay, in the total white blood cells
of the residents (Hemminki et al., 1990). This
was followed by reports on seasonal differen-
ces in adduct levels, which matched the air
concentrations of PAHs (Grzybowska et al.,
1993a). The effects were mainly seen in DNA of
the long-lived lymphocytes, while granulo-
cytes showed no clear effect. Sampling in the
summer and winter allowed a rough estima-
tions of the half-live of aromatic adducts in
lymphocytes to be 1-2 months (Grzybowska et
al., 1993b, Fig. 1 and 2). Also cytogenetic dam-
age was seen in the Silesian population (Perera
et al., 1992).

The nature of the adducts detected by postla-
belling has been studied in more detail by com-
paring nuclease P1, butanol extraction and
immunoaffinity purification of the adducts.
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Fig. 1. Air concentrations of benzo(a)pyrene in Chrzanow between 1988-1990. Note the variation between

summer and winter.
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Fig.2. Aromatic adduct levels of non-smoking popu-
lation in Silesia, occupationally or environmentally

exposed to air pollution.

Blood cells were separated, WL winter lymphocytes; WG
winter granulocytes; SL summer lymphocytes; SG sum-
mer granulocytes (Greybowska et al., 1993b).

The adduct recovery was approximately equal
by the P1 nuclease and butanol techniques,
suggesting that the adductare of PAH-type. For
immunoaffinity chromatography an antibody
raised against benzo(a)pyrene diol epoxide-
DNA was used. Only about 25% of the adducts
were bound by the antibody, indicating that
most of the adducts in DNA are not closely
related to benzo(a)pyrene. However, in winter
time of high air pollution the relative binding
by the immunoaffinity column was higher than
in the summer time (Widlak et al., 1996, Fig. 3).
In HPLC analysis using flow-through radioac-

BPDE-dGMP
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Ratio mathanobiwaber
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tivity detector typical seasonal adduct peaks
were noted and they were particularly promi-
nent in lymphocyte DNA collected in the
winter time. They eluted in the area of PAH-
DNA adducts giving additional support that
the adducts are PAH-like (Moller et al., 1996).

The Swedish (all well as some of the above)
studies were carried out in the European Union
Environment program. [n the first study bus
drivers from central Stockholm and from out-
skirts were selected, Taxi drivers were one ref-
erence group. As a non-occupational control
group fine mechanics from Huddinge Hospital
were used. All the participants were non-smo-
kers. Aromatic DNA adducts in lymphocytes,
PAH adducts in albumin and ethene and
propene adducts in hemoglobin were not elev-
ated in the urban bus drivers. However, both
aromatic DNA adducts and PAH-albumin ad-
ducts were elevated in taxi drivers for an unex-
plained reason (Hemminki et al., 1994a, Fig. 4).
A similar type of study has been carried out in
Milan, ltaly. The study subjects were news-
paper vendors from busy streets and outskirts
of Milan. The levels of DNA adducts did not
differ in these populations. The analysis of
PAH-hemoglobin adducts done for the same
subjects showed the higher level of adducts in
newspaper vendors from busy streets than
from outskirts, however the difference was not
statistically significant (Airoldi, unpublished
results).

Some occupational groups, exposed to car
and diesel exhaust, were positive controls in the
above EU study. They included garage wor-
kers, overhauling diesel buses and inhaling
diesel exhaust gases, car mechanics exposed to

Fig. 3. Fractions of
aromatic DNA ad-
ducts in the immu-
noaffinity chroma-
tography with the
benzola)pyrene diol
epoxide-DNA anti-
body, eluted in meth-
anol (bound fraction)
and in water (non-
bound fraction) (Wi-
digk et al., 1996).
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spill engine oils but not to exhausts, and truck
terminal workers, unloading and reloading
diesel trucks. All these groups had increased
levels of lymphocyte DN A adducts, the highest
levels being correlated with air concentrations
of diesel exhausts. The estimated air benzo-
(a)pyrene levels were below 10 ng/ m® (Hem-
minki et al., 1994b, Fig. 5). The HPRT mutant
frequency was not increased in garage workers
but at an individual level there was a highly
significant correlation between adducts and
mutant frequency. GSTM1 and N-acetyl trans-
ferase (NAT2) genotypes were determined in
the study subjects. While the genotypes had no
effect on HPRT mutant frequency, slow acety-
lators, lacking the GSTM1 gene, had the DNA
adduct levels significantly higher (Hou et al.,
1995).

Ralative level
k3

Fig. 4. Relative DNA (left bar), al-
bumin PAH-adducts (second bar
from left), and N-terminal valine
onaA adducts of etylene and propylene
oxide in hemoglobin (measured only
for urban bus drivers and controls).
U-bus urban bus drivers (Hemmin-
kietal.,, 1994a).

PAH-Alb

Coritrol

Tobacco

Tobacco smoking, a main killer of human, has
been used as a model in a number of studies, It
was shown that the smokers had a higher aro-
matic adduct levels in lymphocytes as com-
pared to granulocytes, which was the first
indication that in chronic exposure the main
focus should be on lymphocytes (Savela &
Hemminki, 1991). However, taking in consider-
ation the very different half-lives of lympho-
cytes and granulocytes, the separation of cells
only clears off the noise caused by granulocytes
and improves the precision as only about 25%
of the DNA in total white blood cells is from
lymphocytes. This should be an important
principle applied in biomonitoring studies.

Smoking is a known risk factor of laryngeal
cancer. Aromatic adduct of laryngeal tissue,

DMA adducts in bus garage workers

5 +
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i
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Cihers

Fig. 5. Aromatic DNA ad-
duct levels of bus mainten-
ance personnel by type of
employment, mechanics, gar-
age and others (Hemminki et
al., 1994b). The differences
between all the groups, ex-
cept for others, compared to
controls are significant.
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obtained from operation, were analyzed and
there was a relationship to smoking but most
clearly in the tumor tissue. Both tumor and
normal laryngeal tissues showed a correlation
of about 0.9 to the total white blood cells
(Szyfter et al., 1994b).

STYRENE

Genotoxicity of styrene has been of interest
world-wide because it is one of the few sus-
pected mutagenic compounds, which may
cause daily exposures in gram quantities
(Hemminki & Vodicka, 1995). Styrene is an
example on how the chemical characterization,
fascinating in itself, lead to a production of
standard compounds for postlabelling (Vo-
dicka & Hemminki, 1991) and to a quantifica-
tion of O6-guanine adducts in white blood cell
DNA of lamination workers (Vodicka et al.,
1993). Further studies have been carried out to
sample serially lamination workers and to iso-
late lymphocytes and granulocytes. Again it
was shown that adduct are essentially only
found in lymphocytes. The repair of O6-ad-
ducts appeared to be slow as no essential de-
crease in adduct levels were noted after a two
week vacation (Vodicka et al., 1994).

HPRT mutation frequency was elevated in
laminators exposed to styrene but the increase
reached statistical significance only when com-
pared to an external rather than factory control
group. The adduct studies suggested that the
factory controls in fact are not completely un-
exposed. Strand-breaks, measured by the
Comet assay, were also increased in the lamina-
tion workers. There was a correlation between
strand breaks and O6-guanine adducts, but
neither correlated with HPRT mutant fre-
quency (Vodicka et al., 1995). In vitro data on the
effect of styrene oxide, main metabolite of
styrene, on cultured human lymphocytes con-
firmed the relatively long half-lives of O6-
guanine DNA adducts and the induction of
strand breaks. Induction of HPRT mutations
was consider weak (Bastlova et al., 1995).

ALKYLATION FRODUCTS

Postlabelling method was adapted to the ana-
lysis 7-alkylguanine adducts of DNA by using

pre-purification by ion exchange chromato-
graphy, as the commonly used nuclease P1 and
butanol extraction techniques were not
possible with small polar adducts (Mustonen et
al., 1991a, b). The method was applied in
human total white blood cells, where methyla-
tion products could be detected in all individ-
uals but in those receiving procarbazine and
dacarbazine the levels of adducts were over 20
times higher. (We now know that the 7-methyl-
guanine adduct spot also contains 7-(2-hydro-
xyethyl}guanine adducts, which however are
poorly labelled and contribute little to the
radioactivity of the spot (Kumar & Hemminki,
1996). Smokers had elevated levels of 7-methyl-
guanine, particularly in their lymphocyte as
compared to the granulocyte DNA (Mustonen
& Hemminki, 1992). The adduct levels were
highest in the bronchial DNA of smokers, ex-
ceeding the level in non-smoker almost 4 times
(Mustonen et al., 1993). In a small number of
smokers both target (bronchial) and surrogate
(lymphocyte) DNA were available, showing a
correlation of 0.8.

Larynx tissue samples obtained from oper-
ation have also been assayed for 7-methyl-
guanine DNA adducts. There was a
relationship to smoking, and larynx adduct le-
vels exceeded those of white blood cells two
times (Szyfter et al., 1996). There was a modest
correlation only between 7-alkylguanines and
aromatic adduct (which were discussed
above).

CONCLUSIONS

DNA adduct studies in humans are becoming
more quantitative and therefore offer chances
for quantitative risk estimation. As epidemio-
logical studies always show the risks of expo-
sure decades back, DNA and protein adduct
studies can be used at the present day risk
estimation. DNA adduct studies are likely to
give clues to individual risks and may therefore
provide the quantitative information about the
present exposure to genotoxic agents in the
environment.

The authors want to congratulate the senior
author Professor Mieczystaw Chorazy for his
70th birthday. They are indebted to his insight
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in suggesting many of the environmental
studies reported.
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