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Abstract Objective: Workers in various industries can be
exposed to polycyclic aromatic hydrocarbons (PAHs).
The relationship between biomarkers of genotoxic risk,
PAH compounds in air (ambient monitoring) and PAH
metabolites in urine (internal exposure) were studied in
17 workers exposed to PAHs in a fireproof-material
producing plant before and 3 months after the PAH
profile was altered in the binding pitch. Methods: Two
biomarkers of exposure, specific DNA adducts of (±)-
r-7,t-8-dihydroxy-t-9,10-oxy-7,8,9,10-tetrahydrobenzo[a]
pyrene (anti-BPDE) and non-specific DNA adduct of
8-oxo-7,8-dihydro-2‘-deoxyguanosine (8-oxodGuo) were
determined in white blood cells (WBCs). In addition,
DNA strand breaks were analysed in lymphocytes by
single-cell gel electrophoresis in a genotoxic risk assess-
ment. Sixteen PAH compounds in air were determined
by personal air sampling, and hydroxylated metabolites
of phenanthrene, pyrene and naphthalene were deter-
mined in urine. Results: After substitution of the binding
pitch the concentrations of benzo[a]pyrene in air de-
creased (P<0.01). No changes could be observed for

pyrene, while levels of phenanthrene (P=0.0013) and
naphthalene (P=0.0346) in air increased. Consequently,
median DNA adduct rates of anti-BPDE decreased after
alteration of the production material (from 0.9 to <0.5
adducts/108 nucleotides). No changes in the excretion of
1-hydroxypyrene in urine could be determined, whereas
increased levels of 1-, 2+9-, 3- and 4-hydroxyphe-
nanthrene (P<0.0001) and 1-naphthol and 2-naphthol
(P=0.0072) were found in urine. In addition, a statisti-
cally significant increase in DNA strand break frequen-
cies (P<0.01) and elevated 8-oxodGuo adduct levels
(P=0.7819, not statistically significant) were found in
the WBCs of exposed workers 3 months after the PAH
profile in the binding pitch had been altered. Conclusion:
The results presented here show that the increased con-
centration of naphthalene and/or phenanthrene in the air
at the work place could induce the formation of DNA
strand breaks and alkali-labile sites in WBCs of exposed
workers.
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Introduction

Workers in a fireproof-material producing plant are
exposed to polycyclic aromatic hydrocarbons (PAHs) by
inhalation of volatile PAHs and PAHs bound to respi-
ratory particulate matter. An additional uptake of PAHs
is caused by dermal contact with PAH-containing
materials [International Agency for Research on Cancer
(IARC) 1987]. Epidemiological studies have shown an
increase in cancer incidence among workers exposed to
PAHs, especially for the risk of developing lung, skin,
bladder and prostate cancer (Boffetta et al. 1997; Co-
stantino et al. 1995).
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The mechanism by which PAHs produce cancer in
humans is unclear. Benzo[a]pyrene (B[a]P), one of the
most studied PAHs, becomes a powerful carcinogen
after metabolic activation and has been shown to
induce genotoxic effects and mutations. Exposure to
B[a]P induces the formation of various types of macro-
molecular adducts, of which DNA adducts are most
important. After exposure, B[a]P is metabolized pre-
dominantly to anti-benzo[a]pyrene diolepoxide (anti-
BPDE), which can covalently bind to DNA, mainly to
the exocyclic N2 position of guanine (Sayer et al. 1991).
This BPDE-DNA adduct has been used as a suitable
variable for the monitoring of biochemical effects of
exposure to PAHs in various studies (Pavanello et al.
1999). Since B[a]P is the most intensively studied PAH,
research on naphthalene has been reinforced since the US
National Toxicology Program (2000) revealed clear
evidence of a carcinogenic potential of naphthalene in
rodents. Briefly, there are, currently, two main hypoth-
eses concerning the mechanism by which the DNA could
be affected after naphthalene exposure. Both hypotheses
are based on the presence of naphthoquinones as ulti-
mate carcinogenic intermediates. On the one hand, there
are emerging indications that naphthoquinones lead to
increased formation of reactive oxygen species (ROS).
On the other, the second thesis assumes naphthoqui-
nones as electrophiles that lead to increased covalent
adduct formation with nucleophilic groups in DNA.

Three principal pathways of PAH activation have
been proposed. These include the formation of anti-
BPDE by the combined action of cytochrome P450
(CYP) 1A1 and epoxide hydrolase (Gelboin 1980;
Conney 1982), the formation of radical cations by CYP
peroxidase (Cavalieri and Rogan 1995) and the forma-
tion of reactive and redox-active o-quinones by dihy-
drodiol dehydrogenase members of the aldo-keto
reductase superfamily (Penning et al. 1999). The muta-
genic and carcinogenic role of radical–DNA interactions
and DNA depurination is under discussion (Canova
et al. 1998).

An increasing amount of evidence demonstrates the
involvement of ROS in the production of tumours by
PAHs (Frenkel et al. 1988; Wattenberg 1980). These
oxygen species may lead to the formation of oxidative
DNA damage. DNA damage (adducts and strand
breaks) represents an early, detectable and critical step
in the chemical carcinogenesis process and, thus, may
serve as an internal dosimeter for carcinogens (van Delft
et al. 1998). The induction of oxidative stress has been
suggested as a possible mechanism of non-genotoxic
chemical carcinogenesis and has been shown to partici-
pate in all stages of the carcinogenesis process, namely
initiation, promotion and progression (Pryor 1997). The
spectrum of oxidation products that involve DNA
includes oxidized bases, DNA strand scission, apurinic/
apyrimidinic (AP) sites and strand breaks. Within the
latter group, emphasis has been focused on 8-oxo-7,
8-dihydro-2¢-deoxyguanosine (8-oxodGuo), a major
product with a clear mutagenic potential (Kasai 1997).

The presence of 8-oxodGuo reveals a lower fidelity in the
replication process and enhances the probability of
adenine incorporation into the complementary strand,
giving rise to G-to-T transversions (Grollman and
Moriya 1993; Halliwell and Gutteridge 1999).

Studies examining DNA-specific adduct formation
have shown a very low level of DNA binding for some
PAH metabolites. Further in vivo studies, inquiring into
PAH genotoxicity, have yielded inconclusive results. The
DNA adduct formation induced by some PAHs does
not appear to be the only mechanism that leads to
cancer formation. At this stage, there is little informa-
tion describing the levels of strand breaks and of oxi-
dized bases in DNA from workers exposed to PAHs
(Binkova et al. 1996; Carstensen et al. 1999; Popp et al.
1997). Previously published results (Marczynski et al.
2002) indicate that PAH exposure creates oxidative
DNA damage, as measured by the production of one
type of oxidative base modification, the 8-oxodGuo, and
the production of DNA strand beaks and alkali-labile
sites. Complete carcinogens, such as PAHs, probably
exert their biological effect not only through DNA
damage, equated with the initiation step of carcinogen-
esis, but also through production of ROS associated
with the promotion and progression phases.

Taking into account the present knowledge about
PAH metabolism pathways, we performed a study to
analyse the levels of 8-oxodGuo- and DNA-adducts of
anti-BPDE and the formation of DNA strand breaks
and alkali-labile sites in the white blood cells (WBCs) of
workers occupationally exposed to PAHs in a fireproof-
material producing plant. These results were compared
with data obtained from ambient B[a]P, pyrene, phen-
anthrene and naphthalene concentrations in the air of
the workplace and with the results from biological
monitoring [urinary metabolites of pyrene, 1-hydroxy-
pyrene (1-OHP), sum of five metabolites of phenan-
threne, 1-, 2+9-, 3- and 4-hydroxyphenanthrene
(OHPH) as well as the sum of both major metabolites of
naphthalene, 1-naphthol and 2-naphthol (NOL)].
1-OHP, OHPHs and NOL are used for the biological
monitoring of exposure to PAHs (Heudorf and Angerer
2001). Seventeen PAH-exposed workers were examined
before and 3 months after the alteration of production
material (binding pitch) containing different PAH con-
centrations.

Subjects and methods

Subjects

Seventeen PAH-exposed workers were examined before
and 3 months after new binding pitch, containing dif-
ferent PAH concentrations, had been altered. All
exposed workers were male, with a mean age of
44.1 years (range 30–58 years). Prior to blood sampling,
a questionnaire was performed in order to elicit the
workplace description, smoking habits, medical history,
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age, diet and use of personal protection devices for each
exposed worker. Questionnaires were completed in a
personal interview with the company physician. Smok-
ing status differed between exposed workers: ten workers
were smokers whereas seven subjects were non-smokers.
The workers used protective gloves and took a shower
immediately after work.

The study was approved by the ethics commission of
the Ruhr University of Bochum and was conducted in
accordance with the principles for human experience as
defined by the Helsinki Declaration. All persons that
were investigated gave their informed consent prior to
their inclusion in the study.

Determination of PAHs in the air

Personal air sampling in the workers’ breathing zones
was carried out according to method 5506 published by
the National Institute for Occupational Safety and
Health (NIOSH 1994). Briefly, particulate-bound PAHs
and PAH vapours were collected on glass fibre filters
and in sorbent tubes filled with polystyrene/divinyl
benzene-based polymer (XAD-2), respectively. Until the
analysis of the 16 PAHs (acenaphthene, acenaphthylene,
anthracene, benz[a]anthracene, benzo[b]fluoranthene,
benzo[k]fluoranthene, benzo[ghi]perylene, benzo[a]py-
rene, chrysene, dibenz[ah]anthracene, fluoranthene,
fluorene, indeno[1,2,3- cd]pyrene, naphthalene, phenan-
threne, and pyrene) the filters and sorbent tubes were
stored at �20�C in the dark. The filters were mixed with
5 ml of acetonitrile (ACN) and shaken for 30 min, and
the contents were extracted ultrasonically (60 min).
Subsequently, XAD-2 material from sorbent tubes was
extracted with ACN (2 ml) and dichloromethane (2 ml).
The original filter extract and the combined extracts
of the XAD-2 material were evaporated to dryness in
a gentle stream of nitrogen. The residues were re-dis-
solved with ACN, and a 25 ll aliquot was analysed by
high-performance liquid chromatography with diode
array detection (HPLC-DAD). The HPLC-DAD anal-
ysis was carried out by an HPLC system from Merck
(Pump L-6200, autosampler L-7200, column oven
L-7350, diode array detector L-7450, computer with
D-7000 HPLC system manager) using a reversed-phase
column (LiChrospher PAH 250·3 mm, 5 lm) and a
water/acetonitrile (w/acn) gradient for separation at
30�C (0–5 min: 60% ACN; 5–20 min: 60%–100% ACN;
20–30 min: 100% ACN; flow 0.5 ml/min). To detect the
analytes, we monitored the wavelengths 250 nm, 266 nm
and 286 nm. The detection limits for a 2-h sampling
period varied between 7 ng/m3 and 513 ng/m3 for the
different PAHs.

Determination of PAH metabolites in urine

The determination of the sum of five OHPHs and
1-OHP post-shift urine samples of the workers was

carried out with a modified HPLC method developed by
Lintelmann and Angerer (1999). Six millilitres of urine
was buffered with 12 ml sodium acetate buffer (0.1 mol/
l, pH 5.0) and hydrolyzed with 80 ll of b-glucuronidase/
arylsulphatase for 16 h at 37�C in a waterbath. In order
to separate the solution from particles, we centrifuged it
at 1,500g for 10 min. From the supernatant 15 ml were
transferred into a sampler vial from which a 3 ml aliquot
was injected into an HPLC system with an autosampler.
The HPLC system used has been described elsewhere in
detail (Lintelmann and Angerer 1999). Briefly, the
metabolites were enriched on a tailor-made pre-column
consisting of copper phthalocyanine modified silica gel,
separated on an RP-C18 (LiChrospher PAH 250·4 mm,
5lm) column and quantified by fluorescence detection
(236/386 nm). The metabolites 2-OHPH and 9-OHPH
could not be separated by HPLC. These two co-eluting
metabolites were quantified by way of a calibration
curve of 2-OHPH. The detection limit of the method
ranged between 4 ng and 16 ng metabolite/l urine.

Two major naphthalene metabolites, 1-NOL and 2-
NOL, were simultaneously determined by a column-
switching HPLC method for on-line clean-up, according
to Preuss and Angerer (2004). Briefly, aliquots of 2 ml
urine were diluted with 4 ml sodium acetate buffer
solution (0.1 mol/l, pH 5.0), and 25 ll b-glucuronidase/
arylsulphatase were added for enzymatic hydrolysis
(16 h at 37�C). Each sample was centrifuged at 1,500g
for 10 min. Three hundred and fifty microlitres of the
supernatant were injected into the HPLC system for
quantitative analysis. The whole method, including the
HPLC-system and quality assurance, has been described
in detail elsewhere (Preuss and Angerer 2004). Eluting
analytes were quantified by fluorescence detection (227/
430 nm) after an external calibration. Within a total run
time of 40 min both NOLs were separately quantified
with detection limits of 1.5 lg/l and 0.5 lg/l for 1-NOL
and 2-NOL, respectively. Results are given as the sum of
1-NOL and 2-NOL.

Creatinine measurements

Urinary creatinine was determined photometrically as
picrate, according to the Jaffé method (Taussky 1954).

Determination of cotinine in urine

Urinary cotinine was determined by gas chromatogra-
phy with nitrogen-specific detection after a liquid/liquid
extraction of the urine samples, according to the pro-
cedure described by Scherer et al. (2001).

Determination of DNA adduct rates of anti-BPDE

Whole-blood samples (9 ml) were collected in EDTA-
treated tubes and immediately frozen at �20�C. DNA
from the WBCs was isolated and frozen at �80�C. DNA
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extraction was carried out with the procedure of
Marczynski et al. (2002). We used HPLC separation
and fluorescence detection to determine the r-7,c-10,
t-8,t-9-tetrahydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene
(B[a]P-tetrol I-1) that arose after acid hydrolysis of DNA
adducts of anti-BPDE according to a modified method of
Rojas et al. (1998).

Determination of DNA-adducts (8-oxodGuo)

Whole-blood samples (9 ml) were collected in EDTA-
treated tubes and immediately frozen at �20�C. DNA
from the WBCs was isolated and frozen at �80�C. DNA
extraction and 8-oxodGuo adduct isolation were carried
out with the procedure of Marczynski et al. (1997), with
the modifications described later (Marczynski et al.
2002). The isolated DNA was dissolved in 200 ll of
10 mmol/l sodium acetate, pH 5.0. The following day,
the DNA was incubated at 95�C for 5 min and placed on
ice for 10 min. Twenty microlitres of 1 mmol/l deferox-
amine mesylate was added, and the denatured DNA was
digested with 20 lg of nuclease P1 for 30 min at 37�C,
followed by 20 ll Tris-HCl, pH 7.5 and by 1.2 U alkaline
phosphatase at 37�C for 60 min. The resulting hydro-
lysates were centrifuged for 30 min, with a Microcon
YM-3 filter (Millipore, Bedford, USA), in order for us to
separate the nucleosides from the enzymes.

For the analysis of nucleosides in WBC DNA, Shi-
madzu HPLC/UV apparatus, connected to a Coulo-
chem II (model 5200) electrochemical detector (ED)
(ESA, Chelmsford, Mass., USA) was used. The analysis
was carried out blind. The presence of 8-oxodGuo ad-
ducts in WBC DNA was detected in accordance with the
methods proposed by Pouget et al. (1999). The HPLC
(with SIL-10A auto-injector and sample cooler), set at a
flow rate of 0.8 ml/min, was used to introduce 20 ll of
DNA hydrolysate into a column (C18, 250·4.6 mm,
5 lm particle size; Grom, Herrenberg-Kayh, Germany)
in a CTO-10A oven at 37�C. The eluent consisted of
50 mmol/l monosodium phosphate in 8% methanol,
pH 5.1. The determination of normal nucleosides was
performed at 290 nm with a UV detector (SPD-10A).
The oxidation potentials of the analytical cell (model
5011; ESA) of the ED were set at 150 mV and 350 mV
for electrodes 1 and 2, respectively. The potential of the
guard cell was set at 400 mV. For the recording and
integration of the UV and ED responses, an integrator
(CR 5A) was used.

Alkaline single-cell gel electrophoresis (comet assay)

Alkaline single-cell gel electrophoresis was used to study
DNA strand breaks and alkali-labile sites. The previ-
ously published protocol (Östling and Johanson 1984;
Singh et al. 1988) was modified in accordance with
Pouget et al. (1999) as follows. Heparinized venous
blood for the lymphocyte preparation was collected.

Lymphocytes were isolated by the standard method of
centrifugation on a Ficoll density gradient. Seven
microlitres of whole blood from each subject was diluted
1:1 with a RPMI 1640 solution (pH 7.3) and kept on ice
for 15 min. Lymphocytes were separated by centrifuga-
tion over 7 ml Lymphoprep at 200g for 30 min. Buffy
coats were removed and washed twice with RPMI 1640.
Lymphocytes suspended in the RPMI solution were
counted in a haemocytometer and approximately 2·104
cells were used immediately for the comet assay. Cell
viability, determined by the trypan blue exclusion tech-
nique, was constantly found to be over 96%.

As usual, 100 ll of 1% standard agarose, dissolved in
PBS buffer, was allowed to solidify on to a microscope
slide, kept at room temperature in a dry atmosphere.
Another 10 ll of the lymphocyte suspension was mixed
with 75 ll of 1.2% low melting-point agarose main-
tained at 37� C. Subsequently, the resulting solution was
coated on to the first layer after removal of the cover
glass. All the subsequent steps were performed under a
red light to prevent the occurrence of additional DNA
damage. The slides were then placed on ice for 15 min to
allow the gel to solidify. Cover glasses were removed and
the slides were immersed for 80 min at 4�C in a lysis
buffer (1% triton X-100, 10% DMSO, 2.5 mmol/l NaCl,
100 mmol/l Na2EDTA, 10 mmol/l Tris, sodium lau-
roylsarcosinate 10%, pH 10).

To conduct the electrophoresis, we removed the cover
glasses and transferred the slides to a horizontal elec-
trophoresis tank where the slides were kept covered with
an alkaline solution (1 mmol/l Na2EDTA, 300 mmol/l
NaOH, pH 13) at 4�C for 40 min. Thereafter, the elec-
trophoresis was performed at 25 V (0.8 V/cm) �300 mA
for 45 min at 4�C. The slides were then washed three
times with 0.4 mol/l of Tris–HCl, pH 7.4, and the nuclei
were stained with 45 ll of 0.5 mg/ml ethidium bromide.
The slides were placed at 4�C in a humidified, air-tight,
container to prevent drying. Under these conditions,
slides could be kept for several days prior to analysis.

The analysis was performed with a fluorescence
microscope (Olympus BX60F-3, Olympus Optical,
Tokyo, Japan). Using the computer image analysis
software Komet, version 4.0 (Kinetic Imaging, Liver-
pool, UK), we examined each slide (51 cells per slide,
using two different slides prepared for one subject) at
20· magnification under the fluorescence microscope
equipped with both an excitation filter at 515–560 nm
and a barrier filter at 590 nm. We randomly selected
‘Comets’ from each slide, avoiding the edges and dam-
aged parts of the gel as well as the apparently dead cells
(comets without a distinct ‘comet head’) and the super-
imposed comets. The image analysing program auto-
matically calculated the total area of each tail, its
absolute average intensity, and its distance to the centre
position of the head. These data enabled the program to
calculate several indicators of DNA damage, from
which we have selected the Olive tail moment. This
parameter was used to estimate the DNA break
frequency, as it could express the migration of the
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various DNA fragments forming the tail and estimate
the relative amounts of DNA in the tail, as one value.

Statistical analyses

All statistical analyses were performed with the SAS
program, version 8e (SAS Institute, Cary, N.C., USA).
Variables with a rate of more than 20% under the
detection limit were dichotomized and tested by Fisher’s
exact test for differences between pre-alteration and
post-alteration. As the analysed data were paired, tests
were performed on the difference between post-alter-
ation and pre-alteration. This difference between post-
alteration and pre-alteration results was calculated for
the other variables (rate of values under detection limit
<20%). We used QQ-plots and Kolmogorov–Smirnov
tests to detect the normal distribution of the calculated
differences to apply t-tests in addition. If the assumption
of normal distribution did not hold, signed rank tests
were used. We used Spearman rank correlation coeffi-
cients (rs) to describe the correlations between the dif-
ferent variables. Minima, lower and upper quartiles,
medians, arithmetic means and maxima in different
groups of exposure are presented as box-and-whisker
plots. P<0.05 was set as the criterion for the statistical
significance of a test.

Results

Ambient monitoring in comparison with biological
monitoring

Two teams independently measured the parameters of
internal exposure. A good correlation of the results
between these two groups was found (results not shown).
Seventeen PAH-exposed workers were examined before
and 3 months after the production material had been al-
tered to contain a different profile of PAHs. Personal
monitoring devices were used to evaluate the ambient

exposure of the workers to 16 PAHs during an 8-h
working shift. The change in the production process led to
a decrease in ambient B[a]P concentrations (P<0.0001,
significantly different, n=16). For the 16 workers the
median concentration of B[a]P was determined to be
0.165 lg/m3 (range <0.07–0.54 lg/m3) before alteration
and <0.07 lg/m3 (range <0.07–16.43 lg/m3) 3 months
later. Despite the B[a]P, the sum of 16 PAH concentra-
tions in the air ranged from 6.55 to 149.22 (median
29.62) lg/m3 before and from 60.75 to 372.21 (median
120.11) lg/m3 3 months after alteration. Thus, a signifi-
cantly increased sum of concentrations of 16 PAHs
(P<0.0001, n=16, boxplots shown in Fig. 1) 3 months
after the changing of the production material was deter-
mined, although the B[a]P concentrationwas significantly
reduced after alteration of the production process.

No changes in the ambient pyrene concentration were
observed after the production material had been altered
(median: 1.11 lg/m3 before and 1.23 lg/m3 3 months
after alteration, P=0.8926, n=13). The same applied to
the corresponding concentration of 1-OHP in the urine
of the workers 3 months later (median: 6.73 lg/g before
and 6.67 lg/g creatinine 3 months after, P=0.5744,
n=17; data not shown in detail).

Increasing external exposure to phenanthrene and
naphthalene 3 months later (P=0.0013, significantly
different, n=16, for phenanthrene,Fig. 2, andP=0.0346,
significantly different, n=16, for naphthalene, Fig. 3) was
accompanied by rising sum of concentrations of five
OHPHs and sum of 1-NOL and 2-NOL in the workers’
urine (P<0.0001, significantly different, n=17, for
OHPHs, Fig. 4, and P<0.0072, significantly different,
n=16, for 1-NOL and 2-NOL, Fig. 5).

Correlation between ambient B[a]P concentrations
(marker of external exposure) and DNA adducts
of anti-BPDE in WBCs (biomarker of exposure)

In 16 workers the rate ranged between 0.5 and 1.9 DNA
adducts of anti-BPDE/108 nucleotides in WBC DNA

Fig. 1 Sum of 16 PAH
concentrations in the air at the
work place of PAH-exposed
workers before and 3 months
after substitution (P=0.0001,
significantly different)
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before the conditions had changed and <0.5 to 0.9
adducts/108 nucleotides 3 months later (P<0.0001, sig-
nificantly different, n=16, data not shown). Results

lower than the analytical limit of detection (LOD) were
set to three-quarters of the detection limit (3/4 LOD).
Although ambient B[a]P concentration and DNA

Fig. 2 Phenanthrene
concentration in the air at the
work place of PAH-exposed
workers before and 3 months
after substitution (P=0.0013,
significantly different)

Fig. 3 Naphthalene
concentration in the air at the
work place of PAH-exposed
workers before and 3 months
after substitution (P=0.0346,
significantly different)

Fig. 4 Concentration of sum of
five OHPHs in urine of PAH-
exposed workers before and
3 months after substitution
(P<0.0001, significantly
different)
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adduct level of anti-BPDE were in a low range, a good
correlation between the airborne B[a]P concentration
and the adduct level in WBC DNA was observed
(rs=0.516, P=0.0029; n=31) (Table 1).

Correlation between markers of exposure and effect

The 8-oxodGuo/105 dGuo ratio in WBCs was not sig-
nificantly higher in PAH-exposed workers 3 months
after alteration of the binding pitch (P=0.7819, n=17,
Fig. 6). The frequency of DNA strand breaks was
measured as Olive tail moment (product of the per-
centage of DNA in the tail and the mean distance of
migration in the tail). In our study, an increased
frequency of DNA strand breaks was observed in PAH-
exposed workers 3 months after exchange of the pro-
duction material (P=0.0042, significantly different,
n=17, Fig. 7). The Spearman rank correlation coeffi-
cient attributed to 8-oxodGuo/105 dGuo and Olive tail
moment did not reveal any obvious association
(rs=0.037, P=0.8335; n=34). No parallel increase in
oxidative DNA adducts with elevated DNA strand
breaks was observed (Table 1).

Olive tail moment showed a good association with
the DNA adduct rates of anti-BPDE (rs=�0.478,
P=0.0056; n=32). Rank correlation calculations did
not reveal any obvious association between 8-oxodGuo
adduct levels and DNA adduct rates of anti-BPDE
(rs=�0.158, P=0.3891, n=32) (Table 1).

Biomarkers of exposure and effect in relation to smoking

Influence of smoking was assessed by medical history
and by measurement of cotinine in the urine of the
PAH-exposed workers. Because of the suspected role of
smoking as a confounding factor, 8-oxodGuo adduct
level and DNA strand break frequencies before and
3 months after binding pitch exchange were separately
calculated with restriction to smokers (n=10) and non-
smokers (n=7). The 8-oxodGuo/105 dGuo ratio in

WBCs was not significantly higher (P>0.05) in smokers
and significantly higher in non-smokers after alteration
of the production material (P<0.05). Otherwise, no
changes in the level of DNA strand breaks in non-
smokers (P>0.05) and significant increase in frequency
of DNA strand breaks in smokers (P=0.002) were
measured 3 months later.

Correlation between markers of external exposure and
biomarkers of exposure and effect

Spearman rank correlation coefficients were calculated
for 8-oxodGuo and Olive tail moments in relation to
ambient monitoring. Rank correlation calculations did
not reveal any obvious association between 8-oxodGuo
adduct levels and airborne B[a]P (rs=�0.020, P=0.9113,
n=33); pyrene (rs=0.189, P=0.3186, n=30); phenan-
threne (rs=0.122, P=0.4976, n=33); naphthalene
(rs=0.311, P=0.0781, n=33) and the sum of 16 PAH
(rs=0.173, P=0.3371, n=33) concentrations before and
after alteration of the production material. The same
applied to the association between formation of DNA
strand breaks (Olive tail moment) and airborne B[a]P
(rs=�0.046, P=0.7982, n=33) and pyrene (rs=�0.014,
P=0.9414, n=30) concentrations in the air at the
workplace before and after exchange of binding pitch. A
good correlation between airborne phenanthrene
(rs=0.391, P=0.0245, n=33); naphthalene (rs=0.401,
P=0.0209, n=33), the sum of 16 PAH (rs=0.434,
P=0.0115; n=33) concentrations and the production of
DNA strand breaks was observed (Table 1).

Correlation between biomarkers of internal exposure
and biomarkers of effect

With reference to the biological monitoring performed
in this study, only a weak association was found between
the concentrations of OHPHs in urine and the frequency
of DNA strand breaks in comet assay (rs=0.314,

Fig. 5 Concentration of sum of
1-NOL and 2-NOL in urine of
PAH-exposed workers before
and 3 months after substitution
(P=0.0072, significantly
different)
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P=0.0701, n=34). No association could be seen
between concentration of 1-OHP and sum of 1-NOL
and 2-NOL in urine and formation of DNA strand
breaks (rs=�0.199, P=0.2578, n=34 for 1-OHP and
(rs=0.087, P=0.6312, n=33 for 1-NOL and 2-NOL).
The same applied to the association between formation
of 8-oxodGuo adducts and 1-OHP (rs=�0.063,
P=0.7255, n=34), sum of five OHPHs (rs=0.111,
P=0.5322, n=34) and sum of 1-NOL and 2-NOL
(rs=0.105, P=0.5629, n=33) concentrations in urine
before and 3 months after exchange of binding pitch
(Table 1).

Discussion

The relationship between genotoxic risk assessment in
WBCs of occupationally exposed workers in a fire-
proof-material producing plant before and 3 months
after the production material (binding pitch) had been
altered to contain different concentrations of PAHs, on

the one hand, and markers of external (ambient mon-
itoring) and internal exposure (biomonitoring of uri-
nary metabolites), on the other hand, was assessed.
Two biomarkers of exposure, specific DNA adduct
level of anti-BPDE and non-specific DNA adduct level
of 8-oxodGuo, and the formation of DNA strand
breaks (biomarker of effect) were studied in a genotoxic
risk assessment.

Although the changes in the production process due
to the alteration of the binding pitch led to a decrease in
ambient B[a]P concentration, a significantly higher sum
of concentrations of 16 PAHs was observed (Fig. 1).
This was mainly attributable to a simultaneous and
considerable increase in the ambient phenanthrene and
naphthalene concentration (Figs. 2 and 3). The corre-
sponding urinary metabolites of phenanthrene and
naphthalene also exhibited significantly increased con-
centrations (Figs. 4 and 5). No changes in the pyrene
concentration and the corresponding concentration of
1-OHP in the urine of the workers were observed
3 months later (data not shown).

Fig. 7 Olive tail moment in the
lymphocyte DNA of PAH-
exposed workers before and
3 months after substitution
(P=0.0042, significantly
different)

Fig. 6 8-OxodGuo adduct level
in WBC DNA of PAH-exposed
workers before and 3 months
after substitution (P=0.7819,
not significantly different)
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Detailed comparisons of the levels of biomarkers with
the concentration of PAH compounds revealed that, in
WBC DNA of PAH-exposed workers, significantly
increased frequencies of DNA strand breaks (P=0.0042,
Fig. 7), together with a significant increase in the sum of
16 PAHs (P<0.0001, Fig. 1); phenanthrene (P=0.0013,
Fig. 2); naphthalene (P=0.0346, Fig. 3) in the air at the
workplace and sum of five OHPHs (P<0.0001, Fig. 4)
and sum of both 1-NOL and 2-NOL (P=0.0072, Fig. 5)
in urine, 3 months after alteration of the production
material, were found.

Spearman rank correlation coefficients calculated for
Olive tail moments in relation to ambient monitoring
showed good correlation between airborne phenan-
threne, naphthalene and sum of 16 PAH concentrations
and the production of DNA strand breaks and alkali-
labile sites (Table 1). However, in relation to urine
metabolites, only a weak association was found between
DNA strand breaks and the concentration of sum of
OHPHs, and no association could be seen between the
sum of 1-NOL and 2-NOL and the formation of DNA
strand breaks (Table 1). The comparison between
8-oxodGuo level and external and internal exposure
showed only a weak association between these adducts
and airborne naphthalene concentration (Table 1). A
good correlation between the ambient B[a]P concentra-
tion and DNA adduct level of anti-BPDE was found
(Table 1). Because the B[a]P concentration in the air
before alteration of the binding pitch was very low, and
the change led to a further decrease in ambient B[a]P
concentration, these results and their corresponding very
low DNA adducts level of anti-BPDE do not correlate
rationale with biomarkers of exposure and effect (Ta-
ble 1). Spearman rank correlation coefficient between
ambient and biological monitoring showed only good
correlation between phenanthrene and sum of OHPHs.
Surprisingly, no correlation could be observed between
naphthalene and sum of 1-NOL and 2-NOL concen-
trations (Table 1). This could be due to an additional
uptake of naphthalene caused by dermal contact with
PAH-containing materials.

Smoking is assumed to influence both the formation
of DNA strand breaks (Duthie et al. 1996) and the level
of oxidative adducts (8-oxodGuo) (Asami et al. 1996).
Therefore, distinct analyses in smokers and non-smokers
were performed. Elevated 8-oxodGuo/105 dGuo ratio
after alteration was found only in non-smokers
(P<0.05). Otherwise, significant increase of DNA
strand breaks after alteration was mostly observed in
smokers (P=0.002). As only 17 workers were studied,
our observations must be interpreted with caution. Until
now, there has been no rationale to support such
observations.

Our results are only in part similar to those previ-
ously obtained (Marczynski et al. 2002), who found
positive correlations between the concentrations of
pyrene and phenanthrene in the air at the workplace and
of their metabolites 1-OHP and OHPH, respectively, in
urine of PAH-exposed workers. They also observed

higher levels of DNA damage (8-oxodGuo adducts and
frequency of DNA strand breaks) in a group of workers
in a graphite-electrode-producing plant than in coke-
oven workers, for whom they also obtained the highest
urinary concentrations of 1-OHP and sum of OHPHs.

The results based on alkaline single-cell gel electro-
phoresis include not only DNA strand breaks but also
base modifications (Collins et al. 1996), as the oxidized
purine bases (8-oxodGuo and others) and pyrimidine
bases could be converted into additional DNA single-
strand breaks (Boiteux 1993). The higher content of
8-oxodGuo in the cells could be expected to lead to a
higher number of DNA strand breaks, although the
steady-state level of damage can be modulated by DNA
repair. On a steady-state level, the contribution of repair
through enzyme-mediated DNA cleavage at the site of
oxidized bases is very little with respect to the overall
formation of DNA strand breaks (Gedik et al. 1998;
Pflaum et al. 1997; Pouget et al. 1999, 2000). The level of
•OH-induced base damage stays in the same range as the
extent of radical reactions leading to DNA strand
cleavage (Cadet et al. 1997; Pouget et al. 2000; von
Sonntag 1987). However, the origin of the direct strand
breaks and alkali-labile sites that may include modified
sugar and base residues is difficult to establish with the
alkaline comet assay, and, obviously, this strongly
depends on the DNA modifying agent.

A statistically significant increase in the frequency of
DNA strand breaks (P<0.01), and elevated 8-oxodGuo
adduct levels (P=0.7819; however, not statistical sig-
nificant), were found in WBCs of exposed workers
3 months after the PAH profile had been altered in the
binding pitch. A computation of rank correlation coef-
ficients revealed no significant association between
8-oxodGuo and Olive tail moment in workers of the
fireproof-material producing plant (Table 1). The for-
mation of DNA strand breaks does not seem to be very
much influenced by base excision repair; otherwise a
positive association of 8-oxodGuo and Olive tail
moment would be expected.

Published results in vivo (Marczynski et al. 2002) and
in vitro (Ohnishi and Kawanishi 2002; Yu et al. 2002)
suggest that oxidative DNA damage may play an
important role in the carcinogenic process of PAHs
through ROS formation in addition to specific DNA
adduct formation. Bagchi et al. (2001) demonstrated
that naphthalene may induce manifestations of toxicity
by enhanced production of reactive oxygen free radicals,
resulting in lipid peroxidation and DNA damage, while
pre-incubation with melatonin significantly suppressed
cytotoxicity in macrophage cells. Bagchi et al. (1998)
also showed that low-dose, chronic administration of
naphthalene to rats induces oxidative stress resulting in
DNA damage that may contribute to the toxicity and
carcinogenicity of naphthalene. The ability to protect rat
tissues against the toxic effect of naphthalene by the use
of various antioxidants and free-radical scavengers had
been demonstrated (Stohs et al. 2002). The results pre-
sented here show that the increased concentration of
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naphthalene and/or phenanthrene in the air at the work
place could induce the formation of DNA strand breaks
and alkali-labile sites in WBCs of exposed workers. This
DNA damage may be, in part, related to naphthalene
and/or phenanthrene-associated oxidative stress through
the formation of ROS. Because the increase in the fre-
quency of DNA strand breaks could also be attributed
to compounds not assessed in the air sampling protocol,
observations must be interpreted with caution.

In conclusion, this study provides evidence that
exposure to higher concentrations of low-molecular-
weight PAHs such as naphthalene and phenanthrene can
result in WBC DNA damage. These findings reveal that
investigations of ambient monitoring and both biomar-
kers of effect and internal exposure seem to be necessary
for further surveillance studies of workers with high
PAH exposure, especially when a change in the pro-
duction process is carried out—as far as PAH exposure
is concerned. Biomarker studies, with a large number of
PAH-exposed workers, will be appropriate to improve
statistical power. Although we investigated genotoxic
risk assessment in only 17 PAH-exposed workers, before
and 3 months after a binding pitch alteration, these in
vivo studies are unique.
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