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Aims: To investigate whether current occupational exposure of coke oven workers to polycyclic aromatic
hydrocarbons (PAHs) results in genotoxic effects measured in peripheral blood lymphocytes and whether
these biomarkers are associated with the biomarkers of exposure.
Methods: Blood and urine samples were collected immediately after a shift at the end of a working week
from 50 coke oven workers and 50 control workers not exposed to PAHs. Methods included: (1)
biomarkers of exposure: urinary 1-hydroxypyrene (HpU), urinary mutagenicity by the plate Salmonella
test with strains TA98 and YG1024 after metabolic activation, expressed as mutagenic rate (MR98 and
MR1024, respectively), urinary cotinine; and (2) biomarkers of biological effects in peripheral blood
lymphocytes (PBL): sister chromatid exchanges (SCE/cell), cells of high frequency of SCE (% HFC),
micronuclei (MN/1000 cells), chromosomal aberrations (CA/100 cells), and DNA damage by the Comet
assay.
Results: Occupational exposure to PAH resulted in significantly increased levels of HpU and mutagenic
effect of urine. Median values of these biomarkers in coke oven workers were: 9.0 mmol/mol creatinine for
HpU, 2.7 for MR98, and 8.2 for MR1024, compared to the controls: HpU = 0.6 mmol/mol creatinine,
MR98 = 1.2, and MR1024 = 5.5. Occupational exposure caused significant induction of SCE, HFC, and
MN in coke oven workers: median SCE = 5.9, HFC = 12.0%, MN = 6.0 compared to the controls: 3.9,
5.0%, and 3.0, respectively. No effect of occupational exposure was found in relation to CA and DNA
damage measured with the Comet assay. HpU concentration was positively associated with SCE and HFC.
The concentration of urinary 1-hydroxypyrene corresponding to a 5% probability of increased SCE was
1.0 mmol/mol creatinine.
Conclusions: The occupational exposure to PAHs resulted in measurable biological effects (SCE, HFC,
MN). In coke oven workers an increased level of SCE was not observed below the level of 1.0 mmol HpU/
mol creatinine.

P
olycyclic aromatic hydrocarbons (PAHs) are the result of
incomplete combustion of natural or synthetic organic
materials. Both epidemiological and experimental evi-

dence indicates that PAHs are carcinogenic to animals and
possibly to human beings.1 The working environment at a
coke plant can negatively affect the employed workers who
are exposed to coke oven emissions containing PAHs formed
and released into the environment when coal is pyrolysed
into coke.2

The urinary excretion of 1-hydroxypyrene (HpU), a
metabolite of pyrene, has been used as a biological monitor-
ing indicator of exposure to PAHs in several related
occupational3–10 and environmental11–14 studies. The measure-
ment of urinary mutagenicity (Ames test) has been used
to detect absorption of potentially mutagenic compounds
as a non-specific biological marker of exposure.15 It has
been used together with HpU determination to assess the
exposure of coke oven workers to genotoxicants.7 16 There are
several studies of the exposure to PAHs in which biomakers
of biological effect measuring different kinds of genetic
damage in peripheral blood lymphocytes have been
used.6 17–26

The investigations have been carried out in two Polish coke
plants in order to establish whether the biomarkers of
genotoxic effects such as sister chromatid exchanges (SCE),
chromosomal aberrations (CA), micronuclei (MN) and DNA
damage by Comet assay measured in peripheral blood
lymphocytes (PBL) can be used to assess the effect of

occupational exposure of coke oven workers, and whether
these effects are associated with its intensity measured by
markers of exposure (HpU and urinary mutagenicity).

MATERIALS AND METHODS
Study population
Fifty coke oven workers employed at two Polish coke oven
plants participated in the study. Blood and urine samples
were collected immediately after a shift at the end of working
week. Fifty workers not exposed occupationally to PAHs and
other genotoxic substances, employed at a large Polish steel
factory were selected as the control group by the plant
occupational hygiene service.

The coke oven workers participating in the study were
classified into three main job categories as follows: (1) oven
topside workers, n = 20; (2) oven coke-side workers, n = 11;
and (3) oven push-side workers, n = 19.

All participants of this study gave their written consent.
The study was accepted by the Ethic Committee of the
Institute of Occupational Medicine and Environmental
Health in Sosnowiec.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Abbreviations: CA, chromosomal aberrations; HFC, high frequency
cells; HpU, urinary 1-hydroxypyrene; MN, micronuclei; MR, mutagenic
rate of urine; SCE, sister chromatid exchanges; PAHs, polycyclic
aromatic hydrocarbons
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Determination of 1-hydroxypyrene in urine
The determination of HpU in urine was carried out using the
HPLC method developed by Jongeneelen and Anzion.27 HpU
in the 10 ml urine samples was enzymatically deconjugated
and then transferred to primed C18 octadecyl cartridges (J. T.
Baker), washed with 10 ml of water, and eluted with 9 ml of
methanol. The components of the eluate were separated by
means of high pressure liquid chromatography on the
HP 1090 apparatus (Hewlett Packard) with the ODS C18,
20062.1 mm column, while HpU was quantitatively deter-
mined using the fluorescence detector HP 1046 (Hewlett
Packard) with 229 nm excitation and 400 nm emission
wavelengths.

The detection limit was 0.14 nmol of HpU per litre of urine.
HpU concentrations were expressed in mmol/mol creatinine to
account for differences in urine dilution.

Determination of creatinine in urine
Urinary creatinine concentrations were analysed using a
standard colorimetric method following the picric acid
reaction and absorption at 520 nm.28

The reliability of HpU and creatinine concentration
measurements were confirmed by the intralaboratory control,
as well as by the intercomparison programme for occupa-
tional and environmental medical-toxicological analyses
organised by the German Society for Occupational and
Environmental Medicine in Erlangen. As a result, the
Institute of Occupational Medicine and Environmental
Health in Sosnowiec was granted the certificate for HpU
analysis in occupational and medical applications.

Urinary mutagenicity
The analysis included the preparation of urine extracts
according to the Yamasaki and Ames method.29 The organic
substances present in urine were condensed using adsorption
and desorption methods on columns filled with organic resin
XAD-2. The extracts were examined by the aid of the Ames
incorporation plate test.30 Before the examination the
dichloromethane extracts of urine were dissolved in DMSO
(dimethyl sulphoxide).

Three doses (20, 40, 80 ml of DMSO solution; representing
6, 12, 24 ml of urine) were examined twice on two bacterial
strains: TA 98 (from Prof. B M Ames) and YG 1024 (from
Prof. T Nahomi), with metabolic activation (+S9 mixture).

Experimental points and the background mutation rate
were used to calculate the least square regression line, using
the volume of urine as an independent variable and revertant
colonies per plate as the dependent variable. Using the
equation of the regression line, the predicted value of
dependent variable in 24 ml of urine was calculated.
Mutation effect was expressed as mutagenic rate/24 ml of
urine.

To select the doses with a linear dose-response relation, a
method of point rejection was applied. The assessment of
data fitting to the model was done by the least square
method involving regression analysis and analysis of variance

instead of maximum likelihood method proposed by
Bernstein, with the assumption of the significance level p
equal or lower than 0.05.

The mutagenic rate (MR) is a ratio of a number of induced
revertants to a number of revertants in the control sample.
The control sample was prepared with redistilled water
instead of urine and subjected to the same procedure as the
urine samples (including DMSO and S9 mix). When the
value of the mutagenic activity is >2, the sample is
considered to be mutagenic. Samples exhibiting toxic proper-
ties in the Ames test were excluded from statistical analysis.

Determination of cotinine in urine
The determination of cotinine was carried out using a high
performance liquid chromatography (HPLC) method. A
10 ml aliquot of urine from a sample was mixed with an
internal standard (3,4-dihydrobenzylamine, 20 mg/ml) and
1 ml of saturated borate buffer, pH 9. The prepared sample
was transferred into a tandem of octyl C-8 and silica gel
columns (J T Baker). Cotinine from columns was eluted with
1 ml aliquots of 70% methylene chloride and 30% methanol
containing 1% ammonium hydroxide. The extract was dried
under a nitrogen stream and then reconstructed in a 0.2 ml
mobile phase. Cotinine was determined by HPLC using an
RP-C18 column (Serva) and a spectrophotometric detector
(l= 259 nm). The mobile phase contained 88% water, 12%
acetonitrile, 640 mg/l octanesulphonic acid sodium salt, and
5.95 g/l K2HPO4, pH adjusted to 4 using H3PO4. The range of
determination was 50–2000 ng/ml. The low detection thresh-
old was 20 ng/ml and the coefficient of variation below 10%.31

Determination of cytogenetic endpoints in
lymphocytes
Cultures
Venous blood was taken from each subject using heparinised
vacutainer tubes. Lymphocyte cultures were set up by adding
0.5 ml of heparinised blood to 4.5 ml of chromosome
medium (RPMI 1640, Gibco) supplemented with 20% heat
inactivated fetal bovine serum (Gibco), antibiotics (penicillin
and streptomycin), and L-glutamine. Lymphocytes were
stimulated by 1% phytohaemagglutinin (Gibco).

SCE assay
The cultures were incubated for 72 hours at 37 C̊ in 5% CO2

with 0.25 ml of 5-bromo-29-deoxyuridine (BrdU, Sigma).
Two hours prior to harvesting, Colcemid (Gibco) was added.
The cells were collected by centrifugation, resuspended in a
pre-warmed hypotonic solution (0.075 M KCl) for 20 min-
utes, and fixed in acetic acid:methanol (1:3, v/v).
Chromosome preparations and stained slides were prepared
following the Anthosina and Poriadkowa procedure.32

A total of 50 complete metaphases per donor were scored to
determine the proportion of cells that underwent one, two, or
three divisions. Data from ,50 metaphases were discarded.
The proliferate rate index (PRI) was calculated according to
the formula PRI = (M1+2M2+3M3)/N, where M1, M2, and M3

indicate those metaphases corresponding to the first, second,
and third divisions, and N is the total number of metaphases
scored.33

Main messages

N The biomarkers of genotoxic effects—SCE, HFC, and
MN—are appropriate for surveillance studies of coke
oven workers exposed to PAHs.

N The association found between the probability of
increased SCE in PBL and 1-hydroxypyrene concentra-
tions in post-shift urine suggests that HpU should not
increase the level of 1.0 mmol/mol creatinine.

Policy implications

N Establishment of the quantitative relation between the
level of 1-hydroxypyrene (HpU) and biological effect
measured as SCE frequency can be used for preventive
action in the coke oven industry.
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The percentage of high frequency cells (HFC) for each
individual was estimated using the pooled distribution of all
SCE measurements. HFC was defined as cells that displayed
over the 95th centile of the distribution of SCE per cell in the
control population.34

CA assay
The cultures were incubated for 48 hours at 37 C̊. Two hours
prior to harvesting, colcemid was added to arrest the cells in
metaphase. The cells were collected by centrifugation,
resuspended in a pre-warmed hypotonic solution (0.075 M
KCl) for 25 minutes, and fixed in acetic acid:methanol (1:3,
v/v). Air dried preparations were made and the slides were
stained with Giemsa. A total of 100 well spread metaphases
containing 46¡1 chromosomes was examined for each donor
on coded slides, otherwise the data were discarded.35

MN assay
Briefly, the cultures were incubated at 37 C̊ for 72 hours, and
44 hours after the initiation of cultures, cytochalasin-B
(Sigma) at a concentration of 6 mg/ml was added to arrest
cytokinesis. MN slides were stained with 10% Giemsa in
phosphate buffer. A total of 1000 binucleates cells with well
preserved cytoplasm was examined for each subject on coded
slides and the total number of MN and the frequency of
binucleated cells with MN (BNMN) were scored.36

Comet assay
The test was performed on whole blood cells under alkaline
conditions.37 The slides containing agarose embedded cells
were first immersed in cold, freshly prepared lysing solution
(2.5 M NaCl, 100 mM Na2EDTA, 10 mM Tris-HCl, 1% lauroyl
sarcosinate, 1% Triton X-100; pH 10) for a minimum of one
hour at 4 C̊, to lyse the cells and allow DNA to unfold. After
20 minutes of DNA unwinding in ice cold, high pH
electrophoresis buffer (1 mM Na2EDTA, 300 mM NaOH,
pH 13), electrophoresis was conducted for 30 minutes at
25 V (300 mA). The slides were then neutralised with
dropwise 0.4 M Tris-HCl (pH 7.5), washed three times for
five minutes, and stained with 60 ml of a 496-di-amidino-2-
phenylindole dihydrochloride (DAPI) solution.

Slides were then visually examined using a fluorescence
microscope. One hundred cells were scored at 4006
magnification, and mean comet length was calculated for
each subject. Moreover, cells were graded visually into five
categories (0–4) according to the amount of DNA in the tail,
where 0 indicates undamaged cells and 4 indicates highly
damaged cells.

Questionnaire
A self administered questionnaire was used to determine
present health status; age; duration of occupational exposure;
diet; smoking habits; additional sources of exposure at the
dwelling site (industrial plants, heavy traffic); heating
system; x ray exposition; incidents of cancer diseases in
family.

Statistical analysis
Responses to the questionnaire and analytical data were
stored in a database and statistically analysed using
STATISTICA for Windows, version 9.9, 1997.

The data were examined for normal distribution by the x2

test. Since most variables were not normally distributed we
decided to use non-parametric descriptive statistics (medians
and quartiles). Comparisons between two samples were
performed by the Mann-Whitney U test.

Multiple regression analysis was used to identify the
factors which influenced biomarkers of exposure and
effects. When necessary (HpU, MR, HFC, MN) the variable

distribution was normalised by log transformation. Except
for the smoking habit, the assessment of which was based on
urinary cotinine determination (non-smoking: cotinine con-
centration (400 ng/ml = 0; smoking .400 ng/ml = 1), con-
founding factors were assessed according to responses to the
questionnaire and included: age (years), duration of occupa-
tional exposure to PAHs (for coke oven workers, years),
intake of grilled meals (1 if at least three meals per week;
otherwise 0), intake of home grown vegetables and fruit (0 if
no; 1 if yes, because of high environmental pollution in this
region), additional sources of environmental pollution at a
dwelling site (0 or 1), heating system (presence of coal
burning stoves inside flats = 1, other heating systems = 0),
plant index (1 for the coke plant, 0 for control group),
permanent intake of medicines (0 or 1), medicines taken
recently (0 or 1), x ray exposition during the six months
previous to sampling (0 or 1), incidences of cancer diseases in
family (0 or 1).

To assess the relation between biomarkers of exposure and
effect, Spearman rank correlation analysis was applied on the
data of the total population.

The determinants of increased prevalence of abnormal
values of the variables were identified by applying a logistic
regression model to the data of total population: independent
continuous variables (HpU, MR98, and MR1024 – lognormal)
versus dependent categorical variables (SCE and MN).
Dependent variables were considered abnormal when they
exceeded the 95th centile value of the respective distribution
in the control group (SCE/cell >5 = 1, SCE/cell ,5 = 0; MN
>11 = 1, MN ,11 = 0; HFC were excluded because of the
small number of data). The odds ratios with 95% confidence
limits were calculated to assess the extent of influence of
significant parameters on the increased prevalence of
abnormal values of cytogenetic effects.

RESULTS
All subjects participating in the study filled in a question-
naire. Table 1 presents the characteristics of the control
workers and workers exposed to PAHs. The mean age of
exposed workers was slightly lower than that of the control
group. Both groups were well matched with regard to their
socioeconomic status (workers) and smoking habits. The
number of smokers was higher in the exposed group but the
increase was not significant. Not significant difference
between two groups was also noticed regarding the level of
urinary cotinine.

The level of exposure to PAHs and other mutagenic
substances was assessed by two biomarkers of exposure:
urinary 1-hydroxypyrene and urinary mutagenicity measured
by the Salmonella (Ames) test with TA98 (MR 98) and
YG1024 (MR 1024) strains with metabolic activation
(+S9mix) (table 2). A significant difference between the
control group and the coke oven workers concerning both
biomarkers was observed. Urinary 1-hydroxypyrene and
mutagenic activity were analysed for their association with
confounding factors. Of 12 examined factors, only one—

Table 1 Characteristics of coke oven and control
workers

Parameters
Control
(n = 50)

Coke oven
(n = 50) p value

Age (years)* 43.6 (6.3) 40.2 (7.8) 0.017
Years of exposure to PAHs* 16.0 (7.9)
Number of smokers
(questionnaire)

24 (48%) 33 (66%) NS

n, number of subjects; NS, not significant.
*Mean (SD).
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smoking habit—affected the level of biomarkers of exposure.
The smoking habit significantly increased the level of HpU
only in the control group and the level of MR 98 and 1024
both in the exposed and not exposed workers (table 2).
Significant positive correlation was obtained between
1-hydoxypyrene excretion and urinary mutagenicity, both
for MR98 (rs = 0.478) and MR 1024 (rs = 0.606).

No differences in the level of two biomarkers of biological
effects—CA and DNA damage measured by the Comet
assay—were observed between the control and exposed
group. The mean length of comets was even lower in coke
oven workers than in the control group.

Other effect biomarkers (SCE, HFC, and MN) were,
however, significantly higher in coke oven workers (table 3)
but their level was not associated with the duration of
occupational exposure. The proliferation rate index was
slightly decreased, ranging from 1.9 in the control group to
1.8 in the occupational group. No confounding factor
influenced the level of biomarkers of effects except for the
smoking habit which affected HFC, but only in cases when all
data were analysed together (coke oven workers + control
group). The median HFC in smokers was 10% (n = 31) and in
non-smokers 6% (n = 26).

Nearly all of the studied relations between the biomarkers
of exposure and biomarkers of effect revealed significant
positive correlation with varying strengths of associations
(table 4). Figure 1 presents the relation between the number
of SCE/cell in lymphocytes and urinary HpU concentration in
exposed and control subjects.

A logistic regression analysis was performed to identify the
determinants of increased prevalence of abnormal values of
biomarkers of effects (dependent categorical variables).
Exposure parameters (MR98, MR1024, and HpU) were
independent variables and confounding factors were the
same as listed in statistical methods. It was found that the

concentration of HpU in urine was positively associated with
an increased odds ratio for SCE. MN results were excluded
from the analysis because only 12% of coke oven workers had
the number of micronuclei higher than the value of the 95th
centile in the control group. The odds ratio for SCE was
3.94—that is, one unit increase of log(HpU) rendered the risk
of the prevalence of increased SCE (SCE/cell >5) nearly four
times higher than the chance that the level of SCE would be
below the 5 SCE/cell. Since logistic regression analysis
revealed no confounding effect of smoking, the relation
was established for all data, including smokers (fig 2). The
concentration of HpU that corresponds to a 10% probability
of increased SCE values was 1.8 mmol/mol creatinine. The
prevalence of increased SCE values in lymphocytes did not
significantly exceed the background level (5%) when the
mean concentration of HpU in post-shift urine did not exceed
1.0 mmol/mol creatinine (table 5). The values of coefficients
of the logistic regression equation: y = e (b+ax)/(1+eb+ax)
(with standard errors) were as follows: b = 23.0111 (0.6907),
p = 0.00004; and a = 1.3709 (0.3293), p = 0.00008. When the
logistic regression analysis was applied to the subjects
exposed to PAHs only occupationally, the exposure duration
did not influence significantly any of the biomarkers of effect.

DISCUSSION
Current occupational exposure to PAHs was investigated in
Polish coke oven plants in order to establish whether they
resulted in biological effects which are considered to be
indicators for long term adverse health effects. Biological
monitoring of the internal dose was based on the analysis of
urinary 1-hydroxypyrene and urinary mutagenicity by the
Salmonella assay with TA98 and YG1024 after metabolic
activation. Biological effect monitoring involved SCE, HFC,
CA, and DNA damage by the Comet assay.

Table 2 Biomarkers of exposure in coke oven and control workers

Control Coke oven p value

HpU (mmol/mol creatinine)
0.6 (0.4; 1.1) n = 50 9.0 (5.5; 14.0) n = 50 0.0000
Non-smoking Smoking p Non-smoking Smoking p
0.5 (0.4; 0.6) 0.9 (0.6; 2.0) 0.0063 8.5 (5.4; 13.2) 9.2 (5.8; 16.0) 0.7290
n = 26 n = 24 n = 17 n = 33

MR 98/24 ml
1.2 (0.8; 1.9) n = 45 2.7 (1.5; 4.5) n = 46 0.0018
Non-smoking Smoking p Non-smoking Smoking p
0.9 (0.6; 1.2) 2.2 (1.4; 4.9) 0.0000 1.2 (0.6; 1.6) 3.6 (2.5; 5.7) 0.0000
n = 25 n = 21 n = 16 n = 32

MR 1024/24 ml
5.5 (2.6; 12.1) n = 45 18.2 (7.3; 28.4) n = 47 0.0000
Non-smoking Smoking p Non-smoking Smoking p
2.8 (1.7; 3.9) 15.0 (9.5; 27.5) 0.0000 5.5 (5.1; 8.0) 24.7 (15.2; 33.9)0.0000
n = 25 n = 21 n = 16 n = 32

n, number of subjects.
*Median with quartiles (x25%–x75%).

Table 3 Biomarkers of effects in coke oven and control workers

Parameters Control Coke oven p value

SCE/cell* 3.9 (3.0; 4.5) (n = 45) 5.9 (4.9; 6.3) (n = 40) 0.0000
% HFC* 5 (4; 6) (n = 26) 12 (10; 20) (n = 31) 0.0000
MN/1000 cells* 3 (2; 5) (n = 49) 6 (4; 10) (n = 48) 0.0000
CA/100 cells� (n = 95) 67% 60% 0.5515
Length of comets (mm)* 34.6 (31.4; 40.4) (n = 49) 32.3 (29.0; 37.3) (n = 49) 0.0222

n, number of subjects.
*Median with quartiles (x25%–x75%).
�% of subjects with CA in lymphocytes.
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In our study the clear internal occupational exposure
related to urinary 1-hydroxypyrene concentration and
urinary mutagenicity was found. Many studies aiming at
the assessment of the internal exposure of coke oven
workers to PAHs were based on the determination of
HpU. The concentrations of this biomarker in urine of
coke oven workers were up to 20 mmol/mol creatinine.38

Later investigations performed in West European coke
oven workers revealed lower levels of HpU, not exceeding
in average the concentration of 2 mmol/mol creatinine.10 39 40

Contrary to this tendency, the internal exposure to PAHs
of Polish coke oven workers tends to increase from the level
of 3.6 mmol/mol creatinine7 to 9.0 mmol/mol creatinine
(table 2).

Jongeneelen proposed an end-of-working-week biological
exposure limit of 2.3 mmol HpU/mol creatinine as the
concentration equalling the TWA-TLV of 0.2 mg/m3 of
benzene soluble matter (BSM).41 42 Only one member of our
occupational group had the level of HpU lower than the
proposed benchmark guideline for coke oven workers.

In his review of many papers on HpU as a biomarker of
exposure to PAHs, Bouchard43 found that some authors

suggested a synergistic effect of smoking in combination with
PAH exposure in the work environment on the excretion of
1-hydroxypyrene in urine. On the other hand in several
other studies smoking caused a significant increase in
urinary HpU concentrations only in subjects not occupa-
tionally exposed to PAHs, and the differences in HpU
excretion between smokers and non-smokers disappeared
as exposure levels increased. Our investigations confirmed
these findings. The only difference in HpU level between
smokers and non-smokers was found among the control
subjects. Smoking habit did not influence the differences
between the exposed and not exposed workers, probably
because of the high exposure to PAHs of coke oven workers
which could hide the effect of smoking on HpU level. Similar
results were obtained by Zhang and colleagues,9 but they
found significant difference as regards smoking related HpU
levels neither in the occupational nor in the control group
subjects.

Some research projects involved the determination of
urinary mutagenicity as a biomarker of exposure of coke
oven workers to PAHs. The results indicated that urinary
mutagenicity was not or only slightly related to occupational
exposure and strongly affected by smoking.21 44–46 Other
research revealed that although coke oven workers excreted
significantly more mutagenic substances in urine than the
controls, still the most clear cut difference was between
smokers and non-smokers.7 16 47–49 In our study we found a
clear increase of mutagenic rate in coke oven workers’ urine
with both bacterial strains, but although the increase was
significant the influence of smoking on urinary mutagenicity
was greater than the effect of exposure. Additionally to the
strain TA98 which is usually used in detecting the exposure
to PAHs, we used its derivative YG1024 which overproduces
acetyltransferase and is highly sensitive to the mutagenicity

Figure 1 Relation between SCE in lymphocytes and HpU concentration
in post-shift urine of exposed and control population (n = 85).

Figure 2 Probability of increased SCE as a function of HpU
concentration in post-shift urine.

Table 5 The association of HPU concentration with the
probability of increased SCE (exposed + control
population)

Probability of increased SCE HpU (mmol/mol creatinine)

5% 1.0
10% 1.8

Table 4 Relation between biomarkers of exposure and
effects (exposed + control population)

Spearman rank correlation

rs p

HpU (mmol/mol creat) v
SCE (n = 85) 0.80 0.0000
HFC% (n = 57) 0.91 0.0000
MN (n = 97) 0.35 0.0005

MR 98/24 ml v
SCE (n = 77) 0.30 0.0076
HFC (n = 53) 0.46 0.0005
MN (n = 88) 0.25 0.0196

MR 1024/24 ml v
SCE (n = 78) 0.45 0.0000
HFC (n = 53) 0.53 0.0000
MN (n = 89) 0.21 0.0501

n, number of subjects; rs, Spearman rank correlation coefficient.
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of nitroarenes and aromatic amines. YG1024 turned out to be
up to six times more sensitive than its parent strain as
regards both the occupational and control group. It is worth
mentioning that mutagenic substances were detected also in
the control group, indicating environmental exposure of the
general Silesian population. We found that 100% of urine
samples collected from coke oven workers were mutagenic
towards YG1024 compared with 78% in the control group.
The association between mutagenic rate of urine detected
with both strains and HpU level was significant, confirming
our previous findings that mutagenic effect of urine is a
useful tool in assessing occupational exposure to PAHs at the
group level.7

The assessment of health risks due to PAH exposure based
on the concentration of 1-hydroxypyrene in urine requires an
established quantitative relation between the HpU level and
health effects measured in the exposed population. Some
authors have investigated the association between HpU and
biologically effective dose evaluated by measuring adducts
formed between electrophilic metabolites of PAHs and DNA
in white blood cells or blood proteins (the investigations were
reviewed in Bouchard43). However, studies on the relation
between 1-hydroxypyrene excretion and genotoxic effects in
workers exposed to PAHs, especially in coke oven workers are
very scarce. In some biomonitoring studies of coke oven
workers, biological effects like SCE, HFC, or CA were shown
to be increased due to PAH exposure,6 19 20 22 23 25 26 where as
in other studies no effects were observed.10 17 21 In several
studies the associations between the occupational exposure
to PAHs and biological effects were detected only in workers
who smoked cigarettes.6 21 24 A significantly increased level of
chromosomal aberrations in lymphocytes of coke oven
workers was found in very few research projects.20 26 To our
knowledge no published data on significant induction of MN
in coke oven workers are available, although this biomarker
was applied in some biomonitoring occupational stu-
dies.6 10 21 23 24 In most research involving coke oven workers
SCE and HFC appeared to be more sensitive cytogenetic
biomarkers for biomonitoring of exposure to PAHs than CA
or MN frequencies, and the results of our study confirm that
finding. However, this study showed also the usefulness of
MN in monitoring populations occupationally exposed to
PAHs. Unfortunately we did not observe the occupationally
induced increase of chromosomal aberrations—so far the
only one out of three cytogenetic markers (SCE, CA, MN)
that has been considered to have a predictive value for cancer
risk.50

The comet assay has been increasingly popular over the
past 10 years. The version described by Singh and colleagues
(1988) has been the protocol of choice in biomonitoring
studies. The end point measured by this traditional comet
assay is a mixture of direct strand breaks and DNA damage
that is converted to strand breaks by alkaline treatment. The
term ‘‘DNA damage’’ is used to encompass all types of
damage detected by the traditional comet assay.51 In very few
studies was the comet assay used as a method of monitoring
occupational exposure of coke oven workers. Marczynski and
colleagues40 and Popp and colleagues,17 using the alkaline
filter elution assay, found significantly more DNA strand
breaks in coke oven workers than in the controls. In our
study the comet assay did not prove to be a good tool in
assessing occupational exposure of coke oven workers to
PAHs. The level of DNA damage determined by the length of
the comet tail did not show increase in the occupational
group. Similarly Van Delft and colleagues10 did not find
significant differences in DNA strand breaks between
controls and coke oven workers. Furthermore, no smoking
or GSTM1 and GSTT1 genetic polymorphism related effect
was observed in their study.

Although it has frequently been shown that tobacco
smoking results in increased levels of biomarkers of effect,
various studies often provide mixed results. Smoking induced
the formation of genetic endpoints such as SCE, HFC, or DNA
strand breaks in some studies6 10 17 21 22 24 while in others (or
referring to other biomarkers) no effect of smoking was
reported.10 23 26 40 As in the latest studies, smoking did not
influence significantly any of the applied biomarkers of effect
in Polish coke oven workers.

The influence of exposure duration (in years) of coke oven
workers on the level of effect biomarkers was examined by
Buchet and colleagues.6 They did not identify exposure
duration as a statistically significant determinant of any of
the biomarkers of effects. Our study confirmed that finding,
which may suggest that these biomarkers mainly reflect
recent exposure to genotoxic chemicals.

Since epidemiological studies of cancer mortality related to
long term average urinary 1-hydroxypyrene concentration are
not available and a sound health based limit value of HpU
cannot be set as yet, Jongeneelen42 made an attempt to
propose a three level benchmark guideline for urinary
1-hydroxypyrene. The second level of the benchmark guide-
line—a no-biological-effect level—is the highest reported
level of 1-hydroxypyrene in urine of exposed workers at
which increased genotoxic effects were not observed. This
benchmark guideline was based on the research of Buchet
and colleagues,6 who measured cytogenetic endpoints in
lymphocytes of Belgian workers exposed to PAHs, including
coke oven workers and in the controls. A logistic regression
analysis revealed that post-shift HpU concentration was
positively associated with an increased odds ratio for HFC. In
view of the confounding effect of smoking they established
the relation for smokers and non-smokers separately. They
found that in the non-smoking workers the prevalence of the
increased HFC values in lymphocytes did not significantly
exceed the background level (5%) when the HpU concentra-
tion in post-shift urine did not exceed 2.7 mg/g creatinine
(1.4 mmol/mol creatinine).6 Jongeneelen proposed the level of
1.4 mmol/mol creatinine as the second level of the benchmark
guideline.42

In our study we aimed to confirm the results of Buchet and
colleagues,6 performing the same analysis on the data of
Polish coke oven workers. Since we did not find a
confounding effect of smoking, the association of the
concentration of HpU with the probability of increased SCE
included all data. The results revealed that for preventive
action it seems better to maintain the exposure to PAHs at a
level which prevents an increased prevalence of this
biomarker—that is, below the HpU concentration of
1.0 mmol/mol creatinine. However, although SCE is an
established biomarker of exposure for mutagens or carcino-
gens in the work environment, the long term health
significance of increased SCE is still unknown, and it is not
clear whether that biomarker may serve as a biomarker for a
genotoxic effect resulting in an enhanced cancer risk. Unless
such an association is observed, a sound biological exposure
limit based on the relation SCE-HpU cannot be proposed, the
more so as no induction of CA in PBL of coke oven workers
was observed in our study.

In conclusion, we found that occupational exposure of
coke oven workers resulted in significantly increased
levels of biomarkers of exposure (HpU and mutagenic
rate) and some biomarkers of effect (SCE, HFC, and MN).
SCE and HFC were more sensitive than MN frequencies for
biomonitoring of the exposure to PAHs. The association
found between the probability of increased SCE values and
1-hydroxypyrene concentrations in post-shift urine suggests
that HpU should not increase the level of 1.0 mmol/mol
creatinine.
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