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Abstract
Bay region diol epoxides are recognized ultimate carcinogens of polycyclic aromatic hydrocarbons
(PAH), and in vitro studies have demonstrated that they can be detoxified by conjugation with
glutathione, leading to the widely investigated hypothesis that individuals with low activity forms
of glutathione-S-transferases are at higher risk of PAH induced cancer, a hypothesis that has found
at most weak support in molecular epidemiology studies. A weakness in this hypothesis was that the
mercapturic acids resulting from conjugation of PAH bay region diol epoxides had never been
identified in human urine. We recently analyzed smokers’ urine for mercapturic acids derived from
phenanthrene, the simplest PAH with a bay region. The only phenanthrene diol epoxide-derived
mercapturic acid in smokers’ urine was produced from the reverse diol epoxide, anti-
phenanthrene-3,4-diol-1,2-epoxide (11), not the bay region diol epoxide, anti-phenanthrene-1,2-
diol-3,4-epoxide (10), which does not support the hypothesis noted above. In this study, we extended
these results by examining the conjugation of phenanthrene metabolites with glutathione in human
hepatocytes. We identified the mercapturic acid N-acetyl-S-(r-4,t-2,3-trihydroxy-1,2,3,4-tetrahydro-
c-1-phenanthryl)-L-cysteine (14a), (0.33–35.9 pmol/mL at 10 µM 8, 24h incubation, N = 10) in all
incubations with phenanthrene-3,4-diol (8) and the corresponding diol epoxide 11, but no
mercapturic acids were detected in incubations with phenanthrene-1,2-diol (7) and only trace
amounts were observed in incubations with the corresponding bay region diol epoxide 10. Taken
together with our previous results, these studies clearly demonstrate that glutathione conjugation of
a reverse diol epoxide of phenanthrene is favored over conjugation of a bay region diol epoxide.
Since reverse diol epoxides of PAH are generally weakly or non-mutagenic/carcinogenic, these
results, if generalizable to other PAH, do not support the widely held assumption that glutathione-
S-transferases are important in the detoxification of PAH in humans.
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Introduction
Bay region diol epoxides, such as anti-7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobenzo
[a]pyrene (BPDE, 2), are well established ultimate carcinogenic metabolites of polycyclic
aromatic hydrocarbons (PAH), a ubiquitous class of environmental carcinogens formed during
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the incomplete combustion of organic matter (1–4). PAH are universally accepted causes of
cancer of the lung and skin in occupational settings involving exposure to combustion products,
and are among the likely causes of lung cancer in smokers (5–8). Benzo[a]pyrene (BaP, 1),
the parent compound of BPDE, is carcinogenic to humans, according to the International
Agency for Research on Cancer (2).

Based completely on in vitro studies, BPDE and other bay and fjord region diol epoxides can
be detoxified by conjugation with glutathione, catalyzed by glutathione-S-transferases (GSTs)
including GST-P1-1, GST-M1-1, and GST-A1-1 (9–13). This leads to the logical hypothesis
that individuals exposed to BaP and other PAH, such as smokers, should be at a higher risk
for cancer if they have low activity or null variants of the GST genes. This hypothesis has been
tested in many molecular epidemiology studies using genotyping methods but the results have
been modest, showing only slightly elevated risks for some cancers in individuals with low
GST activity genotypes (14–18). However, there is a potential flaw in this hypothesis: no
studies had demonstrated the presence in human urine of the mercapturic acids that would
result from glutathione conjugation of PAH bay region diol epoxides. Therefore, it was not
known whether the proposed detoxification pathway even existed.

We recently investigated this question by focusing on phenanthrene (3, Scheme 1), the simplest
PAH with a bay region, and a common environmental constituent. While phenanthrene is
considered non-carcinogenic, it shares with BaP and other PAH many of the same metabolic
pathways, catalyzed by the same enzymes (19–21). An overview of phenanthrene metabolism
is presented in Scheme 1. trans, anti-PheT (9), formed by hydrolysis of the bay region diol
epoxide 10, is present in human urine in readily detectable quantities and we have suggested
its use as a biomarker of PAH exposure plus metabolic activation (22,23). Glutathione
conjugation of bay region diol epoxide 10 would ultimately produce mercapturic acid 13, but
we did not detect this metabolite in human urine (24). Rather, we detected 14, resulting from
glutathione conjugation of the “reverse diol epoxide” 11 (24). Our conclusion from that study
was that reverse diol epoxides, which are generally considered non-carcinogenic, are
conjugated with glutathione in humans while potentially carcinogenic diol epoxides are not,
thus weakening the hypothesis that GSTs are involved in PAH detoxification in humans.

In this study, we used human hepatocytes to further investigate the formation of glutathione
conjugates of phenanthrene metabolites. Consistent with the results obtained from our analysis
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of human urine, we found that mercapturic acids formed via the reverse diol epoxide 11 were
produced to a far greater extent than those from bay region diol epoxide 10. We propose that
GSTs are unlikely to drive carcinogenic PAH diol epoxide detoxification in humans.

Materials and Methods
Chemicals, Enzymes, and Antibodies

Racemic phenanthrene-1,2-diol (Phe-1,2-diol (7)), Phe-3,4-diol (8), diol epoxide 10, and
tetraol 9 were generously provided by Drs. Donald Jerina and H. Yagi, National Institutes of
Health. Diol epoxide 11 was synthesized from 8 (24). It contained 50% of the syn-isomer. The
concentration of 11 in incubation mixtures was based on the amount of anti-isomer only, and
was confirmed by HPLC analysis. Mercapturic acid standards 13a-d, 14a-d (Chart 1) and
anti-[13C6]PheDE-4-NAC were prepared by reaction of N-acetylcysteine with the appropriate
diol epoxides, as described previously (24). β-Glucuronidase and arysulfatase (from Helix
pomatia) were obtained from Roche Diagnostics Corp, Indianapolis, IN. Anti-GSTA1 and anti-
GSTM1 antibodies were purchased from EMD Biosciences (Gibbstown, NJ).

Human Hepatocytes
Primary human hepatocytes were purchased from Cellzdirect (St. Louis, MO). In brief, freshly
isolated hepatocytes were plated onto 12-well plates (7 × 105 cells/well) and overlaid with
Matrigel® 24–48 h after attachment. Cells were shipped overnight on cold preservation media
(Cellzdirect) and, upon receipt, media was replaced with serum-free Williams’ E media without
phenol red, and cell maintenance supplement (Cellzdirect) containing 0.1 µM dexamethasone,
10 µg/mL gentamicin, 15 mM HEPES, 2mM L-glutamine, 6.25 µg/mL human recombinant
insulin, 6.25 ng/mL selenous acid, 1.25 mg/mL bovine serum albumin, 6.25 µg/mL human
transferrin, and 5.35 µg/mL linoleic acid. Cells were allowed to recover from shipping for 10
h at 37°C in an atmosphere containing 5% CO2. Prior to incubation with substrate, the media
was exchanged with 2 mL fresh media per well.

GST Expression and Activity in Human Hepatocytes
Hepatocytes were lysed by sonication. Total protein concentrations were determined by the
Bradford assay with Coomassie Plus protein reagent and BSA standard from Pierce (Rockford,
IL). GST expression was evaluated by Western blotting. Hepatocyte lysates (15 µg protein)
were subjected to electrophoresis through 10% polyacrylamide gels, transferred to
polyvinylidene difluoride membranes, and blocked with 3% milk in Tris-buffered saline and
0.05% Tween (TBST). The membranes were incubated with anti-GSTM1 antibody (1:3000 in
3% milk-TBST) for 1 h, washed 3 × 10 min with TBST, incubated with horseradish
peroxidaseconjugated anti-rabbit secondary antibody (1:7500 in 3% milk-TBST) for 1 h, and
washed 3 × 10 min. The immuno-reactive bands were visualized following addition of ECL
detection reagent (Denville Scientific, Metuchen, NJ). The membranes were stripped using
Restore Plus stripping buffer (Pierce, Rockford, IL) and immuno-blotting was performed as
described above using anti-GSTA1 antibody.

GST activity was assessed by measuring conjugation of 1-chloro-2,4-dinitrobenzene (CDNB)
(25). In brief, hepatocyte lysates (75 µg protein) were incubated with 1 mM CDNB in the
presence of 2.5 mM GSH. The rate of product formation was determined from the change in
absorbance at 340 nm over 10 min.

Incubations of Human Hepatocytes with Phe Metabolites
Hepatocytes (approximately 0.12 mg protein per well) were incubated with Phe-1,2-diol (7),
Phe-3,4-diol (8), 7 plus 8, or diol epoxides 10 or 11, dissolved in 20 µL DMSO, for a final
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substrate concentration of 1 or 10 µM. Aliquots (0.4 mL) of media were removed immediately
following the addition of substrate, and 6h or 12h after addition. At 24 h after the addition of
substrate, the remaining ∼800 µL was collected. Samples were stored at −20°C until analysis.
Cell viability was assessed at 24 h by trypan blue exclusion staining.

Analysis for Mercapturic Acids 13a-d, 14a-d
A 0.2 mL aliquot of the human hepatocyte incubation media was combined with anti-[13C6]
PheDE-4-NAC internal standard and loaded onto a Strata-X polymeric sorbent (33 µm, 30 mg/
1 ml, Phenomenex) that was previously activated with 1 mL of CH3OH and 1 mL of H2O. The
cartridge was washed with 1 mL of H2O and the analyte was eluted with 1 ml of 90% CH3OH.
The eluant was collected in a 2 mL silanized vial and the solvents were removed on a Speedvac.
The residue was taken up in 235 µL of CH3OH and 5 µL of 4% aqueous NH4OAc, transferred
to an insert vial and concentrated to dryness. The residue was dissolved in 20 µL of 1% aqueous
NH4OAc and 8 µL was analyzed by LC-ESI-MS/MS-SRM as described previously (24).

Analysis for Tetraols 9 plus 12
A 0.1 mL aliquot of the 2 mL human hepatocyte incubation media was added to a 1.5 mL
polypropylene tube containing 0.4 mL 0.5M NaOAc buffer, pH 5, β-glucuronidase (3,500
units), arylsulfatase (28,000 units) and 500 pg [D10]PheT (9) (26) as internal standard, and the
mixture was incubated overnight with shaking at 37°C. After incubation, the sample was
desalted by loading onto a Strata-X polymeric sorbent that was previously activated using 1
mL of CH3OH and 1 mL of H2O. The cartridge was washed with 1 mL of H2O, 1 mL of 0.2
N KOH, twice with 1 mL volumes of H2O, and the analyte was eluted using 1 mL of 80%
CH3OH. The analyte was collected in a 2 mL silanized vial and the solvents were removed on
a Speedvac.

The residue was dissolved in 0.5 mL H2O and loaded onto an Oasis MCX cartridge (Waters)
that was previously equilibrated using 1 mL of CH3OH and 1 mL of 2% aqueous HCOOH.
The cartridge was washed with 1 mL of 2% aqueous HCOOH and the analyte was eluted using
1 mL of 80% CH3OH. The analyte was collected in a 2 mL silanized vial and the solvents were
removed on a Speedvac. Analysis of 9 plus 12 as their trimethylsilyl derivatives was carried
out by GC-MS, essentially as described (23).

Results
Characteristics of the 10 hepatocyte donors and GST activities as determined by the CDNB
assay are summarized in Table 1. Activities were slightly lower than those reported previously
(27–29). Western blotting demonstrated the presence of GSTA1 in all samples and GSTM1 in
4 of 10 samples, consistent with its deletion in approximately 50% of Caucasians (30).

In preliminary experiments, we incubated phenanthrene with human hepatocytes, but did not
detect mercapturic acids. Therefore, in subsequent work we used Phe-1,2-diol (7) or Phe-3,4-
diol (8), since both of these metabolites have been detected in human urine, with 2 −5 times
more 7 than 8 (31). The mixtures were analyzed for mercapturic acids, using standards (13a-
d and 14a-d,Chart 1) available from our previous work (24), in which N-acetylcysteine was
allowed to react with either the anti-diol epoxides 10 and 11 or the corresponding syn-diol
epoxides. All 8 standards were separable under our conditions. (Another set of 8 isomers is
also possible by reaction with each opposite diol epoxide enantiomer, but these were not
separable from those shown in Chart 1, at least in the case of 13a,b) (24).

Analysis by LC-ESI-MS/MS-SRM of incubation mixtures of Phe-3,4-diol (8) and human
hepatocytes produced chromatograms such as that shown in Figure 1B. The retention time of
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the peak illustrated and its MS/MS transitions (m/z 390 → 261; m/z 390 → 243; m/z 390 →
225; and m/z 390 → 209) matched that of standard 14a, as demonstrated by co-injection (Figure
1C), but not any of the other standards. No peak corresponding to standards 13a-d was observed
in any incubation of Phe-1,2-diol (7) with these human hepatocyte samples. The results are
summarized in Table 2. Amounts of 14a per incubation (mean ± S.D.) were 0.35 ± 0.91 pmol
and 4.07 ± 7.27 pmol at 12 and 24h, respectively, for the 1 µM incubations and 0.96 ± 2.16
pmol and 15.6 ± 21.4 pmol at 12 and 24h for the 10 µM incubations.

We also carried out incubations containing both Phe-1,2-diol (7) and Phe-3,4-diol (8) and
hepatocytes. These were performed with hepatocytes from 2 subjects (# 9 and #10 of Table 2),
using mixtures containing concentrations of 1µM or 10 µM of each diol, and as in the studies
summarized above, only mercapturic acid 14a from Phe-3,4-diol (8) was observed, in
concentrations similar to those seen when 8 alone was the substrate.

One possible explanation for not detecting mercapturic acids derived from Phe-1,2-diol (7) in
these experiments would be that diol epoxide 10 was not formed. Therefore, we quantified
levels of racemic PheT (9 + 12) in some samples. The results, which are summarized in Table
3, clearly show that diols 7 and 8 were both converted to diol epoxides, and conversion of 8
exceeded that of 7.

The formation of mercapturic acids from diol epoxides 10 and 11 was then examined in 2
hepatocyte samples (# 2 and #3). The retention times of the mercapturic acids matched those
of the appropriate standards (14a from 11 and 13a from 10). The daughter ion spectrum of
14a matched that of a standard (Figure 2). Diol epoxide 11 (10 µM) was converted to
mercapturic acid 14a in amounts of 3.23, 34.8, and 142 pmol in sample #2 and 10.5, 73.0 and
257 pmol in sample #3 at 6, 12, and 24h, respectively, while the corresponding values for
mercapturic acid 13a from diol epoxide 10 were 0.62, 1.27, and 1.10 pmol in sample #2 and
0.3, 0.5, and 0.7 pmol in sample #3, only 0.3 – 3.6% as great as 14a. Some 13b was also
observed. These results demonstrate that conjugation of diol epoxide 11 with glutathione far
exceeds that of 10, consistent with the results summarized in Table 2.

Discussion
The results of this study are consistent with our previous analyses of human urine in which we
detected only mercapturic acid 14a derived from Phe-3,4-diol (8) via reverse diol epoxide
11 in samples from 36 smokers (24). No evidence for the presence of mercpaturic acids 13a-
d, derived from Phe-1,2-diol (7) via bay region diol epoxide 10 was found, in spite of the fact
that overall GST activity was adequate to form more than 50 times the amounts of total
mercapturic acids observed. These results demonstrate that reverse diol epoxides such as 11
are better substrates for GST conjugation in human hepatocytes than bay region diol epoxides
such as 10. Although we did not study the fate of BPDE or other carcinogenic bay region diol
epoxides here, previous metabolism studies demonstrate striking similarities between the
metabolism of phenanthrene, the simplest PAH with a bay region, and other PAH (19–21).
Since reverse diol epoxides are generally not associated with PAH mutagenicity or
carcinogenicity, our results call into question the widely held assumption that bay region diol
epoxides of carcinogenic PAH are detoxified by GSTs in humans, an assumption that underlies
virtually all molecular epidemiology studies of GST genotypes, PAH exposure, and cancer.

Our analytical method was sensitive enough to detect mercapturic acids 13a-d in amounts
approximately 10% as great as 14a from Phe-3,4-diol (8). This was calculated based on the
amounts of tetraol formed from Phe-1,2-diol (7) and the detection limit of approximately 0.04
pmol of mercapturic acid per 2 ml incubation. In fact, the amount of mercapturic acid 13a
produced from diol epoxide 10 was only 0.3–3.6% as great as that from reverse diol epoxide
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11, in incubations starting with these substrates, consistent with the lack of detection of 13a-
d from 7.

Sundberg and Jernstrom investigated the conjugation of bay and fjord region diol epoxides of
several PAH in a series of studies (9–13). One observation with relevance to the present results
was that, in studies of the (+)-enantiomer of BPDE, the actual fraction of this diol epoxide
undergoing GST conjugation in Chinese hamster V79 cells stably expressing different human
GSTs was only 2% or less than that observed with the pure enzymes (9). These results
demonstrate that there are important competitive reactions, most likely with H2O or other
cellular nucleophiles, which detoxify BPDE and other diol epoxides in cells. Indeed, the
amounts of mercapturic acid 14a derived from Phe-3,4-diol (8) in our study were only about
0.2–3% as great as the amounts of tetraol produced at 24h (Table 2 and Table 3).

The studies of Sundberg and Jernstrom also demonstrated that conjugation of bay and fjord
region diol epoxides with GSTs is highly dependent on steric characteristics of the diol epoxide,
which were pertinent to the accommodation of these substrates in the GST active site (9–13).
Although we did not investigate stereochemical details in this study, the benzylic oxirane
carbon in bay region diol epoxide 10 is clearly more hindered than that of reverse diol epoxide
11, which is consistent with preferential conjugation of the latter. These results could be
important in considering the high DNA binding and carcinogenic activities of sterically
hindered bay region diol epoxides. For example, in unpublished work1, we have observed
higher reactivities with glutathione, in the presence of rat liver cytosol, of diol epoxides 15 and
16 derived from the weak carcinogens chrysene and 6-methylchrysene compared to 17, an
ultimate carcinogen of the strong carcinogen 5-methylchrysene. Further studies are required
to investigate the contribution of glutathione conjugation to the biological activity of PAH diol
epoxide metabolites.

Most studies indicate that reverse diol epoxides are less mutagenic and carcinogenic than bay
region diol epoxides, although the data base is somewhat limited (3,32). anti-BaP-9,10-
diol-7,8-epoxide (18) and anti-chrysene-3,4-diol-1,2-epoxide (19) are generally less

1A.A. Melikian and S.S. Hecht, unpublished.

Hecht et al. Page 6

Chem Res Toxicol. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mutagenic than the corresponding bay region diol epoxides 1 and 15 in S. typhimurium
strains and V79 cells, with the exception of 19 in strain TA98 (3,32).

Furthermore, diol precursors to bay region diol epoxides are generally more carcinogenic than
diol precursors to reverse diol epoxides (3). The mutagenicity and carcinogenicity of reverse
diol epoxide 11 have not been studied, while the bay region diol epoxide 10 is a weak mutagen
which exhibits virtually no carcinogenic activity (33,34). Probably detoxification of reverse
diol epoxides by glutathione conjugation would have minimal impact on PAH carcinogenesis
in exposed humans.

A limitation of this study was that we analyzed the human hepatocyte incubation mixtures for
the mercapturic acids 13 and 14 but not their glutathione conjugate precursors. It is possible
that differential metabolism of these precursors to the mercapturic acids in human hepatocytes
could contribute to the results reported here.

In summary, the results of this study demonstrate that the reverse diol epoxide metabolite 11
of phenanthrene is conjugated far more effectively in human hepatocytes than the bay region
diol epoxide 10. These results are consistent with analyses of human urine, in which
mercapturic acids derived from reverse diol epoxide 11, but not 10, were detected (24). If these
results are generalizable to carcinogenic PAH diol epoxides, which seems likely, they
undermine the widely held assumption that glutathione conjugation of PAH diol epoxide
ultimate carcinogens is an important protective mechanism against cancer in exposed humans.
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Figure 1.
Chromatogram obtained upon LC-ESI-MS/MS-SRM analysis of (A) standard 14a and 14b
obtained by the reaction of diol epoxide 11 with N-acetylcysteine. (Mercapturic acids 14c and
14d from syn-11 elute 5 – 8 min later than 14a under these conditions (24)); (B) a 24h incubation
mixture of human hepatocytes and 10 µM Phe-3,4-diol (8), and (C) Coinjection of A and B
demonstrating an increase in the peak corresponding to 14a. SRM was performed at m/z390
→ m/z (209 + 225 + 243 + 261).
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Figure 2.
MS/MS daughter ion spectra of m/z 390 of (A) standard 14a and (B) 14a formed from
incubation of diol epoxide 11 with human hepatocytes.
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Scheme 1.
Overview of phenanthrene metabolism to diol epoxides and mercapturic acids
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Chart 1.
Structures of mercapturic acids which would be produced by conjugation of diol epoxides:
13a,b from 10; 13c,d from the corresponding syn-diol epoxide; 14a,b from 11; 14c,d from the
corresponding syn-diol epoxide.
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