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SUMMARY

Differences in benzo(a)pymene metabolite pattern have
been shown by rodent liver microsomes (Sprague-Dawley)
and rodent embryo cells from Syrian hamsters and NIH
Swiss mice. Rodent liven induced by melhylcholanthrene
shows marked quantitative variation between species. Addi
tional pattern changes were found in mouse and hamster
embryo secondary cultures with a reduction of the K-region
metabolites and a marked increase in 9-hydroxybenzo(a)-
pryrene and concomitant reduction in 3-hydmoxybenzo(a)-
pyrene. These results are indicative of a region-specific
attack on the carcinogen by the cell monooxygenases
which is distinct from the liver attack of microsomal en
zymes on benzo(a)pymene.

These results suggest that activation and detoxification of
benzo(a)pyrene may be species and tissue variable, and
susceptibility and resistance to malignant transformation
may be predicated on induction of a fortuitous combination
of intermediate metabolic steps.

INTRODUCTION

Elucidation of the metabolite profile of polycyclic aro
matic hydrocarbons has significantly progressed with the
advent of high-pressure liquid chromatography (17). This
technique has permitted isolation and separation of metab
olite isomers not possible with other forms of chromatogra
phy (18) and has also allowed unequivocal determination of

at least 1 epoxide as a metabolite intermediate in the fomma
lion of dihydmodiols (19). The utility of this new technique

with its high degree of quantitation and reproducibility
should make possible critical comparisons of the biochem
istry of susceptible and resistant species and tissues in
terms of their ability to activate and detoxify carcinogenic
chemicals. Although it is not known with certainty which
metabolite(s) are the activated humonigenic species, a large
body of knowledge has arisen concerning cytotoxicity and
malignant transformation of several oxygenated derivatives
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(7). Comparative studies have shown that the lability and the

neachivihiesof the alkylating species tend to correlate with
the transforming potency of these agents in in vitro systems
(8). In addition, knowledge of the precursor relationship
between reactive intermediates and reaction kinetics of me
tabolite formation may determine that the critical Iransfon
mation step depends on the accumulation of a reactive
intermediate(s). Confirmation of epoxides as metabolic in
termediates and as precursors to dihydmodiols, and subse
quent characterization of the enzyme involved (3, 13), epox
ide hydrase, would be an example of 1 such product-pre
cursor relationship. This study compares liver and embryo
cells of several different rodent species to determine the
BP5 metabolite profiles of systems routinely used for the
study of polycyclic aromatic hydrocarbon metabolism and
transformation. The results clearly show that the biochemi
cal activation and detoxification pathways in these tissues
are variable in terms of the metabolile ratios formed, and
generalizations of carcinogenic mechanism should not be
made from measurements derived in a single tissue on cell
culture system.

MATERIALS AND METHODS

Hydrocarbons. 9-OH-BP and 9,10-diol were prepared ac
cording to the method of Waterfall and Sims (21).
Benzo(a)pymene 1,6-, 3,6-, and 6,12-diones were prepared
according to the method of Raha at a!. (16). 3-OH-BP was
prepared according to the method of Cook et a!. (5). 7,8-
Diol was prepared according to the method of McCaustland
at a!. (14), and 4,5-diol was prepared by the method of Cook
and Schoental (6). All standards were synthesized by Mid
west Research Institute, Kansas City, Mo. , under National
Cancer Institute Contract N01-CP-33387. [3H]BP (specific
activity, 17 Ci/mmole) and [â€˜4C]BP(21 mCi/mmole) were
purchased from Amersham/Seamle Corp. , Arlington
Heights, III. [3H]BP was diluted ho 200 mCi/mmole with
unlabeled BP (Aldrich Chemical Co. , Milwaukee, Wis.). BP
was nepunified by thin-layer chromatography on Camag-DB
silica gel plates. Purity was monitored by high-pressure
liquid chromatography and yielded a single BP peak with
puritygreaterthan99%.

Male Sprague-Dawley rats weighing 125 to 250 g and
male Syrian hamsters were given i.p. injections of 5 mg of

S The abbreviations used are: BP, benzo(a)pyrene; 9-OH-BP, 9-hydroxy

benzo(a)pyrene; 9,10-diol, 9,10-dihydro-9,10-dihydroxybenzo(a)pyrene; 3-
OH-BP, 3-hydroxybenzo(a)pyrene; 7,8-diol, 7,8-dihydro-7,8-dihydroxy
benzo(a)pyrene; 4,5-diol, 4,5-dihydro-4,5-dihydroxybenzo(a)pyrene.
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Chart1. Patternof BPmetabolitesformedby incubationwith livermicro
somes prepared from 3-methylcholanthrene-treated rats. 1,6-Q,
benzo(a)pyrene 1,6-dione; 3,6-Q, benzo(a)pyrene 3,6-dione; 6,12-Q,
benzo(a)pyrene 6,12-dione; 9-OH, 9-OH-BP; 3-OH, 3-OH-BP.
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mehhylcholanthrene in 0.5 ml of corn oil, and NIH Swiss
mice 7 to 9 weeks old were given 1 mg of mehhylcholan
threne in 0.1 ml corn oil 40 hr prior to killing. Liven micro
somes were prepared as previously described (11).

Cell Cultures. Primary cell cultures were prepared from
embryos of Golden Syrian hamsters (Tacoma Farms, Gem
mantown, N. V.) and from BALB/c mice (NIH) as previously
described (15). Secondary cultures approaching con
fluency were exposed to control or inducer medium for 18
hr. Inducer medium was prepared by adding benz(a)an
thracene, 3 j.@g/ml,to fresh growth medium. After the in
duction period the inducer-containing medium was care
fully removed and the cultures were incubated with fresh
growth medium for 1 hr. Monolayers were washed twice
with cold phosphate-buffered saline (8.00 g NaCI, 0.20 g
KCI, 0.20 g KH2PO4,and 0.15 g Na2HPO4)prior to collec
lion by scraping. After centnifugahion at 1000 rpm, cell pal
lets were stored at â€”70Â°.For metabolism assays, cells were
resuspended and homogenized in Tnis buffer, pH 7.6. Me
taboliles were formed by incubating matliver microsomes on
homogenized cells with labeled BP in the following manner.
Incubation mixtures contained, in 1 ml: 0.35 @moleof
NADPH; 3 @moIesof MgCl2; 15 j@moles of Tnis chloride
buffer, pH 7.5; 100 nmoles of [3H]BP dissolved in 0.04 ml of
methanol; and 100 j.@gof microsomal protein from rat liver
or 0.3 to 0.6 mg of protein from cell homogenates. The
flasks were incubated for 15 mm for rat liver microsomes
and 30 mm for cell homogenates at 37Â°undemred illumina
lion, and the reaction was stopped with I ml of acetone and
extracted with 3 ml of ethyl acetate. Organic extracts from
10 cell incubations and 5 liver incubations, respectively,
were pooled and dried over anhydrous magnesium sulfate
and evaporated under vacuum to dryness, and the mehabo
lites were dissolved in 0.1 ml ethanol. Metabolile standards
(â€œC)were mixed with the extracted metaboliles immedi
atelybeforehigh-pressureliquidchromatographyanalysis
and injected simultaneously into the column.

High-Pressure Liquid Chromatography. Metabolite sepa
ration was performed with a Chromatronix 3500 high-pres
sure liquid chromatograph fitted with a Dupont 1-meter
ODS Penmaphase column. Elution was by reverse phase,
using a methanol-water gradient as previously described
(17). Column pressure was 500 psi and oven temperature
was 50Â°.Effluent was monitored through an 8-p.I flow cell on
a Dupont 835 multiwavelength photometer with a 250 to 390
nm transmission filter. Sweep time was 30 mm. Fractions
(0.2 ml) were collected and measured for radioactivity in a
Beckman Model 350 scintillation counter using Aquasol
(New England Nuclear, Boston, Mass.) as the counting so
lution.

RESULTS

Rodent Liver Metabolism. Comparison of the rodent liver
metabolite profiles (Charts 1 to 3) and the total amounts of
each metabolite (Table 1) showed rat liver to have the high
ash 9,10-diol formation, followed by mouse and hamster
respectively. However, the K-region 4,5-diol was signifi
cantly higher in hamster than in rat or mouse, comprising
almost one-third of the total hamster liver melabolites,
which is in agreement with an earlier report (4). The 7,8-
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Chart2. BPmetabolismby mouselivermicrosomes.Mouselivermetabo
lites are identical to rat microsomal pattern (Chart 1). However, there are
percentage differences between individual peaks (Table 1) and an inverted
ratio of 9,10-diol to 9-OH-BP (9-OH). 3-OH, 3-OH-BP.
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Chart3. BP metabolismby hamster liver microsomes.Hamstermicro
somes shows the same pattern as both rat (Chart 1) and mouse (Chart 2)
microsomes with a markedly different peak ratio (Table 1). The 4,5-diol is the
major peak with the 9-OH-BP (9-OH) and the 9,10- and 7,8-diol significantly
reduced. 3-OH, 3-OH-BP.

diol, which was approximately equivalent in rat and mouse,
was leashfor hamster, while the proportion of diols ho total
metabolites was greatest for hamster (38.9%), followed by
rat (32.8%), with the mouse producing only about two-thirds

of the diols (20.6%) produced by the other species.
Hamster liver produced the least amounts of quinone,

i.e., about one-third those of the other species. In view of
the predominant metabolism in the K-region by hamster
liver, it appears that less activation is taking place at posi
lion 6 of BP through which the quinones might largely arise
(12).

In the case of the phenols, the 9-OH-BP is significantly
greater in the mouse than in rat or hamster, with the ham
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BP metabolism in rodent embryo cells andliverMouse
and hamster embryo cell values represent 2 experiments using cells derivedfromdifferent

embryos.Eachexperimentconsisting of ten 100-mmdishescontaining approximately10@cells/dish.
Liver microsome values are based on 3 separate experiments using microsomesfromdifferent

animals for each run. See â€œMaterialsand Methodsâ€• for experimentaldetails.%

of totalmetabolitesMouse

em- Hamsterem
bryo cells bryo cells Mouse liver Hamsterliver Ratliver9,10-diol
7.5Â±0.2â€• 5.7Â±1.0 9.0Â±0.8 5.4Â±0.415.3Â±0.94,5-diol

0 0 1.2 Â±0.2 28.9 Â±1.9 6.2 Â±0.77,8-diol
10.8 Â±0.5 4.6 Â±0.2 10.4 Â±0.9 4.6 Â±0.7 11.3 Â±0.2Quinones
17.3 Â±4.0 19.1 Â±6.2 9.3 Â±0.4 3.7 Â±0.1 11.7 Â±0.39-OH-BP
39.5 Â±1.7 44.8 Â±0.5 15.0 Â±0.7 1.7 Â±0.2 8.0 Â±1.43-OH-BP
21.0 Â±2.2 18.0 Â±2.5 60.4 Â±3.0 55.6 Â±1.7 47.3 Â±0.6a

Mean Â±S.D.

50 50 70

J. K. Selkirk at a!.

Table 1

activity, prior to the in vitro metabolism assay (Charts 4 and
5). Production of BP phenolic metaboliles, i.e., aryl hydro
carbon hydmoxylase activity, was increased 2- and 4-fold in
the hamster and mouse cells, respectively. The use of cells
containing preinduced enzyme activity, and likewise of mi
crosomes from inducer-treated animals, appeared justified
in view of the fact that polycyclic hydrocarbons incubated
over an 18-hr period in cultured cells and in vivo are simul
taneously substrate and inducer of the micmosomal mon
ooxygenases.

Metabolism of the [3H]BP in homogenates of cultured
embryo cells differed markedly from that in liver. While the
relative amounts of 7,8-diol were similar to those found in
liver micmosomes, no 4,5-diol was detectable in either
mouse or hamster embryo cells. Also the relative quinone
yield was higher in cultured cells than in liven.

A very significant difference was found in the proportion
of the phenolic products. Whereas 9-OH-BP was a minor
component in liver metaboliles, this phenol comprised a
major fraction in cultured embryo cells with a simultaneous
reduction in 3-OH-BP formation.

DISCUSSION

Polycyclic hydrocarbon metabolism and carcinogenesis
have been studied in numerous species and tissues (1). It is
critical to the understanding of the chemical mechanism of
carcinogenesis by polyaromatic structures that a complete
profile of the metabolite pathway be resolved in both sus
ceptible and resistant species. This includes the sequence
of enzymes and determination of the mate-limiting portion of
the biochemical scheme as well as the final determination
of the ultimate carcinogenic species of the molecule. In
addition, comparison of animals with differential suscephi
bilily for tumor formation from these chemicals may amplify
which intermediates are critical to carcinogenesis. The data
reported here clearly show species differences, i.e., the
ratio of metabolites formed and even greater variation in the
metabolite profiles between cell types routinely used to
study in vitro transformation as compared to rodent liven
microsomes. The melabolile profiles shown here suggest
several metabolic approaches ho the BP molecule. The en
zyme might preferentially make a â€œright-sideâ€•attack (at
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Charts 4 and 5. BP metabolism by mouse (Chart 4) and hamster (Chart 5)
embryo cells. Both patterns show a complete reorienting of the enzymatic
attackon the molecule.The majorproduct is the 1-hydroxybenzo(a)pyrene,
rather than 3-OH-BP (3-OH) as seen in liver microsomes. There are also
significant reductions in yield of metabolites oxygenated at other regions of
the molecule. 9-OH, 9-OH-BP.

stemhaving less than 2% of its overall metabolism in the 9-
OH-BP. In contrast to the marked variance in 9-OH-BP, the
3-OH-BP shows a smaller percentage spread among the 3
species, with the values clustering around 50% of the total
organic soluble metabolites. The overall metabolism of BP
was approximately the same for the microsomes of the 3
rodent species (15 to 20%).

Metabolism in Embryo Cells. To increase the yield of
metabolites, secondary cultures of embryo cells were ex
posed to benz(a)anthracene, an inducer of monooxygenase
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BP Metabolism in Rodent Liver and Embryonic Calls

positions 3, 4, and 5), forming large amounts of K-region
derivatives as found in hamster liver, on might attack more
at the â€œleftâ€•side (at positions 7, 8, 9, and 10) of the mole
cule as in rat and mouse. It is evident that greater amounts
of the 7,8- and 9,10-diols and the 9-OH-BP are formed in rat
and mouse than in hamster microsomes. â€œLeft-sideâ€•metab
olism is even more apparent in the metabolic profiles from
embryonic cell cultures. In hamster and mouse cells K-
region 4,5-diols were not detectable. Furthermore, the ratio
of 3-OH-BP to 9-OH-BP was inverted so that the 9-hydroxy
group comprised almost one-half ofthe total metabolites.

Analysis of metabolites in rodent cells in culture sug
gesled that BP might be preferentially activated, and
through oxidative metabolism, at the 7,8 and 9,10 positions
of the BP molecule (9). In contrast a variety of binding
products was observed when liver microsomes were used
as activating systems (2, 10). Our data indicate that the dif
ference in BP-binding products could be largely ascribed to
the different specific attacks on the BP molecule by cells in
culture and by liver microsomes. Position-specific metabo
lism of BP is most probably mediated by different forms of
monooxygenases (20, 22). Also, if activation of the â€œleftâ€•
side of the BP molecule generates highly biologically active
species, as recently suggested (9), then our results provide
a better understanding of why the embryonic rodent cells
that are widely used as test systems for toxic chemicals are
more prone to cytotoxicity, mutagenicity, and malignant
transformation by BP. A variety of factors will ultimately
modify the response of these tissues, e.g. , liver to biologi
cally active aromatic polycyclic hydrocarbons.
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