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Abstract Objective: The objective in our study was to
quantitate benzo[a]pyrene (B[a]P) metabolites by a
combination of immunoa�nity chromatography and
high-pressure liquid chromatography (HPLC) with ¯u-
orescence detection in urine from workers exposed to
high levels of polycyclic aromatic hydrocarbons (PAH).
Furthermore, by the simultaneous quantitation of 1-
hydroxypyrene, the correlation between the B[a]P-tetrol
and 1-hydroxypyrene would provide a means of evalu-
ating the validity of 1-hydroxypyrene as a surrogate
biomarker for occupational exposure to the potent car-
cinogen B[a]P in an electrode paste plant. Methods: The
study was carried out at an electrode paste plant that
produces electrode paste for SoÈ derberg electrodes. A
total of 34 pre- and post-shift urine samples and 17
personal air samples were collected from 17 workers
during a normal work week. The concentration of 1-
hydroxypyrene was measured in all urine samples. A
recent method of quantitating B[a]P-r-7, t-8, t-9, c-10-
tetrol in urine of humans exposed to low levels of PAH
has been described. A modi®ed version of this method
involving puri®cation of urine samples on immunoaf-
®nity columns and HPLC analysis with ¯uorescence
detection was used on urine samples from workers ex-
posed to high levels of PAH. A monoclonal antibody
(8E11) with binding a�nity to B[a]P-tetrols was used.
This antibody also binds several PAH-DNA adducts

and metabolites, including 1-hydroxypyrene. Gas chro-
matography/mass spectroscopy (GC/MS) was also used
for identi®cation of metabolites isolated by HPLC
fractionation. Results: From personal air sampling the
mean exposure to particulate PAHs was 38 lg/m3. The
mean concentration of urinary 1-hydroxypyrene was
3.9 lmol/mol creatinine in preshift samples and
10.2 lmol/mol creatinine in postshift samples. We could
not identify detectable amounts of urinary B[a]P-tetrol
by HPLC or ¯uorescence spectroscopy after puri®cation
on immunoa�nity columns. However, in the HPLC
analysis we identi®ed several hydroxyphenantrene me-
tabolites that were detected at relatively high concen-
trations in all of the workers' urine samples. We could
not separate 2- and 3-hydroxyphenanthrene (2 + 3-
OH-Phe) in peak 1, and peak 2 contained both 1- and 9-
hydroxyphenanthrene (1 + 9-OH-Phe). The phenanth-
rene metabolites were mainly conjugated to glucuronic
acid and sulfate. There was a signi®cant correlation
between the 1-hydroxypyrene concentration and 2 + 3-
OH-Phe (r = 0.73) and 1 + 9-OH-Phe (r = 0.64) in
the urine samples. 1-Hydroxypyrene was measured in all
post-shift urine samples but was not signi®cantly cor-
related with workplace pyrene exposure, indicating that
skin exposure is an important route of pyrene exposure
in this factory. As with 1-hydroxypyrene, dermal PAH
uptake may also account for the poor correlation be-
tween 2 + 3- and 1 + 9-OH-Phe and ambient phena-
nthrene. Discussion: Since dermal uptake is likely to be
important in occupational PAH exposure in addition to
inhalation, estimation of total PAH exposure is best
achieved by quantitation of PAHs excreted into body
¯uids. However, it remains unclear whether there might
be a di�erence in uptake and urinary excretion of 3-ring,
4-ring, or 5-ring PAHs and in the correlation between
these metabolites and ambient-air PAH measurements.
In summary, using immuna�nity chromatography, we
did not ®nd detectable amounts of B[a]P-tetrol in urine
from workers occupationally exposed to PAH. How-
ever, by an HPLC/immunoa�nity method, relatively
high amounts of 1-hydroxypyrene as well as 2 + 3- and
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1 + 9-OH-Phe were quantitated in the urine samples,
both of which are relevant as biomarkers of PAH ex-
posure.
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chromatography á 1-Hydroxypyrene á Benzo[a]pyrene-
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Introduction

The mutagenic and carcinogenic e�ects of individual
polycyclic aromatic hydrocarbons (PAHs) and PAH-
containing products such as coal tars have been well
documented in several animal models and in humans
(IARC 1983a, b). PAHs are widespread environmental
pollutants, and methods of reliable monitoring of hu-
man exposure to PAHs as a preventive health measure
are necessary. The most common methods for moni-
toring of occupational PAH exposure are measurements
of the concentration of airborne PAHs (Bjùrseth and
Becher 1986; Mark 1986; Wilsey et al. 1996). However,
monitoring of only the inhalable fraction of PAHs in the
work environment may prove to be insu�cient since
several PAHs have been shown to be absorbed through
the skin and to give an important contribution as com-
pared with exposure by inhalation (VanRooij et al. 1993;
Quinlan et al. 1995; Malkin et al. 1996).

The concentration of the pyrene metabolite 1-hy-
droxypyrene in urine has been widely used as a biological
indicator of occupational exposure to PAHs. 1-Hy-
droxypyrene has been a preferential biomarker because
pyrene is a dominant compound in the PAHmixture and
because it is the main urinary pyrene metabolite and is
well suited for quantitation (Jongeneelen et al. 1987;
évrebù et al. 1995a; Jongeneelen 1997; Bentsen et al.
1998). However, simultaneous determination of several
urinary PAH metabolites by a simple and reliable quan-
titation method would provide a more comprehensive
means of achieving a reliable estimation of overall indi-
vidual exposure to PAH. Because of their carcinogenic
potential to humans, PAHs classi®ed as being carcino-
genic to experimental animals (IARC 1983b) are of par-
ticular interest. By high-pressure liquid chromatography
(HPLC) analysis of urine from aluminum plant workers,
évrebù et al. (1995b) found several peaks originating
from the PAH exposure since they were not present in
nonexposed, nonsmoking controls. Methods for quanti-
tation of several urinary PAH metabolites have been re-
ported (Becher and Bjùrseth 1983; Jacob and Grimmer
1996; Angerer et al. 1997; Grimmer et al. 1997), including
monohydroxy derivates and dihydrodiols of phenanth-
rene, pyrene, chrysene, and benzo[a]pyrene. PAH me-
tabolites originating from more-than-3-ring PAHs are
mainly excreted in the feces (Jacob and Grimmer 1996)
and may therefore be di�cult to detect in urine. Recently,
Weston et al. (1993) detected and quantitated the hy-
drolyzed metabolite B[a]P-r-7, t-8, t-9, c-10-tetrol of the

ultimate carcinogen B[a]P-7,8-diol-9,10-epoxide in the
urine of volunteers consuming a diet of char-broiled food
by a method using immunoa�nity chromatography
(IAC) and reverse-phase HPLC.

The objective in our study was to quantitate urinary
B[a]P metabolites by IAC and HPLC (Weston et al.
1993) and to evaluate this method on workers exposed
to high levels of PAH. A monoclonal antibody (8E11)
with proven binding capacity to B[a]P-tetrols was used
(Santella et al. 1984; Weston et al. 1993). This antibody
has been shown to recognize several PAH-DNA adducts
and metabolites, including 1-hydroxypyrene (Strickland
et al. 1994). Furthermore, by the simultaneous quanti-
tation of 1-hydroxypyrene, the correlation between the
B[a]P-tetrol and 1-hydroxypyrene would provide means
of evaluating the validity of 1-hydroxypyrene as a sur-
rogate biomarker for occupational exposure to the po-
tent carcinogen B[a]P in the electrode paste plant.

Materials and methods

Study group

The study was carried out at an electrode paste plant that produces
electrode paste for SoÈ derberg electrodes. A total of 34 pre- and
postshift urine samples and 17 personal air samples were collected
from 17 workers during a normal work week. A personal ques-
tionnaire was used to record information about work tasks and
smoking habits. The workers performed di�erent work tasks such
as the mixing of calcined ground anthracite with coal tar to pro-
duce electrode paste, the ®lling of paste into molds, or truck
driving, all of which involved exposure to relatively high levels of
PAHs.

Air sampling

A 25-mm closed-face total aerosol sampler (Gelman Sciences, Ann
Arbor, Mich., USA) was mounted near the breathing zone of the
workers. The sampler was equipped with an acrylic copolymer
membrane ®lter with a pore size of 0.8 lm (Versapore 800, Gelman
Sciences). An adsorbent for gaseous PAHs (XAD-2, SKC, Bland-
ford Forum, UK) was placed behind the ®lters. The sampling was
performed with Casella AFC 123 personal pumps (Casella, Lon-
don, UK) at a ¯ow rate of 2 l min)1 over a sampling period of 7±
8 h.

PAH determination

The ®lters were extracted with 2.0 ml dichloromethane containing
an internal standard using Soxhlett extraction for 15 h. The ex-
tracts were concentrated and injection volumes of 2 ll were ana-
lyzed on an HP5890 gas chromatograph (Hewlett-Packard,
Wilmington, Del., USA) with a HP 5970 mass spectrometer. The
gas chromatograph was equipped with an HP-5 column (Hewlett-
Packard, 30 m ´ 0.25 mm inside diameter; df 0.1 lm). The injector
temperature was 250 °C. The oven temperature program was set
as follows: 80 °C for 5 min, increase to 140 °C at 6 °C/min, and
hold there for 15 min before an increase to 220 °C at 4 °C/min
and then hold for 35 min. Finally, the injector temperature was
increased from 220° to 300 °C at 8 °C/min and held for 15 min.
Helium was used as the carrier gas at a constant ¯ow rate of
0.7 ml/min.

PAH collected on XAD was extracted with dichloromethane.
One eluate of 5 ml and two eluates of 3 ml were concentrated at
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50 °C under a stream of nitrogen (Bjùrseth et al. 1978). The eluates
were analyzed separately on an HP 5890 Series II gas chromato-
graph (Hewlett-Packard, Wilmington, Del., USA) equipped with a
¯ame ionization detector (FID) at a temperature of 300 °C. In-
jections were done in the splitless mode with a 2-min splitless time.
A CP-Sil 8 CB fused-silica column (25 m ´ 0.25 mm inside diam-
eter; df 0.25 lm; Chrompack, Raitan, N.J., USA) was used. Heli-
um was used as the carrier gas at a ¯ow rate of 1 ml/min. The oven
temperature was held at 35 °C for 2 min, increased from 35° to
150 °C at 6 °C/min and then from 150° to 310 °C at 10 °C/min,
and held at 310 °C for 15 min. An internal standard method was
used for quanti®cation of the PAH compounds. A total of 17 PAHs
were chosen according to the NIOSH manual of analytical meth-
ods (NIOSH 1994).

Determination of urinary 1-hydroxypyrene

The determination of 1-hydroxypyrene in urine was carried out
essentially according to the method described by Jongeneelen et al.
(1987). In brief, 10 ml urine was treated with an enzyme mixture of
glucuronidase and sulfatase at 37 °C for 16 h (Boehringer Man-
nheim, Germany) and was then puri®ed on a C18 octadecyl silica
cartridge (Sep-Pak, Waters, Milford, Mass.). The sample was
eluted from the C18 cartridge with 10 ml methanol, evaporated to
dryness, and resuspended in 2 ml methanol. Then, 20 ll of this
extract was analyzed by HPLC with a methanol-water and column
temperature of 40 °C. The ¯ow rate was 0.8 ml min)1. A
150 ´ 3.9 mm Nova-pak C18 column (Waters, Milford, Mass.) was
used in a Waters HPLC system equipped with a Perkin-Elmer
LC240 ¯uorescence detector (Beacons®eld, UK; excitation wave-
length 242 nm, emission wavelength 388 nm). The detection limit
was 0.4 pmol/ml for the injection of a 20-ll sample. The urine
samples were corrected for creatinine content (Alessio et al. 1985).
Spiked urine samples containing 1-hydroxypyrene at 10, 20, 40,
100, and 250 nmol/l (Janssen Chimica, Geel, Belgium) were treated
as unknown and used as standards.

Isolation and quantitation of B[a]P-tetrols
in urine by immunoa�nity columns

The isolation and quantitation of B[a]P-metabolites was per-
formed with a method based in principle on that developed by
Weston et al. (1993) for the quantitation of B[a]P-7,10/8,9-tetrol
in human urine. In brief, 10 ml urine was diluted with 20 ml
sodium acetate (pH 5.0). The urine samples were treated with an
enzyme mixture of glucuronidase and sulfatase (Boehringer
Mannheim, Germany) overnight at 37 °C. In addition, some ex-
periments were carried out with acid hydrolysis (0.1 M HCl for
3 h at 90 °C) as described by Weston et al.(1993). The samples
were then puri®ed using octadecasilane chromatography columns
(Sep-Pak C18, Waters, Milford, Mass.) that had been primed with
100% methanol followed by distilled water. The Sep-Pak columns
were washed with distilled water after sample application to re-
move polar materials, and nonpolar materials were eluted with
10 ml 100% methanol. The eluates were dried at 45 °C under a
stream of nitrogen gas and were redissolved in 10 ml phosphate-
bu�ered saline (Sigma Chemical Co., St. Louis, Mo.) for 1 h at
40 °C, which gave a better yield of 1-hydroxypyrene than did
dissolution in 1 ml H2O as described by Weston et al. (1993). The
eluates were then subjected to IAC with a monoclonal antibody
(8E11) directed against BPDE-modi®ed DNA (Santella et al.
1984), which has a proven binding a�nity for urinary ben-
zo[a]pyrene-tetrol (Weston et al. 1993). The immunoa�nity col-
umns were prepared with the A�nica antibody orientation kit
from Schleicher & Schuell (Keene, N.H., USA). Prior to use we
tested the columns for recovery by applying 6400 fmol B[a]P-r-7,
t-8, t-9, c-10-tetrahydrotetrol standard (NCI, Kansas City, Mo.)
in 1 ml H2O. The recovery was >75%.

Materials not bound to the antibodies were removed with 5 ml
TRIS-HCl (10 mM, pH 7.4). Bound material was eluted with 4 ml

100% methanol. The methanol fractions were dried at 45 °C under
nitrogen gas and redissolved in 450 ll 10% methanol, and sample
injections of 200 ll were analyzed by HPLC. A 150 ´ 3.9 mm
Nova-pak C18 column (Waters, Milford, Mass.) was used in an
HPLC system equipped with a Perkin-Elmer LC240 ¯uorescence
detector (Beacons®eld, UK). The extracts were eluted with a
methanol-water gradient of 30±100% methanol for 40 min and
were held for 10 min at 100%, and the methanol content was then
reduced to 30% in 1 min and held for 19 min before the next in-
jection. The column temperature was 40 °C and the ¯ow rate, 1 ml
min)1. The ¯uorescence detection was carried out at an excitation
wavelength of 341 nm and an emission wavelength of 381 nm. The
detection limit of the assay was 0.02 pmol B[a]P-r-7, t-8, t-9, c-10-
tetrol/ml for a 10-ml urine sample.

The following phenanthrene standards were obtained from J.
Jacob (Jacob et al. 1996): 1-, 2-, 3-, 4-, and 9-OH-Phe; 1,2-diOH-
Phe; and 3,4-diOH-Phe. The concentrations of the monohy-
droxyphenanthrene standards were determined by UV absorption.
The concentrations of the phenanthrene metabolites detected in the
urine samples were estimated on the basis of the 1-hydroxypyrene
standard and were corrected by comparison between the 1-hy-
droxypyrene standard and the monohydroxyphenanthrene stan-
dards. Peak 1 contained 2 + 3-OH-Phe, and peak 2 contained
1 + 9-OH-Phe. We calculated the average ¯uorescence extinction
coe�cients for peak 1 and peak 2 on the basis of the distribution of
the di�erent monohydroxylated phenanthrene metabolites in other
occupational exposure studies (Grimmer et al. 1993; Angerer et al.
1997; Popp et al. 1997). Approximate quantitations were
achieved by assuming that peak 1 contained 33% 2-OH-Phe and
67% 3-OH-Phe and that peak 2 contained 6% 9-OH-Phe and 94%
1-OH-Phe.

Fluorescence analysis of HPLC fractions

Samples of the unknown peaks were collected from the HPLC
system in fractions of 0.5 ml and were analyzed by ¯uorescence
spectrophotometry on a Shimadzu RF-5000 spectro¯uorophoto-
meter (Shimadzu, Kyoto, Japan). The characteristics of the ¯uo-
rescence spectra were compared with those of synthetic
phenanthrene standards by the following method: an excitation
scan was run from 200 to 350 nm, with ®xed emission wavelengths
ranging between 360 and 383 nm, and an emission scan was run
from 300 to 450 nm, with ®xed excitation wavelengths ranging
between 251 and 255 nm.

Capillary gas chromatography analysis and mass
spectrometric identi®cation of unknown metabolites in urine

The two HPLC peaks containing the unknown metabolites (Fig. 1)
were preparatorily separated. The fractions were silylated (Jacob
and Grimmer 1988) and subjected to analysis on a Varian MAT
112S mass spectrometer in conjuction with a Perkin-Elmer PE 8320
gas chromatograph (GC). The mass spectrometer operated at
70 eV. GC separation was achieved by a Nordibond 25-m ´ 0.32-
mm SD54 coated silica capillary (Nordion, Helsinki, Finland).
After injection of the sample at 100 °C the following temperature
program was applied: (1) from 100° to 120 °C at 30 °C/min fol-
lowed by 3 min of isothermic heating, (2) from 120° to 150°C at
10 °C/min, and (3) from 150° to 275°C at 3°C/min.

Statistical analysis

The data sets with skewed distributions were log-transformed be-
fore analysis using the Pearson correlation test. The analyses were
carried out on SPSS 6.1 statistical software (SPSS Inc., Chicago).
The comparison between the two quantitative methods used for
measurement of urinary 1-hydroxypyrene was carried out accord-
ing to the method described by Bland and Altman (1986).
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Results

The mean concentration of PAH and the distribution of
selected PAH compounds in the particulate and gaseous
phase that were collected on personal samplers in the
electrode paste plant are presented in Table 1. Among
the PAHs, high concentrations of the volatile anthracene
and phenanthrene and of the semivolatile compounds
¯uoranthene and pyrene were measured in the work
atmosphere.

We used an HPLC method for the quantitation of
PAH metabolites in the urine of samples prepuri®ed by
C18 Sep-pak and immunoa�nity columns with an anti-
body against B[a]P-tetrol. We could not identify B[a]P-
tetrol in the workers' urine after deconjugation either by
enzyme hydrolysis (Fig. 1) or by acid hydrolysis prior to

IAC. Samples not hydrolyzed by acid or by enzymes
(glucuronidase and sulfatase) gave only negligible peaks
in the HPLC chromatograms with retention times sim-
ilar to those of the B[a]P-tetrol isomers. The chemical
structure of B[a]P-r-7, t-8, t-9, c-10-tetrahydrotetrol is
presented in Fig. 2.

Experiments were carried out to test whether 1-hy-
droxypyrene competed with B[a]P-tetrol for antibody
binding on the immunoa�nity columns. At concentra-
tions of up to 5 pmol/ml for B[a]P-r-7, t-8, t-9, c-10-
tetrahydrotetrol and 200 pmol/ml for 1-hydroxypyrene
in H2O, which approximately equals the average 1-hy-
droxypyrene concentrations detected in the urine sam-
ples, competition for antibody binding sites between
1-hydroxypyrene and B[a]P-tetrol was not shown.

We found two peaks in the HPLC chromatograms
obtained from all the urine samples subjected to enzyme
hydrolysis and IAC (Fig. 1). Identi®cation of these was
attempted by gas chromatography/mass spectroscopy
after silylation of isolated HPLC fractions. The results
were inconclusive due to insu�cient amounts. However,
fragments of dihydrodiol oxygen-trimethylsilyl (OTMS)
ethers indicating a K-region dihydrodiol con®guration
and, possibly, another with a non-K-region dihydrodiol
con®guration were detected, which may be attributable
to phenanthrene metabolites. Chromatographic com-
parison between phenanthrene metabolites showed that
peak 1 corresponded to 2-OH-Phe and 3-OH-Phe and
peak 2 corresponded to 1-OH-Phe and 9-OH-Phe. There
were only small di�erences in the ¯uorescence spectra
obtained for 2-OH-Phe and 3-OH-Phe, and the two
phenanthrene metabolites could not be separated on the
HPLC chromatogram. When acid hydrolysis of the
urine samples was carried out before IAC, peaks with
retention times similar to those of 2-+3-OH-Phe and 1-
+9-OH-Phe were found, but in considerably lower
amounts than after enzyme hydrolysis. We tested the
binding of monohydroxylated phenanthrene standards
on the immunoa�nity column, and the recovery varied.
An average of 58% of 1-OH-Phe and 63% of 2-OH-Phe
was recovered, as was 76% of 3-OH-Phe and 43% of 4-
OH-Phe. For 9-OH-Phe the average recovery was 41%
after IAC. We also tested the binding of 1,2-diOH-Phe
and 3,4-diOH-Phe to the immunoa�nity column and
found approximately 20% binding of 1,2-diOH-Phe but
no binding of 3,4-diOH-Phe.

Fig. 1 Top: HPLC analysis of an electrode paste-plant worker's
urine, showing the hydroxyphenanthrene metabolites and 1-hydroxy-
pyrene levels measured in every worker's urine sample analyzed after
immunoa�nity chromatography. Bottom: An analysis of the four
main isomeric B[a]P-tetrol standards (in the following order: B[a]P-r-
7, t-8, t-9, c-10-tetrol; B[a]P-r-7, t-8, c-9, t-10-tetrol, B[a]P-r-7, t-8, t-9,
t-10-tetrol; and B[a]P-r-7, t-8, c-9, c-10-tetrol), comparing their
retention on the chromatogram with that of the hydroxyphenanth-
renes. In the postshift urine chromatogram the concentration of 1-
hydroxypyrene is 1.73 lmol/mol creatinine as measured with the
immunoa�nity method. The concentration of 2 + 3-OH-Phe (peak
1) is 4.05 lmol/mol creatinine and the concentration of 1 + 9-OH-
Phe (peak 2) is 0.96 lmol/mol creatinine. For mean values, see
Table 3

Fig. 2 Chemical structure of B[a]P-r-7, t-8, t-9, c-10-tetrol, one
hydrolysis product of BPDE-I (r-7,t-8-dihydroxy-t-9,10-oxy-7,8,9,10-
tetrahydrobenzo[a]pyrene)
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The pyrene metabolite 1-hydroxypyrene was detected
in all samples analyzed. The average urinary concen-
tration of 1-hydroxypyrene was 3.9 (SD 3.2;
n = 17) lmol/mol creatinine in preshift urine samples
and 10.2 (SD 6.6; n = 17) lmol/mol creatinine in
postshift urine samples.

Urinary 1-hydroxypyrene was measured by both the
IACmethod and a standard HPLCmethod (Jongeneelen
et al. 1987). The correlation coe�cient between 1-hy-
droxypyrene concentrations quantitated by the two dif-
ferent methods was 0.70 (P < 0.001, n = 34; Table 2).
The agreement between the two methods for the mea-
surement of urinary 1-hydroxypyrene was also assessed
according to the method described by Bland and Altman
(1986) by calculation of the bias estimated by the mean
di�erence. No consistent bias was found between the two

methods. The concentrations of 1-hydroxypyrene re-
corded in our results are those measured by the standard
method according to Jongeneelen et al. (1987).

The correlation coe�cients between the monohy-
droxylated phenanthrene metabolites and 1-hydroxypy-
rene are listed in Table 2. Signi®cant correlation
coe�cients of 0.73 and 0.64 were found. We calculated
the average amount of 2 + 3-OH-Phe (peak 1) and
1 + 9-OH-Phe (peak 2; expressed in micromoles per
mole of creatinine) to be 31% and 69%, respectively,
using an average ¯uorescence extinction coe�cient as
described in Materials and methods. The correlation
coe�cients were very low between the biomarkers 2-+3-
OH-Phe, 1-+9-OH-Phe, or 1-hydroxypyrene in post-
shift urine samples and air concentrations of particulate
PAH, benzo[a]pyrene, or particulate and gaseous an-
thracene, ¯uoranthene, phenanthrene, and pyrene. The
correlation coe�cient between postshift urinary 1-hy-
droxypyrene and pyrene (sum of the particulate and the
gaseous phases) was 0.30 (P = 0.25, n = 17), and it was
0.39 (P = 0.12, n = 17) for both 2-+3-OH-Phe and 1-
+9-OH-Phe as correlated with the sum of particulate
and gaseous phenanthrene.

In the HPLC analysis the mean concentration of
2 + 3-OH-Phe detected in both pre- and postshift urine
samples was about 25% of that measured for 1-hy-
droxypyrene with the Jongeneelen method, and the
amount of 1 + 9-OH-Phe was about 12% (Table 3).
The average ratios between the concentrations of 1-hy-
droxypyrene, 2 + 3-OH-Phe, and 1 + 9-OH-Phe de-
tected in preshift and postshift urine samples are shown

Table 1 PAH exposure measurements of samples collected with personal samplers in the electrode paste plant (n = 17). Distribution of
PAHs in the particulate and gaseous phase (lg/m3) (ND Not detected)

PAH compound Particulate phase Gaseous phase % In gaseous phase

Mean SD Median Mean SD Median Mean Median

Anthracene 3.9 5.2 2.7 16.6 37.1 6.0 81.0 69.0
Phenanthrene 13.2 13.7 9.6 148.0 268.4 44.5 91.8 82.3
Fluoranthene 7.6 8.0 5.4 18.4 32.8 6.3 70.8 53.8
Pyrene 3.5 3.8 2.5 9.0 15.0 3.5 72.0 58.3
Benzo[a]pyrene 0.3 0.3 0.2 ND ND ND 0 0
PAHa 38.0 41.6 23.3

a Sum of 17 PAHs according to NIOSH (1994). Particulate phase only

Table 2 Correlation coe�cient (Pearson) between 1-hydro-
xypyrene, 2 + 3-OH-Phe, and 1 + 9-OH-Phe (all urine samples,
n = 34)a

1-HP 1 1-HP2 IAC 2 + 3-OH-Phe

1-HP2 IAC 0.70
(P < 0.001)

2 + 3-OH-Phe 0.73 0.63
(P < 0.001) (P < 0.001)

1 + 9-OH-Phe 0.64 0.67 0.82
(P < 0.001) (P = 0.001) (P < 0.001)

a 1-HP1 = standard HPLC method (Jongeneelen et al. 1987), 1-
HP2 IAC = immunoa�nity column method; all data are natural
log-transformed

Table 3 Measurements of 1-hydroxypyrene and phenanthrene metabolites (lmol/mol creatinine) and the ratio between these compounds
in urine from electrode-paste plant workers (n = 34)a

PAH compound Preshift urine samples Postshift urine samples Signi®cance (P)b

Mean SD Median Mean SD Median Pre-/postshift urine samples

1-HP1 3.93 3.20 2.57 10.20 6.58 8.94 <0.001
1-HP2IAC 0.95 1.62 0.40 1.38 1.10 1.16 0.01
2 + 3-OH-Phe 0.88 0.47 0.80 2.70 2.73 1.82 0.001
1 + 9-OH-Phe 0.50 0.29 0.55 1.11 1.30 0.85 0.02
1-HP2IAC/2 + 3-OH-Phe 0.99 1.29 0.65 0.59 0.40 0.43 0.29
1-HP2IAC/1 + 9-OH-Phe 1.75 2.03 1.39 1.49 0.96 1.33 0.76
2 + 3-OH-Phe/1 + 9-OH-Phe 2.06 0.84 1.97 2.82 1.08 2.66 0.002

a 1-HP1=standard HPLC method (Jongeneelen et al. 1987), 1-HP2

IAC=immunoa�nity column method

b Wilcoxon matched-pair signed-rank test
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in Table 3. 1-Hydroxypyrene measured by the IAC
method was used for ratio comparisons since the hy-
droxyphenanthrene metabolites were analyzed by this
method. The ratios varied in relation to the time elapsing
since the PAH exposure, indicating that the elimination
half-life of the metabolites are di�erent. The results in-
dicate that both 2 + 3-OH-Phe and 1 + 9-OH-Phe
have a shorter half-life than does 1-hydroxypyrene.

Discussion

In the present study we examined exposure to PAH and
the excretion of PAH metabolites in the urine of workers
in an electrode paste plant. The workers were exposed to
relatively high levels of PAH, which provided the op-
portunity to study various urinary PAH metabolites. 1-
Hydroxypyrene was measured in all postshift urine
samples but was not signi®cantly correlated with the
workplace pyrene exposure; this observation was in ac-
cordance with the results of a larger study conducted at
the same electrode paste plant (Bentsen et al. 1998).
Recent studies have shown that there is a signi®cant
absorption of PAHs through the skin of PAH-exposed
workers (VanRooij et al. 1992, 1993; Boogaard and van
Sittert 1994; Malkin et al. 1996). Skin exposure may
therefore account for the poor correlation observed be-
tween the urinary pyrene and phenanthrene metabolites
and ambient-air PAHs in this factory.

We attempted to measure urinary benzo[a]pyrene
(B[a]p) metabolites, but these metabolites were not de-
tected by HPLC or ¯uorescence spectroscopy after pu-
ri®cation on immunoa�nity coloumns. The antibody
used has a known a�nity for B[a]P-tetrols (Santella et al.
1984). This antibody was also used by Weston et al.
(1993), who detected B[a]P-r-7, t-8, t-9, c-10-tetrol in the
urine (0.24±3.12 pmol/ml) of individuals who had con-
sumed a diet including large quantities of char-broiled
meat. Becher and Bjùrseth (1983) found B[a]P metabo-
lites at 0±0.58 lmol/mol creatinine in urine from alu-
minum reduction workers with a typical workplace PAH
exposure of 100 lg/m3, whereas Jongeneelen et al.
(1987) did not detect hydroxylated metabolites of B[a]P
in urine samples from creosote-exposed workers. B[a]P
metabolites are typically scarce in human urine samples
and are preferentially excreted via the bile into the feces
(Jacob and Grimmer 1996). The simultaneous determi-
nation of 1-hydroxypyrene and 3-hydroxybenzo[a]py-
rene in the urine of coke-oven workers showed 200- to
2000-fold higher concentrations of 1-hydroxypyrene as
reported by Jongeneelen (1997).

In all of the workers' urine samples we detected rela-
tively high concentrations of 2 + 3-OH-Phe (peak 1 in
Fig. 1) and 1 + 9-OH-Phe (peak 2 in Fig. 1). The hy-
droxyphenanthrene metabolites were mainly conjugated
to glucuronic acid and sulfate, since only small quantities
were found when enzyme treatment of the urine samples
was omitted. The proportion of 2 + 3-OH-Phe (peak 1)
and 1 + 9-OH-Phe (peak 2) was approximately 31%

and 69%, respectively, which is similar to the distribution
found in occupational exposure studies by Popp et al.
(1997; 38±62%) and Grimmer et al. (1993; 28±72%).

There was a signi®cant correlation between 1-hy-
droxypyrene and 2 + 3-OH-Phe and 1 + 9-OH-Phe in
the workers' urine. This is reasonable since in workplace
exposure, individual PAHs have been shown to correlate
(évrebù et al. 1994). The correlation coe�cients ob-
served between di�erent PAH metabolites give infor-
mation about the usefulness of, for example,
1-hydroxypyrene as a single PAH exposure marker. 1-
Hydroxypyrene was excreted at a slower rate than the
hydroxyphenanthrenes, probably due to its higher mo-
lecular weight.

The recovery of hydroxyphenanthrene standards af-
ter IAC was tested and varied from 41% to 76%. Also
as experienced by Weston et al. (1993), the recovery of
urinary PAH metabolites by IAC was not 100%;
therefore, the IAC method is only semiquantitative. The
lower recovery most likely explains the lower concen-
trations of 1-hydroxypyrene measured by the IAC
method as compared with the standard method de-
scribed by Jongeneelen et al. (1987; Table 3).

Because of the high concentrations of several PAHs
measured in the work atmosphere, including anthracene,
phenanthrene, ¯uoranthene, and pyrene, these are likely
to be absorbed into the body and excreted in relatively
large amounts in urine. As with 1-hydroxypyrene, der-
mal PAH uptake may also account for the poor corre-
lation observed between the phenanthrene metabolites
and measured PAHs. In their study of four coke-plant
workers, Jacob and Grimmer (1996) found good corre-
lation between the inhaled amounts of phenanthrene
and those of its phenol and dihydrodiol metabolites.
Although this was not the case in our study, the corre-
lation between the concentration in air and the urinary
metabolites was better for phenanthrene than for pyrene
among coke-oven workers (Popp et al. 1997).

Metabolites of phenanthrene have been identi®ed in
urine from PAH-exposed workers by several authors
(Grimmer et al. 1993; Angerer et al. 1997; Popp et al.
1997). In the studies of Grimmer et al. (1993) and Popp
et al. (1997) the most prominent metabolite excreted was
a phenanthrene dihydrodiol conjugate. The gas chro-
matographic determination of phenanthrene dihy-
drodiols described by Grimmer et al. (1993) is complex
and laborious, whereas Angerer et al. (1997) enrich the
metabolites on a precolumn consisting of copper
phthalocyanine-modi®ed silica gel and use an HPLC
method for the quantitation of monohydroxylated
phenanthrene metabolites (1-, 2 + 9-, 3-, and 4-hy-
droxyphenanthrene), which accounted for about 10% of
the total phenanthrene metabolites.

Because PAH exposure in several industries now
appears to be the result of dermal uptake in addition to
inhalation exposure (VanRooij et al. 1992; Boogard and
van Sittert 1994; Malkin et al. 1996; Bentsen et al. 1998),
estimation of total PAH exposure is best achieved by
quantitation of PAHs excreted into urine or other body
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¯uids. Since the introduction of urinary 1-hydroxypy-
rene as a biomarker for human exposure assessment, it
has gained acceptance as a valid and sensitive indicator
of occupational PAH exposure (Jongeneelen 1997).
However, it remains unclear whether there is a di�erence
in the uptake and excretion of 3-ring, 4-ring, or 5-ring
PAHs and in the correlation between these metabolites
and ambient-air PAH measurements. As a surrogate
marker for carcinogenic PAHs, more knowledge of these
relationships is important in the evaluation of 1-hy-
droxypyrene as a biomarker for total PAH exposure.

Immunoa�nity columns are e�ective in the puri®ca-
tion of urine samples (Strickland et al. 1994). Besides,
various immunoassays have been used to quantitate
urinary PAH metabolites (Gomes and Santella 1990;
Herikstad et al. 1993). Thus, by the acquisition of
greater knowledge of compound-antibody speci®city it
should be feasible to quantitate several PAH metabolites
after puri®cation on immunoa�nity columns.

In summary, we isolated two monohydroxyphena-
nthrene metabolites that, in addition to 1-hydroxypy-
rene, are relevant as biomarkers of PAH exposure by an
HPLC/IAC method, which gives us the opportunity to
establish even more reliable means of determining oc-
cupational PAH exposure.
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