
[CANCER RESEARCH 35, 3651-3655, December 1975]

SUMMARY

The metabolism of benzo(a)pyrene by human liver mi
crosomes and human lymphocytes has been analyzed by
high-pressure liquid chromatography. Human liver forms
seven known metabolites and at least five additional
unidentified metabolites that migrate as distinct peaks.
Lymphocytes incubated with benzo(a)pyrene for 30 mm do
not form dihydrodiols. Lymphocytes incubated for 24 hr
with benzo(a)pyrene form all of the metabolites produced
by liver including dihydrodiols as well as additional metab
olites. The ratios of phenols formed by liver and lympho
cytes are different, and preparations from humans form a
different profile of metabolites than that formed by rat
liver.

INTRODUCTION

The microsomal cytochrome P-450 containing mixed
function oxygenase, AHH,1 and related enzymes metabolize
PAH to active carcinogenic and to nontoxic forms (9, 10).
The AHH activity has been extensively studied in rodent
systems (9) and has been found in human liver (18), skin
(19),placenta(22,29),lymphocytes(4,30),monocytes(1),
and lung macrophages (5). The microsomal complex con
verts PAH to various hydroxylated derivatives including
phenols, dihydrodiols, quinones, and epoxides (1 1, 14, 16,
21, 24, 26). Some of the epoxides produced are more
carcinogenic in vitro than is the parent hydrocarbon ( I 3,
20). Thus the enzyme complex probably functions in both
activation and detoxification. Exposure to cigarette smoke,
pesticides, and PAH induces the AHH activity and may
alter human susceptibility to PAH carcinogenesis (7, 10).
Although the detailed relationship of AHH and susceptibil
ity to PAH carcinogenesis is not understood, recent studies
with human lymphocytes have suggested that there may be
genetic variation of AHH in human populations (I 5). Since
the AHH assay measures only phenol production, a quanti
tative analysis of the full spectrum of metabolites may
clarify specific relationships between the kinds and amounts

1 The abbreviations used are: AHH, aryl hydrocarbon hydroxylase;

PAH, polycyclic aromatic hydrocarons; HPLC, high-pressure liquid
chromatography; BP, benzo(a)pyrene; 3-OH, 3-hydroxybenzo(a)pyrene;
9-OH, 9-hydroxybenzo(a)pyrene; 9, lO-dihydrodiol, 9, lO-dihydro-9, 10-
dihydroxybenzo(a)pyrene; 7,8-dihydrodiol, 7,8-dihydro-7,8-dihydroxy
benzo(a)pyrene; 4,5-dihydrodiol, 4,Sihydro-4,5-dihydroxybenzo(a)-
pyrene; 1,6-quinone, benzo(a)pyrene- 1,6-dione; 3,6-quinone, benzo(a)
pyrene-3,6-dione; 6,12-quinone, benzo(a)pyrene-6.l2-dione.
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of metabolites formed and a unique susceptibility to PAH
carcinogenesis. This may be especially true in lung cancer
susceptibility. We have reported a HPLC system to sepa
rate BP metabolites (23) which we have applied in this study
to the analysis of metabolite formation in human liver and
lymphocytes.

MATERIALS AND METHODS

Chemicals. [â€˜H]BP (purity, 97%) (17 Ci/mmole) and
[14C]BP (purity, 99%) (21 mCi/mmole) were purchased
from Amersham/Searle (Radiochemical Centre, Amer
sham, England) and repurified by thin-layer chromatogra
phy in hexane:benzene (15:1) prior to use. [3HJBP was
diluted with unlabeled BP (Aldrich Chemical Co., Mil
waukee, Wis.) to 200 mCi/mmole.

Rat liver microsomes from male Sprague-Dawley rats
weighing 125 to 150 g were injected i.p. with 5 mg
3-methylcholanthrene 40 hr prior to sacrifice. Human liver
was obtained as donations from a 49-year-old woman who
died of a sterile brain abscess and from a 38-year-old man
killed in an automobile accident. Both individuals were
maintained by artifical respiration until kidneys were re
moved for transplantation, at which time liver samples were
taken. We gratefully acknowledge the assistance of Dr. Bill
D. Roebuck and Dr. G. R. Wogan of the Department of
Nutrition and Food Sciences, Massachusetts Institute of
Technology, and Dr. A. B. Cosimi, Assistant in Surgery,
Massachusetts General Hospital, for providing the human
liver samples. Both rat and human liver microsomes were
prepared as previously described (17).

Lymphocytes were isolated by the shock-Iysing procedure
of Severson et a!. (27). The buffy coat was collected from
500 ml of fresh heparinized blood, and the red cells were
lysed with 2 treatments of a hypotonic salt solution (0.2%
EDTA:0.26% NaCl). The solution was then made isotonic
(9.0% NaC1:5.0% Na3HPO4:3.0% EDTA). The lympho
cytes were centrifuged at 800 rpm; and the supernatant
was removed. The entire shock-lysing procedure was re
peated a 2nd time. The lymphocytes were resuspended in
Eagle's minimal essential medium (Grand Island Biological
Company, Grand Island, N.Y.) supplemented with 10%
fetal calf serum, penicillin (100 units/mi), and strepto
mycin (100 @sg/ml). The suspended cells were divided
into 2 equal parts. The 1st portion was treated with I %
phytohemagglutinin and pokeweed mitogen for 72 hr fol
lowed by benz(a)anthracene (1 sg/ml) for 24 hr. and the
cells were collected for incubation with [â€˜HJBP.
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Metabolites were formed by incubating the lymphocytes
or human liver microsomes with [â€˜H]BP and rat liver
microsomes with [â€˜4C]BPin the following manner. Each
flask contained, in a total volume of 1.0 ml: 7.0 to 8.0 x 10'
lymphocytes or 100 @sgliver microsomal protein; 0.36 smole
of NADPH for liver; 0.79 @moleof NADPH and NADP
for lymphocytes; 3 @smolesof MgCl2; 50 smoles of Tris-HC1
buffer, pH 7.5; and 100 nmoles [â€˜H]BPdissolved in 0.04 ml
methanol. The flasks were incubated 30 mm for lympho
cytes and 10 mm for liver at 37Â°under red illumination, the
reaction was stopped by the addition of 1.0 ml acetone, and
the metabolites were extracted with 2.0 ml ethyl acetate.
[â€˜4C]BPmetabolite standards and â€˜Hincubation extracts
were mixed and injected simultaneously into the column.
Ten ethyl acetate extracts were combined and dried over 2.0
g anhydrous MgSO4 and evaporated under vacuum to
dryness, and the metabolites were dissolved in 0. 1 ml
methanol for analysis by HPLC. Unreacted BP was re
moved in I instance from the metabolites (Chart 4) by
thin-layer chromatography on silica gel (Camag D-B) using
hexane:benzene (15:1). Only BP migrates (RF 0.9) in this
solvent system, leaving all oxygenated metabolites at the
origin for quantitative recovery.

The 2nd portion of lymphocytes was also treated with
phytohemagglutinin and pokeweed mitogen for 72 hr, but
benz(a)anthracene was omitted and [â€˜H]BP(2 @g/ml)was
added directly to the medium. After 24 hr in the dark, the
medium was extracted with 2 volumes ofethyl acetate which
was evaporated to dryness. The metabolites were dissolved
in 0. 1 ml methanol for HPLC analysis. Control incubations,
without cells, were run simultaneously and HPLC analysis
showed only BP to be present.

Incubation times were based on the longest time period
where the AHH assay was linear for 3-OH-BP formation
and all reaction components were in excess. Metabolites
were separated with a DuPont Model 830 high-pressure
liquid chromatograph, fitted with a 1-m ODS-permaphase
column (23). Elution was by a methanol:water gradient with
methanol at an initial concentration of 30% and final
concentration at 70% with the rate of change at 3%/mm.
Solvents were spectrograde glass distilled from Burdick and
Jackson Laboratories, Inc., Muskegon, Mich. Column
pressure was 450 psi and the oven temperature was 50Â°.
Effluent was monitored at 254 nm through an 8-jsl flow cell.

RESULTS

The normal metabolite profile formed by rat liver
microsomal metabolism of BP is seen in Chart I . A small
unidentified peak is eluted first, followed by 3 glycols:
9,lO-dihydrodiol, 4,5-dihydrodiol, and 7,8-dihydrodiol.
These are followed by 3 quinones; l,6-quinone, 3,6-quinone,
and 6, 12-quinone. Characterization of the 6, 12-quinone is
not unequivocal. This class is followed by 2 phenol peaks
which contain largely 9-OH and 3-OH, respectively, and
possibly small amounts of other unidentified phenols. A
comparison of the metabolism of BP by microsomes from
human liver and rat liver is shown in Chart 2. We find that a
large number of metabolites are formed by human liver

microsomes that are not formed by rat liver microsomes. In
the diol region, a large peak (I) appears just after the
9,10-dihydrodiol (Fractions 13 to 15), and a small peak (II)
appears after the 7,8-dihydrodiol (Fractions 3 1 to 34). The
quinone region indicates a major peak (III) at the region of
6,l2-quinone. However, we have found that 6-hydroxyme
thylbenzo(a)pyrene cochromatographs with 6, 12-quinone in
this system and Peak III may correspond to the former
compound reported by Flesher and Sydnor (8). A smaller
peak (IV) follows immediately after (Fractions 49 to 5 1),
and another peak (V) appears in the region where 4,5-dihy
drobenzo(a)pyrene-4,5-epoxide normally migrates (24). We
do not know whether this peak is the 4,5-dihydrobenzo(a)-
pyrene-4,5-epoxide or a different metabolite, since the
epoxide in rat liver is rapidly converted to the dihydrodiol
and in other preparations was seen only when epoxide
hydratase was inhibited and the gradient solvents were
adjusted to pH 9.0. The relative activity of hydratases in
human liver may determine the lifetime of the epoxide, and
it is quite possible that Peak V is an epoxide. An additional
unknown metabolite (VI) migrates just prior to the BP.

The increased background (Fractions 31 to 80) results
from small quantities of BP leaching from the column,
which occurs when metabolism is very low and BP is in
excess of column holding capacity. The background of BP
can be reduced by removing most of the BP before HPLC
analysis (Chart 4) by thin-layer chromatography. The
formation of BP metabolites by lymphocytes during a
30-mm period is seen in Chart 3. This pattern is quite
different than that from rat liver and has characteristics
that are quite similar to that of human liver. The patterns of
human liver and the lymphocytes, however, are not identical
and show some distinct differences. In the 30-mm incuba
tion with lymphocytes, all 3 dihydrodiols were absent. The
metabolites, I, III, V, and VI, migrate identically to those
observed with human liver (Chart 2) and the small peaks, II
and IV, are absent. In the lymphocytes the relative amount
of 3-OH peak to the 9-OH peak was considerably lower
than with the liver microsomes. Also there was a relatively
larger amount of Peak VI compared to all the other
metabolites.

The profile in Chart 4 shows the metabolites formed
during a 24-hr incubation of [â€˜H]BPwith lymphocytes in
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Chart I. Pattern of BP metabolites form by incubation with liver
microsomes prepared from 3-methylcholanthrene-treated rats. Fractions
(0.2 ml) were collected at 20-sec intervals. , pmoles hydrocarbon
formed. 4,5-Diol, 7,8-Diol, and 9,10-Diol, 4,5-, 7,8-, and 9,10-dihydrodiols;
l,6-Q, 3,6-Q, and 6-12Q, 1,6-, 3,6-, and 6,l2-quinones.
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Chart 2. Pattern of BP metabolites formed by incubation with human liver microsomes. â€”, pmoles of hydrocarbon formed by human microsomes
with [â€˜H]BP. - - -, pmoles of hydrocarbon formed by rat liver microsomes with [â€œC]BP. Roman numerals. metabolites produced only by human
microsomes.
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Chart 3. Pattern of BP metabolites

formed by incubation with human lympho
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tabolites produced only by human micro
somes.
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culture. In contrast to the absence of dihydrodiol formation
during a 30-mm incubation, all 3 dihydrodiols are formed
with the 7,8-dihydrodiol as the major peak. This result
agrees with the report that dihydrodiols are formed by
lymphocytes (2), although the methods used in the latter
reports are inadequate for the separation of the individual
diols, phenols, quinones, and the new metabolites. The
lymphocytes form metabolites that migrate as Peaks I, III,
and V and correspond to the new metabolites formed by
human liver. Peak IV, which is observed in human liver
(Chart 2), does not appear but may possibly be hidden
between Peaks III and V. In this experiment the bulk of BP
was removed prior to HPLC by thin-layer chromatography.
Peak VI which is seen in Charts 2 and 3 may have been
removed during the thin-layer chromatography.

In addition to Peaks I to VI, several additional new peaks
are formed during the longer incubation period of BP with
lymphocytes. This may reflect a further metabolism of some
of the formed metabolites by the mixed-function oxidase
system. There is an additional peak in the dihydrodiol
region (VII) and 2 more peaks in the phenol region VIII,
Ix.

Thus, our data show that human lymphocytes incubated
with BP for 24 hr form many metabolites that migrate
identically to those formed by human liver. There are,
however, several additional metabolites formed by the
lymphocytes, and the ratios of metabolites formed by
lymphocytes differ from those in liver.

DISCUSSION

Work from this laboratory has shown the efficacy of
HPLC for the isolation, characterization, and quantitation
of BP metabolites (23, 25, 26). The usefulness of this
method has been confirmed by others using almost identical
conditions (12).

The separation, accomplished in less than 1 hr, in a
light-tight, solvent-filled system utilizing a chemically inert
column, greatly diminishes oxidative loss of labile com
pounds and allows metabolite quantitation. Thin-layer and
conventional column chromatography are relatively made
quate since they yield incomplete separations, in that
quinones are not reported (2) and phenols are not separable
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Chart 4. Pattern of BP metabolites formed by incubation with human lymphocytes for 24 hr. Roman numerals, metabolites produced only by human

microsomes.

stimulates PAH binding to DNA (25) and parallels an
enhancement of tumor formation in mouse skin (3). The
patterns of metabolites formed by liver and lymphocytes
show some similarity but are sufficiently different in both
qualitative and quantitative aspects to justify caution in
extrapolating patterns of activity obtained with lympho
cytes to other human tissues.

The relationship of metabolism to carcinogenesis may be
clarified by determining the metabolite patterns for suscep
tible and refractory strains and species. A careful analyses
of metabolite patterns in different humans may eventually
give us insight into the reasons for the variability in human
susceptibility to polycyclic hydrocarbon carcinogenesis.
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