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and non-smokers
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Phenanthrene metabolites (phenols and dihydrodiols) and 1-hydroxypyrene excreted
in the 24-h urine of smokers, non-smokers and lung cancer patients, who after heavy
smoking became light smokers, were determined and compared. In contrast to 1-
hydroxypyrene, no significant differences of the absolute amounts of phenanthrene
metabolites were found between smokers and non-smokers. A ratio phenanthrene
metabolites/l-hydroxypyrene of 10.4 was observed for non-smokers and 9.9 for lung
cancer patients, but 4.2 for smokers. Significantly different ratios for the regiospecific
oxidation of phenanthrene were found for smokers when compared with non-smokers
(1,2-oxidation vs 3,4-oxidation was 1.45 in the case of smokers, but 2.34 in the case of
non-smokers) indicating a cigarette smoke- but not PAH-caused induction of CYP 1A2 in
smokers. As a consequence of the degree of PAH exposure the ratio dihydrodiols/phenols
depends on the total amount of metabolites excreted. Phenols predominate, equally in
smokers and non-smokers after low exposure, while dihydrodiols become more prominent
in highly exposed persons (coke plant workers). Both (i) the regiospecific oxidation of
PAH and (ii) the ratio of dihydrodiol vs phenol formation may be recognized from the
urinary phenanthrene metabolite profile. This pattern mirrors the enzymatic status
(balance of the CYP isoforms and epoxide hydrolase) in individuals. Accordingly, more
detailed information may be obtained from the urinary metabolite pattern than from 1-
hydroxypyrene, commonly used in PAH biomonitoring.

Keywords: biomonitoring, urinary excretion, phenanthrene metabolites, 1-hydroxypyrene,
smokers, non-smokers, lung cancer.

Abbreviations: PAH, polycyclic aromatic hydrocarbons; CYP450, cytochrome P450;
GC, gas chromatography; MS, mass spectrometry; phenanthrene 1,2-dihydrodiol,
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3,4-dihydrophenanthrene; phenanthrene 9,10-dihydrodiol, 9,10-dihydroxy-9,10-dihydro-
phenanthrene.

Introduction

In most biomonitoring studies of PAH-exposed individuals, 1-hydroxypyrene
has been used as a marker metabolite (Jongeneelen et al. 1985, 1988; Clonfero et al.
1989, Jacob et al. 1989, Zhao et al. 1990, Angerer et al. 1992, van Rooij et al. 1993a,b,
Vu-Duc and Lafontaine 1996, Mannschreck et al. 1996, Kuljukka et al. 1997). In
rats (Jongeneelen et al. 1985) and humans (Zhao et al. 1990, Grimmer et al. 1994,
Kuljukka et al. 1997) a correlation between exposure to pyrene, or even to
polycyclic aromatic hydrocarbons in general (Jongeneelen et al. 1990, Buchet et al.
1992, Levin et al. 1995, Mannschreck et al. 1996, Kuljukka et al. 1997) and the
urinary excretion of 1-hydroxypyrene has been stated. This correlation might be
expected based on the assumption of constant PAH-profiles in which the ratio
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between pyrene and other PAH does not either vary with time or specifically
depend on the kind of emission source. There are, however, also indications that
this correlation may depend to a certain extent on individual parameters (Jacob and
Grimmer 1996). More detailed information on the metabolic status can be obtained
from the profile of urinary phenanthrene metabolites, since (i) this PAH is
metabolized at three different molecular regions (1,2-; 3,4- and 9,10-position)
significantly depending on the various CYP450 isoforms involved in the oxidation
process (Jacob et al. 1996) and (ii) in contrast to pyrene, phenanthrene is also
converted from the primarily formed arene epoxides by epoxide hydrolase to three
different dihydrodiols (Sims 1970, Jacob et al. 1982). Since trans-dihydrodiols of
various PAH (e.g. benzo[a]pyrene or dibenzo[a,/]pyrene) have been found to
operate as proximate carcinogens their formation plays a central role in PAH-
induced tumorigenesis.

There are controversial data on whether significant differences between
smokers and non-smokers exist regarding the urinary excretion of 1-hydro-
xypyrene. This may at least partially be due to the fact that the exposure to pyrene
by ambient air and by dietary intake is in the same order of magnitude as that
caused by cigarette smoking. Elevated 1-hydroxypyrene concentrations in smokers
have been reported in some studies (Jongeneelen et al. 1990, Sherson et al. 1992,
van Rooij et al. 1994, Levin et al. 1995, Angerer et al. 1997), whereas in others no
such effect could be verified (Jongeneelen et al. 1988, Martin et al. 1989, Zhao et al.
1992, Ny et al. 1993).

The goal of the present study was to investigate whether effects of cigarette
smoking on the metabolism of PAH exist that can be recognized from the profile of
urinary phenanthrene metabolites (phenols and dihydrodiols). To this end, 10
smokers (nine heavy and one occasional smoker) and 10 non-smokers have been
investigated over a period of 8 months and their urine collected once every 6 weeks.
In addition, the urine of 10 smokers suffering from lung cancer was collected 24 h
prior to surgical treatment and all samples analysed for phenanthrene and pyrene
metabolites.

Materials and methods

Chemicals

Sephadex LH 20 was purchased from Pharmacia Biotech (D-79111 Freiburg, Germany), B-
Glucuronidase/Arylsulphatase ex Helix pomatia from Boehringer Mannheim (D-68305 Mannheim,
Germany) and other chemicals from Sigma-Aldrich Chemie (D-82041 Deisenhofen, Germany) except
1-hydroxypyrene which was obtained from Promochem GmbH (D-46469-Wesel, Germany). All PAH
metabolites (1, 2-, 3-, 4- and 9-hydroxyphenanthrene, phenanthrene-1,2-; 3,4- and -9,10-dihydrodiol)
were synthesized as previously described (Jacob ez al. 1996). Solvents were freshly distilled before use.

Collection of urine

Urine sample were collected during 24 h from 10 non-smoking and 10 smoking probands (nine of
which smoked > 25 cigarettes per day and one was an occasional smoker consuming 5-10 cigarettes per
week) as well as from 10 smoking lung cancer patients. The samples were deep-frozen and stored at
—70 °C until analysed and defrosted prior to clean-up. From the healthy probands, samples were taken
every 6 weeks during a total period of 8 months, whereas urine of the patients was sampled only once 24
h prior to surgical treatment. All individuals were fully informed on the objective of the ongoing study.
Data were anonymized.

Clean-up of the urine samples
T wo parallel subsamples of urine (150 ml each) are buffered to pH 5.67 with sodium acetate (2 N;
1 ml) and acetic acid (2 N; 1 ml). Then 0.3-3 ocg d, -phenanthrene and d,,-chrysene are added as internal
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standards. After addition of 100 ul B-glucuronidase/arylsulphatase and 100 ml benzene the sample is
shaken for 16 h at 37 °C.

Phenols from the first subsample are collected in the benzene phase which is separated and washed
with 10 ml water (pH 5.7). The benzene extract is evaporated to a final volume of 2 ml (rotatory
evaporator, 65 mbar, 35 °C, pressure equilibration under nitrogen).

For the determination of the original phenols the extract from the first subsample is methylated,
while the second subsample is acidified with 2 N KCI and 2 N hydrochloric acid to give a final pH of 2.0
and shaken for 16 h at 37 °C to convert dihydrodiols into phenols.

For the determination of the dihydrodiols (as the difference between the total phenols obtained after
acidic treatment and the original phenols) the acidified sample is treated as above.

The two different subsamples containing now phenols exclusively ([i] original phenols and [ii]
phenols formed from the dihydrodiols by acid-catalysed water elimination plus original phenols) are
then derivatized to the corresponding methyl ethers by treatment with diazomethane. To this end, 2 ml
of methanol and 20 ml of diazomethane in ether [20 g N-methyl-N-nitroso-4-toluenesulphonamide is
dissolved in 100 ml ether, cautiously added to an aqueous/methanolic solution of potassium hydroxide
under stirring (50 ml, 15 % KOH, 40 °C) and the diazomethane solution in ether distilled] are added to
the phenols-containing benzene solution. After 3 h at room temperature, the mixture is evaporated to
1 ml

T he residue is distributed between cyclohexane (20 ml), benzene (10 ml) and water (20 ml) and the
cyclohexane/benzene phase washed with another 20 ml of water. The cyclohexane/benzene phase is
evaporated to 1 ml and filtered through silica (1.5 g; 13 % water content) by elution with 80 ml
cyclohexane. The solvent is evaporated to a volume of 1 ml to which 2 ml of propanol-2 are added to
remove the remaining cyclohexane by further evaporation. The residue is purified by LH 20 Sephadex
chromatography (5 g) with propanol-2 as eluent (20 m1h™!). The fraction 18-80 ml contains the
methoxyphenanthrenes and 1-methoxypyrene.

Gas chromatography,/mass spectrometry (GC/MS)

The GC separation of the methoxy derivatives is carried out using a Hewlett Packard (HP) 5890
Series II instrument equipped with a split/splitless injector and a PTE 5 Supelco 30 m x0.25 mm
column (0.2 com film thickness). An HP-MSD 5972 mass detector is used as detector and an HP-
chemstation-MS as integrator. The sample (1 ul) is injected at 250 °C. The following temperature
programme results in an optimum resolution of the peaks; (1) 75 °C to 140 °C with 15 °C min™}; (2)
140 °C to 175 °C with 2 °C min™! (3) 175 °C to 280 °C with 10 °C min~!. The split is opened 1.5 min
after injection.

For the quantitation, the molecular ion (M*) and the fragments (M-15) and (M—43) are used relating
them to the integral of the molecular ion of the internal standards (d,,-phenanthrene and d,,-chrysene)
after calibration. Further details of the method (reproducibility, variation coefficients, standard
deviation, quantitation of the acid-catalysed water elimination from dihydrodiols) have been published
elsewhere (Grimmer et al. 1997b).

Results and Discussion

Mean and standard deviations of the absolute amounts of phenanthrene
phenols and dihydrodiols as well as those of 1-hydroxypyrene excreted in the urine
of 10 male smokers (nine smoker and one occasional smoker) and 10 male non-
smokers during 24 h over a period of 8 months (one measurement every 6 weeks)
are presented in table 1. In the table also the ratio (i) 1,2- vs 3,4-oxidation products
of phenanthrene, (ii) phenanthrene dihydrodiols vs phenanthrene phenols and (iii)
total phenanthrene metabolites vs 1-hydroxypyrene are shown.

The table also compiles data obtained from urine samples of lung cancer
patients (all initially were heavy smokers [20-40 cigarettes per day] who then
became light smokers [3-6 cigarettes per day]) collected 24 h prior to surgical
treatment.

The amounts of urinary phenanthrene metabolites do not significantly depend
on smoking. Although slightly higher concentrations were found in the case of
smokers (means of 10 smokers vs 10 non-smokers were 2528 + 1074/2270 + 1242 ng
total phenanthrene metabolites/24-h urine) the variation was comparably large for
both groups. For the lung cancer patients the variation was even greater (2861 +
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Table 1. Phenanthrene metabolites and 1-hydroxypyrene excreted in the urine (ng per 24 h) by
smokers and non-smokers measured at six time-points over a period of 8 months and cancer patients®)
(means and standard deviations).

Smokers Occasional smoker Non-smokers Cancer patients®
n=9, m= 54" n=1,m=6" n=10, m=60° n=10, m=10°
MW SD MW SD MW SD MW SD
Phenanthrene phenols
(total) 1654 +665 1817 + 836 1422 +739 1492 +1071
1-OH 412 +179 761 +418 542 +344 380 +301
2-OH 315 +160 411 +197 284 +155 387 +284
3-OH 598 +267 421 +218 395 +187 596 +391
4-OH 97 +52 75 +40 90 +118 55 +67
9-OH 232 +112 149 +92 111 +52 74 +76
Phenanthrene dihydrodiols
(total) 874 +635 2052 +929 855 +720 1368  +£1185
1,2-Diol 585 +431 1693 + 794 665 +555 1129  +£1019
3,4-Diol 222 +203 330 +255 148 +173 244 +299
9,10-Diol 74 +73 29 +11 42 +53 63 +58
Phenanthrene metabolites
(total) 2428 +1074 3869 1384 22717 +1242 2861  +2097
Regiospecific oxidation (%)
1,2-Oxidation 51 +6 73 +6 65 +5 63 +8
3,4-Oxidation 37 +5 22 +4 28 +4 31 +7
9,10-Oxidation 12 +3 5 +2 7 +3 5 +4
Ratio: 1,2/3.4-oxidation 1.45 +0.39 3.3 +0.8 2.34 +0.53 2.17 +0.66
Ratio: dihydrodiols/phenols 0.53 +044 126 +0.52 0.62 + 0.48 092  +0.55
1-OH-pyrene® 603 +483 216 + 115 218 +159 290 +238
Ratio Phenanthrene
metabolites/1-OH-pyrene 4.2 17.9 10.4 9.9

* Heavy smokers who smoked, however, only 3-10 cigarettes during the day prior to sampling.
® ;= number of individual probands, m=number of measurements.
¢ According to ¢-test significant differences between smokers and non-smokers (P = 0.000001 ).

2097 ng/24-h urine) and no correlation was found either to the long-term cigarette
consumption (e.g. 10 or 30-40 cigarettes per day) or to the number of cigarettes
smoked during the previous 24 h.

Based on an average of about 10 ng m~ phenanthrene and 3 ng m~ pyrene in
ambient air (Grimmer et al. 1997a) and a daily respiratory volume of 11 m?® (Jacob
and Grimmer 1996) the phenanthrene and pyrene masses inhaled may be
calculated to be 110 ng phenanthrene and 33 ng pyrene. A daily consumption of 20
cigarettes for smokers (phenanthrene/pyrene masses per cigarette: 85 ng/65ng
[Lee et al. 1976]) results in 1700 ng phenanthrene and 1300 ng pyrene, which is
about 10-40 times the amount inhaled by breathing. Since no significant increase of
phenanthrene metabolites was found for smokers, it is reasonable to assume that the
metabolic pathway leading to the urinary excretion of the analysed phenanthrene
metabolites is saturated. In the case of pyrene, however, significantly higher
amounts of urinary 1-hydroxypyrene were measured for smokers (means: 603 + 483
ng/24h urine for smokers, but 218+ 157 ng/24 h urine for non-smokers; i.e. a ratio
of 2.8) supporting previously published studies (Jongeneelen et al. 1989, Sherson et
al. 1990, 1992, Grannela and Clonfero 1993, van Rooij et al. 1994, Levin et al.
1995, Angerer et al. 1997, Sithisarankul et al. 1997). Accordingly, the mean of the
ratio phenanthrene metabolites/l-hydroxpyrene is 4.2 in smokers and about 10.4 in
non-smokers (factor 2.5), reflecting the higher intake of pyrene by smokers. The
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Figure 1. Ratio of phenanthrene metabolites/1-hydroxypyrene in the urine of smokers (s), non-
smokers (ns) and smoking lung cancer patients (cp). The latter became light smokers (3-6
cigarettes per day) after long period of heavy smoking (20—40 cigarettes per day).

ratio phenanthrene metabolites/l-hydroxypyrene found for the lung cancer patients
(9.9) who after heavy smoking (20-40 cigarettes per day) became light smokers (3-6
cigarettes per day) resembles that of non-smokers rather than that of smokers
(figure 1).

As shown in figure 2 a significant difference between smokers and non-smoker
was found for the regiospecific oxidation of phenanthrene. The ratio 1,2-oxidation
vs 3,4-oxidation was 1.2-2.1 for smokers (mean: 1.45). One subject (no. 45) showed
a ratio of 3.3 However, this individual was an occasional smoker of 5-10 cigarettes
per week, whereas the others smoked > 25 cigarettes per day. A significantly higher
ratio was measured for non-smokers (1.9-2.9; mean: 2.3). A similar mean ratio of
2.2 was found for the lung cancer patients, although most of them smoked between
three and six cigarettes during the previous day. The ratio of the regiospecific
oxidation of phenanthrene (1,2-oxidation vs 3,4-oxidation) in highly PAH-exposed
coke plant workers (mean: 2.7 (1.5-3.7), data taken from Grimmer et al. (1993)), on
the other hand, resembles that found in non-smokers (mean: 2.3), indicating
that PAH induce a different CYP 450 isoform than cigarette smoke does, probably
CYP 1A1.

These data suggest that the 3,4-oxidation of phenanthrene becomes more
prominent in smokers which may be explained by an induction of the CYP450 1A2
system in the liver. Induction of human liver microsomal CYP 1A2 by cigarette
smoke has been repeatedly reported (Pelkonen et al. 1986, Sesardic et al. 1987,
1990, Sherson et al. 1992, Sithisarankul et al. 1997). It has been shown with
genetically engineered V79 Chinese hamster cells specifically expressing various
CYP isoforms that the ratio of phenanthrene 1,2-oxidation vs 3,4-oxidation is 14.1
for human CYP 1A1 but only 1.1 for human CYP 1A2 (Jacob ef al. 1996), indicating
that the 3,4-oxidation plays a more important role in the case of CYP 1A2. The
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Figure 2. Ratio of the 1,2-/3,4-oxidation products of phenanthrene in the urine of smokers and non-
smokers.

same ratio, however, is also found with human CYP 3A4 (Jacob et al. 1996) so that
the induction of this form cannot be ruled out.

No differences between smokers and non-smokers were found for the ratio of
urinary dihydrodiols/phenols (smokers: 0.53; non-smokers: 0.62) nor was the ratio
markedly different in the case of the lung cancer patients (0.92), i.e. phenols were
the main metabolites excreted by all groups. In contrast to this, persons with high
PAH exposure, such as coke plant workers exhibited a mean ratio of about 5
(Grimmer et al. 1993). In addition, a correlation (r=0.813) between this ratio and
the total phenanthrene metabolites was observed (figure 3). These data suggest that
the conversion of primarily formed epoxides into dihydrodiols is more efficient
under these conditions — possibly a consequence of PAH-dependent induction of
the epoxide hydrolase.

Conclusions

Comparing smokers and non smokers, no significant differences of the absolute
amounts of phenanthrene metabolites were found. This may indicate that the
metabolic pathway leading to the urinary excretion of the analysed phenanthrene
metabolites is saturated and that further pathways may be involved in the excretion
of phenanthrene. In contrast to this, 1-hydroxypyrene excretion was increased by a
factor of 2.8 in smokers, suggesting that smoking significantly contributes to it.

A phenanthrene metabolites/l-hydroxypyrene ratio of 10.4 was found for non-
smokers and a similar value of 9.9 for lung cancer patients who became light
smokers shortly before urine samples had been taken for this study, while the ratio
was 4.2 for smokers.

A characteristic ratio of the regiospecific phenanthrene oxidation products
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Figure 3. Ratio of phenanthrene dihydrodiols/phenols in dependence on the total phenanthrene
metabolites excreted in the urine.

(1,2-oxidation vs 3,4-oxidation) of 1.45 was observed in smokers compared with
2.3 in the case of non-smokers and 2.2 in the case of lightly smoking lung cancer
patients. The increase of the 3,4-oxidation of phenanthrene indicates an induction
of the CYP 1A2 (or CYP 3A4) monooxygenase system in smokers obviously caused
by cigarette smoke constituents other than PAH, since in the urine of heavily PAH-
exposed coke plant workers a ratio of 2.6 has been observed (as calculated from
Grimmer et al. 1993) which resembles that found in non-smoker. From animal
experiment (nicotine-pretreated rats) it appears to be likely also that nicotine can be
ruled out to be responsible for this effect since this alkaloid did not cause qualitative
or quantitative changes of rat liver cytochromes P450 (Schmoldt ez al. 1988).

T he ratio of urinary dihydrodiols vs phenols was found to depend on the total
amount of metabolites and, hence, on the degree of PAH-exposure. Phenols
predominate (ratio dihydrodiols/phenols ” 1.0), equally in smokers and non-
smokers after low PAH-exposure (1-10 ocg day™!), while dihydrodiols become more
prominent (ratio dihydrodiols/phenols > 2) in highly exposed persons such as coke
plant workers (1-10 mg day™!). These data suggest that, apart from the CYP 1A1,
the epoxide hydrolase is also induced by high PAH exposure. The PAH
concentration of cigarette smoke is obviously too low to result in such an effect
though its carcinogenic potency is unquestionable (Grimmer et al. 1988).

In conclusion, the analysis of urinary phenanthrene yields information on the
balance of the PAH-metabolizing cytochrome isoforms and the epoxide hydrolase
activity in individuals which may not be obtained by determining 1-hydroxypyrene
in the urine exclusively. It would also not have been possible to recognize the
cigarette smoking-caused induction of CYP 1A2 by analysing the urinary excretion
of 1-hydroxypyrene since pyrene is a very poor substrate for this cytochrome
isoform (Jacob et al., unpublished data).
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