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ABSTRACT

The benzo(a)pyrene (BP) metabolite pattern formed by mon
ocytes and lymphocytes includes three dihydrodiobs, a major
7,8-dihydroxy-7,8-dihydrobenzo(a)pyrene (7,8-diol), low or
moderate levels of 4,5-dihydroxy-4,5-dihydrobenzo(a)pyrene,
and barely detectable levels of 9,1O-dihydnoxy-9,10-dihydro
benzo(a)pyrene; at least three phenols, 3-, 7-, and 9-hydnoxy
benzo(a)pyrene; and two major separable quinones,
benzo(a)pyrene-1 ,6- and 3,6-diones. BP metabolite patterns
formed by benz(a)anthracene (BA)-induced monocytes and
lymphocytes from the same individual show that each cell type
has characteristic differences in the relative ratios of the BP
metabolites formed. Relatively greater proportions of 7,8-diob
and 9-hydroxybenzo(a)pyrene are synthesized by monocytes,
while lymphocytes form relatively higher levels of 3-hydroxy
benzo(a)pynenes and the BP quinones. Thus, it appears that
monocytes and lymphocytes contain different patterns of cy
tochrome P-450 mixed-function oxidases on metabolically me
batedenzymes which are active in BP metabolism. The ratio of
BP metabolites formed by BA-induced to that of control
monocytes and lymphocytes are greater for the 7-hydnoxy
benzo(a)pyrene and 9-hydroxybenzo(a)pynene and lesser for
the 3-hydroxybenzo(a)pyrene and 7,8-diol in most samples
examined. The total amounts of BP metabolites formed are
quantitatively higher in BA-induced cells. These data suggest
that induction by BA in these cells is selective and favors the
formation of certain forms of cytochnome P-450 which change
the metabolite patterns in induced cells. When (â€”)-trans-7,8-
dihydnoxy-7,8-dihydrobenzo(a)pymene is used as a substrate,
both noninduced and BA-induced monocytes and lymphocytes
metabolize the compound further to highly mutagenic 7,8-diol
9,1O-epoxides. Analysis of the ethyl acetate-extractable tetrols
and tniols demonstrated that the major diol-epoxide formed is
diol-epoxide I, r,7-t-8-dihydmoxy-t-9, 1O-oxy-7,8,9, 10-tetmahy
dnobenzo(a)pyrene. Our results indicate that monocytes and
lymphocytes exhibit different metabolite profiles, as do BA
induced and control cells. BA induction appears to favor BP
over 7,8-diob metabolism, suggesting that the induction may
lead to a greater ratio of detoxified to activated products
relative to the ratio formed in control cells. The results also
show that the amount of 7,8-diol metabolism in BA-treated cells
is either similar to or only slightly greater than in control cells.
This is in contrast to BP metabolism which is stimulated 2- to
4-fold by BA treatment. Thus, the form of cytochrome P-450
metabolizing the 7,8-diol to diob-epoxides is relatively unin
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ducible compared to those cytochnome P-45O forms metabo
lizing BP.

Improvements in methods are described which allow the
analysis by high-pressure liquid chromatography of BP metab
olism using relatively low numbers of human peripheral blood
monocytes and lymphocytes. These improvements include the
removal of BP by silica gel column chromatography prior to
high-pressure liquid chromatography analysis and the preven
tion of the spontaneous oxidation of phenols to quinones during
sample handling and storage by the addition of the antioxidant,
vitamin E, to all the solvents.

INTRODUCTION

PAH's,3 of which BP is a prototype compound, are common
in the environment and may be causal agents in human cancer
(8). The inhalation of cigarette smoke, which contains large
amounts of PAH's, has been shown by epidemiobogical studies
to be highly correlated to lung cancer incidence (39). The
PAH's are biologically inert until they are metabolically acti
vated by AHH, a microsomal cytochrome P-45O-containing
mixed-function oxygenase system, which is found in most
mammalian tissues (26). In some strains of mice, susceptibility
to PAH-induced tumorigenesis is linked to the ability of the
animal to induce its carcinogen-metabolizing activity (21 , 22,
24). This inducibility of AHH activity is genetically determined

and segregates as an autosomabdominant trait (11, 27, 37).
Since the AHH system is responsible for both the activation
and detoxification of PAH, some relationship between AHH
activity and inducibility and susceptibility to PAH carcinogen
esis may exist in the human population.

In order to measure the intemindividual variation in AHH
activity, an easily obtainable source of human tissue is me
quired. Tissues meeting this requirement which have been
used for the measurement of AHH activity and inducibility
include blood lymphocytes (6, 40), monocytes (2, 3), and lung
macnophages (7). The intenindividual variation in AHH activity
and mnducibilityin the human population appear to be geneti

3 The abbreviations used are: PAH, pelycyclic aromatic hydrocarbon; BP,

benze(a)pyrene; AHH, aryl hydrocarbon [benzo(a)pyrene] hydroxylase; HPLC,
high-pressure liquid chromatography; 9, 10-diel, 9,1O-dihydroxy-9,10-dihydro
benzo(a)pyrene; 4,5-diol, 4,5-dihydroxy-4,5-dihydrobenzo(a)pyrene; 7,8-diol,
7,8-dihydroxy-7,8-dlhydrobenzo(a)pyrene; 1-OH, 1-hydroxybenzo(a)pyrene; 3-
OH, 3-hydrexybenzo(a)pyrene; 7-OH, 7-hydroxybenzo(a)pyrene; 9-OH, 9-hy
droxybenzo(a)pyrene; 1,6-quinone, benzo(a)pyrene 1,6-diene; 3,6-quinone,
benzo(a)pyrene 3,6-dione; 6,12-quinone, benzo(a)pyrene-6,12-dione; BA,
benz(a)anthracene; tetrol, 7,8,9, 1O-tetrahydroxytetrabenzo(a)pyrene; triol,
7,8,9-trihydroxypentahydrebenze(a)pyrene; diel-epoxide I, r-7,t-8-dihydroxy-t-
9,1O-oxy-7,8,9,1O-tetrahydrexybenze(a)pyrene; diel-epoxide II, r-7,t-8-dihy
droxy-c-9, i O-exy-7,8,9,1O-tetrahydroxybenzo(a)pyrene; ODS, octadecyltri
methoxysilane; DMSO, dimethyl sulfoxide; HBSS, Hanks' balanced salt solution;
MEM, minimal essential medium; FCS, fetal calf serum. The nomenclature of diol
epoxides and specific tetrels and triols is detailed in Ref. 44.
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liquid chromatograph. (â€”)-Trans-7,8-[3H]diol with an optical
purity of greater than 95% (43) was prepared enzymatically as
described previously (44). The radiolabeled compound was
diluted with unlabeled (â€”)-trans-7,8-diol to a specific activity
of 100 to 200 mCi/mmol and purified immediately before use
by HPLC as above. Final specific activities were determined by
taking UV-visible absorption spectra on a Cary Model 15 spec
trophotometer and determining the radioactivity in aliquots of
the compounds by liquid scintillation counting using Aquasol
as the scintilbant (New England Nuclear, Boston, Mass.). The
concentration of BP on (â€”)-trans-7,8-diol was determined by
using the molar extinction coefficients 5.81 x 1O@m1 cm1 at
296 nm and 5.05 x 10â€•M1 cm1 at 367 nm for BP and (â€”)-
trans-7,8-diol, respectively. NADPH was purchased from Cal
biochem, San Diego, Calif. NADH, nicotinamide, bovine serum
albumin, and vitamin E were from Sigma. DMSO was from
Fisher Scientific Co., Fainlawn, N. J. Spectroquality glass-dis
tilled methanol, ethyl acetate, hexane, tetnahydrofuran, and
acetone were purchased from Burdick and Jackson Labora
tories, Muskegon, Mich. Spectroquality benzene was pun
chased from Matheson Coleman & Bell, Nonwood, Ohio.

Sources of Cells and Separation of Monocytes and Lym
phocytes. Mononuclear leukocytes were obtained from the
Washington Regional Blood Program of the American Red
Cross, Washington, D. C. The cells obtained were separated
from human peripheral blood by leukapheresis and were trans
ported in about 150 ml of Medium 199 (Microbiological Asso
ciates Inc., Bethesda, Md.). Following dilution to 250 ml final
volume with calcium- and magnesium-free HBSS (Grand Island
Biological Co., Grand Island, N. V.), mononuclear leukocytes
were further purified from other cells by centnifugation onto a
Ficoll:Hypaque density layer (lymphocyte separation medium;
Litton Bionetics, Inc., Kensington, Md.) and by washing with
HBSS as described previously (2). The mononuclear cells were
finally suspended in MEM (Microbiological Associates) supple
mented with gentamicin, 50@zg/ml(ScheningCorp., Kenilworth,
N. J.), and 20% FCS (Grand Island Biological; Lots A461 621
and A5751 18) and distributed into eight or ten 150-sq cm
tissue culture flasks (Costar, Cambridge, Mass.) in a total
volume of 25 ml of medium each. Cultures were incubated at
37Â°for 1.5 hr in 5% CO2:95% humidified air. Medium contain
ing nonadherent lymphocytes was poured into one large flask.
The adherent monocytes were washed once with complete
medium which was combined with the lymphocyte fraction and
then twice more with HBSS to completely remove nonadhenent
lymphocytes. The lymphocyte suspension was adjusted to a
cell density of 1.3 x 106/ml with MEM containing gentamicin,
20% FCS, 1% phytohemagglutinin (Grand Island Biological),
and 1% pokeweed mitogen (Grand Island Biological).

Cell Culture and Induction of AHH. Twenty-five ml of MEM
containing gentamicin and 20% FCS were added to flasks of
washed monocytes. The cells were incubated for 16 to 18 hr
at 37Â°in 5% CO2:95% humidified air. DMSO or BA was added
to give a final concentration of 0.1 % DMSO in control flasks
and 0.1 % DMSO and BA 2 @zg/mI,in the induced flasks.
Twenty-four hr later, the cells were harvested by loosening
with a rubber policeman and centrifuging in 50-mI plastic
centrifuge tubes. Cell pellets were suspended in HBSS and
combined into one tube in a total volume of 40 ml. An aliquot
was counted using a hemocytometer, and the cells were dis
tnibuted into 12- x 75-mm disposable plastic tubes at concen

cabbydetermined, but the number of genes involved has not
been unequivocally determined (1, 18, 28). Recently, the
gene(s) related to AHH activity have been found to be located
on human chromosome 2 (4). The occurrence of higher ratios
of AHH induction in lymphocytes from lung cancer patients
was initially reported by Kellermann et a!. (19) and later in
lymphocytes from lung and laryngeal cancer patients (13, 38).
However, a lack of correlation between AHH activity and lung
cancer was found by other researchers (17, 23, 29). This lack
of agreement may be due to problems of reproducibility in the
measurement of AHH activity in short-term lymphocyte cub
tunes.

The standard AHH assay used to measure BP metabolism,
although sensitive, measures only phenol formation (25). With
the technique of HPLC, the entire BP metabolite pattern formed
by the cells under investigation can be examined and quanti
tated. BP metabobites formed by cells or microsomes have
been shown to include the following: 9,10-, 4,5-, and 7,8-diols;
1-, 3-, 7-, and 9-OH; and the 1,6-, 3,6-, and 6,12-quinones
(15, 31 , 32, 46). The 7,8-diol can also be further oxygenated
to the highly reactive, mutagenic, and probably ultimate canci
nogenic metabolites, the 7,8-diol-9,1O-epoxides (16, 36, 44).
In animal tissues, it has been well established that there are
various forms of cytochrome P-450 (12, 14, 30), and the highly
purified forms have been shown to be substrate selective and
product stereo- and regioselective (9, 15, 36, 41). The negu
lation of levels of enzyme and the metabolic pathways unique
to types of cells may be an important determinant in an individ
ual's susceptibility to PAH carcinogenesis. There have been
previous attempts to analyze total BP metabolism in lympho
cytes and monocytes by HPLC. These analyses were done
with difficulty due to problems associated with the low AHH
activity of the cells and to the high background radioactivity
appearing in the metabolite pattern due to leaching of the
[3H]BP substrate injected into the HPLC column (10, 33).

In this paper, we describe BP metabolite profiles formed by
human lymphocytes and monocytes by improved HPLC meth
ods which increase the sensitivity of detection of BP metabo
bites.For these analyses, we have used low, easily obtainable
numbers of human lymphocytes and monocytes. Some prelim
manyresults on the comparison of BP and 7,8-diol metabolism
by monocytes and lymphocytes are also reported.

MATERIALS AND METHODS

Chemicals. BP and BA were obtained from either Eastman
Kodak Co., Rochester, N. V., onSigma Chemical Co., St. Louis,
Mo. Both compounds were purified before use by recrystalli
zation from ethanol. Synthetic BP derivatives4 were obtained
through National Cancer Institute Contracts NOl -CP-33387
and NOl -CP-33385. The tetmolsand tniols of BP were formed
by the hydrolysis and reduction of diob-epoxides I and II (42,
44). [3H]BP (8.3 on 25 Ci/mmol) was purchased from Amen
sham/Seamle, Arlington Heights, Ill. The [3H]BP was diluted to
a specific activity of 1 to 2 Ci/mmol with unlabeled BP and
purified by HPLC with a DuPont Zorbax ODS (inside diameter)
6.2-mm x 25-cm column on a Spectra-Physics Model 3500

4 Information on the availability of the synthetic BP derivatives an be obtained

from the Program Manager, Chemical and Physical Carcinogenesis Branch,
Division of Cancer Cause and Prevention, National Cancer Institute, Landow
Building, Room 80-29, Bethesda, Md. 20205.
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trations of 5 to 6 x 106viable cells/tube for the HPLC analysis
and 4 x 106 cells/tube for the AHH assay. The cells were
mesedimentedat 500 x g for 10 mm at 4Â°and either assayed
immediately or stored at â€”70Â°until used. Typically, the total
number of monocytes obtained from this procedure was 5 to 6
x 108 cells.

One hundred-mI portions of lymphocyte suspensions at a
cell density of 1.3 x 106/mI in MEM containing gentamicin,
20% FCS, and mitogens were distributed into 150-sq cm tissue
culture flasks. They were incubated for 48 hr at 37Â°in 5%
C02:95% humidified air. For the induction of AHH activity, BA,
200 @.tg/mlin 10% DMSO, was added to a final concentration
of BA, 2 @tg/mland 0.1% DMSO, the clumps of cells were
dispersed by agitation of the flasks, and the lymphocytes were
incubated further for 24 hr. Control cultures received DMSO to
a final concentration of 0. 1%. The lymphocytes were harvested
by pouring into 50-mbplastic centrifuge tubes and pebletingat
500 x g for 10 mm at 4Â°.The cells were suspended in HBSS
and combined into one tube in a total volume of 40 ml. After
the viable cell number had been determined on an aliquot of
the suspension, the cells were distributed into 12- x 75-mm
disposable plastic tubes at 10 x 106 cells/tube for HPLC
analysis and 3 to 5 x 106 cells/tube for AHH assay. The total
yield of lymphocytes in a typical preparation was 4 to 6 X 108
cells.

AHH Assay. AHH activity was assayed by measuring the
fluorescence of alkali-extracted BP phenols with an Aminco
Bowman spectrofluorometem as described previously (2). In
cubations were for 20 mm at 37Â°for monocytes and 30 mm at
37Â°for lymphocytes with mechanical shaking under yellow
fluorescent bight illumination. Activity was calculated with the
use of a standard curve. The standard curve was constructed
by adding increasing amounts of 3-OH to 1.0 ml of water,
followed by extraction into 1.0 ml of acetone plus 3.0 ml of
hexane. The fluorescence in 1.0 ml of 1 N NaOH of 3-OH
extracted from 2.5 ml of organic phase was measured as
above. A graph of fluorescence units versus pmol 3-OH added
to the 1.0 ml water was linear in the range of 0 to 200 pmol 3-
OH within which most of the experimental readings fell.

Incubation with Radiolabebed Substrates and Preparation
for HPLC Analysis. Monocytes and lymphocytes were sus
pended in 0.85 ml of a solution (pH 7.55) containing 67.5 @zmob
KH2PO4, 66.7 zmol KOH, 4.2 @mobMgCI2, and 25 @.tmolnicotin
amide. The solution containing NADH and NADPH, 0.7 mg
each in 0.1 ml, was added, and the reaction was started by the
addition of either I 0 nmol [3H]BP (1.0 to 1.3 Ci/mmol) or 10
nmol (â€”)-trans-7,8-[3Hjdiol(100 to 200 mCi/mmol). Each mon
ocyte sample was incubated for 20 mm, and each lymphocyte
sample was incubated for 30 mm at 37Â°.Reactions were
terminated by chilling and adding 1.0 ml of acetone. For the
BP metabolites, 2.0 ml of ethyl acetate were added, followed
by 500 nmol of vitamin E, resulting in an eventual concentration
of 0.1 mM in the organic phase. A stock solution of 10 mM
vitamin E in 100% methanol was freshly prepared each week.
The concentration was determined by using a molar extinction
coefficient of 3.06 x 10@M1 cm' at 294 nm. Following
removal of the organic phase, the aqueous phase was ex
tracted twice more with 1.0 ml of acetone:ethyb acetate (1:2,
v/v). The organic phases were combined and dehydrated with
anhydnous MgSO4. Aliquots of both the organic and aqueous
phases were counted using Aquasol as the scintillant to deter

mine the total radioactivity in each phase. The organic phase
was reduced to dryness under a stream of N2and dissolved in
0.5 ml of benzene containing 0.1 m@ivitamin E. The BP and
BP metabolites were loaded onto a 1.5-mb column of silicic
acid (Bio-Sil A, 100 to 200 mesh; Bio-Rad, Richmond, Calif.)
in a Pasteur pipet which had been previously equilibrated with
benzene. The column was first ebutedwith benzene. At the end
of the fifth fraction (50 drops or about 0.6 mI/fraction), the
column was eluted with 100% methanol containing 0.1 m@
vitamin E. The elution profile (Chart 1) was determined by liquid
scintillation counting of 5-@laliquots of each fraction. Thin-wall
Teflon TFE spaghetti tubing (AWG Sizes 13, 16, and 17; Read
Plastics, Rockville, Md.) was used for all connections of the
silica gel column in order to avoid contamination of the sample
with plasticizers contained in other types of tubing. Fractions
containing BP metabolites were pooled, reduced to a small
volume under N2, and stored at 4Â°until HPLC analysis. Frac
tions containing [3H]BP were pooled, reduced in volume under
N2,and stored at 4Â°in benzene. This [3H]BP can be repurified
and reused. The continuous presence of vitamin E throughout
all these handling steps was necessary in order to avoid the
autoxidation of phenols to quinones (Chart 2). Recently, greater
stability of BP phenols was found with the use of 0.5 to 1.0 mM
vitamin E.

For measuring the metabolism of (â€”)-trans-7,8-[3H]diolme
tabolism by monocytes and lymphocytes, the reaction was
terminated by adding acetone. Two ml of ethyl acetate were
added, and the contents were mixed. The organic phase was
removed, and the aqueous phase was extracted twice more
with acetone:ethyl acetate as described above for the reactions
using BP. The combined organic phases were dehydrated with
anhydrous MgSO4 and reduced to dryness under a stream of
N2. The total radioactivity in the organic and aqueous phases
was determined by counting aliquots of each phase. The dried
organic extractable material was dissolved in 50 @zIof 90%
methanol:10% tetrahydrofuran (v/v) before analysis by HPLC.

HPLC Analysis of BP and (â€”)-trans-7,8-Diol Metabolites. A
Spectra-Physics Model 3500 liquid chromatograph fitted with
a Whatman 4.6-mm (inside diameter) x 25-cm Partisil-1 0 ODS
2 column (Whatman, Inc., Clifton, N. J.) was used for analysis
of the BP metabolites. The column was eluted at room temper
ature with a linear gradient of 60% methanol in water to 100%
methanol with a sweep time of 20 mm and a solvent flow rate
of 0.8 mI/mm. Thirty-drop fractions were collected initially for
17 to 18 mm. Following the 9,1O-diol peak, the fraction size
was changed to 15 drops. At the beginning of the phenol area
at about 27 mm, 10-drop fractions were collected. The fraction
size was then changed back to 15 drops following the 3-OH
peak and through the quinones. At 33 mm, 30-drop fractions
were again collected until BP had been eluted. Peaks of radio
activity were identified by their cochnomatogmaphywith BP
metabolite standards included with each HPLC analysis per
formed. Positions of elution of each BP metabolite were moni
tored by UV absorption at 254 nm. Each HPLC analysis was
completed within 45 mm (Chart 3). With the prior removal of
greater than 98% of the unreacted [3HJBPby silica gel column
chromatography, background radioactivity could be washed
out of the column within about 15 mm, and the column could
be equilibrated for the next chromatographic analysis.

The HPLC system and the elution pattern of the 7,8-diol
metabolites have been described previously (45). For the first
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I 6 mm of elution, 40-drop fractions were collected. The fraction
size was then changed to 20 drops for the next 26 mm or until
all the tetrols and triol I had been ebuted. Forty-drop fractions
were then collected until the elution of the (â€”)-trans-7,8-diobat
67 to 69 mm, which was collected into a single vial. The volume
of the (â€”)-trans-7,8-diolcollected was measured, and the total
radioactivity was determined by counting a 0. 1-ml abiquot.
Unlabeled tetrol and triol standards were included with each
HPLC analysis performed. Positions of each tetrol and tniol
were monitored by UV absorption at 248 nm.

RESULTS

Improved Method for Analysis of BP Metabolism by HPLC
in Cells with Low Activity. In order to more easily examine BP
metabolism by HPLC in human blood monocytes and bympho
cytes, several modifications in our previously published pro
cedures were made. Due to the low AHH activity of these cells,
it was necessary to use [3H]BP of relatively high specific
activity. With a very high substrate specific activity and lower
metabolism, small amounts of substrate can seriously contam
mate the HPLC column and impair the separation and quanti
tation of the metabolites. We therefore separated unreacted
BP from the BP metabobites by silica gel column chromatog
raphy. A typical separation is shown in Chart 1. Fractions 3 to
6, which contain greater than 98% of the initial BP, are pooled
separately from fractions 7 to 11, which contain all the BP
metabolites and some BP. Aliquots of each pooled fraction
were counted to quantitate the total radioactivity in each. The
combined BP metabolite fractions from the silica gel column
were reduced to dryness under N2 and dissolved in 50 @dof
100% methanol for analysis by HPLC. Initial experiments re
vealed that the additional sample handling and storage time
necessitated by this procedure resulted in the partial or com
plete oxidation of the labile phenols, 3-OH and possibly 1-OH,

20
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Chart 2. HPLC pattern of BP phenols and quinenes after processing in the
absence (A) or presence (B) of 0. 1 mM vitamin E. Uver microsomes (10 to 20
lLg protein) from 3-methylcholanthrene-Induced Sprague-Dawley rats prepared
as described previously (20) were incubated in 1.0 ml of 50 m@.iTris-HCI:3mM
MgCl (pH 7.5), contaIning 0.5 mg NADPH, 0.2 mg bovine serum albumin, and 10
nmel [3H]BP for 30 mm at 37Â°.The reactions were terminated, and the BP
metabolites were extracted with ethyl acetate and subjected to silica gel column
chromatography as described for monocytes and lymphocytes in â€˜â€˜Materialsand
Methods.â€˜â€T̃he pooled BP metabolites were injected into a 4.5-mm x 25-cm
Whatman Partisil ODS-2 column and eluted as described in â€˜â€˜Materialsand
Methods.â€•Fractions of 15 drops were collected beginning just before the 9-OH
peak and continuing through the quinone peaks.

to quinones. This spontaneous oxidation was largely prevented
by the presence of the antioxidant, vitamin E, during the
handling and storage steps. This is demonstrated in Chart 2,
which shows the HPLC pattern of BP phenols and quinones
formed by liver microsomes from 3-methylcholanthrene-in
duced rats processed in the absence (Chart 2A) or presence
(Chart 2B) of 0.1 M vitamin E. The reduction in the 3-OH peak
results in an increase in the 1,6- and 3,6- plus 6,1 2-quinone
peaks. In a separate experiment, the presence of up to 1.0 mM
vitamin E during the extraction and silica gel chromatography
steps did not reduce the amount or affect the ratio of synthetic
3H-labeled 1,6- and 3,6-quinones which are carried through
the above steps and analyzed by HPLC.5 Vitamin E also does
not interfere with the HPLC analysis, since it and its oxidation
products elute after the BP metabobites and either before or
after the elution of BP.

Typical BP metabolite profiles for BA-induced monocytes
and BA-induced lymphocytes are shown in Chart 3. In samples
from other individuals, the patterns were similar except for
somewhat higher 4,5-diol formation. The peaks of radioactivity
were identified by cochromatography with synthetic BP metab
olite standards. The initial peak of radioactivity labeled Un
known A probably consists of conjugated metabolites but has
not been further characterized. The amount of material in this
peak varied in different experiments and is also formed by
incubation of BP in a reaction mixture without cells. This peak

S p, Okano, unpublished observations.
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Chart 1. Silica gel chrematographic separation of BP frem BP metabolites.
Either 5 to 6 x 10 monocytes or 10 x 1O@lymphocytes were Incubated with
[3H@P in 1.0-mI reaction mixtures. The reactions were terminated, and the
samples were processed as described in â€œMaterialsand Methods.â€•The samples
in 0.5 ml of benzene were loaded onto 1.5 ml of silica gel in a Pasteur pipet
column. [3HJBPwas eluted first with benzene followed by the BP metabolites with
I 00% methanol. Fifty-drop or about 0.6-mI fractions were collected, and 5-id
aliguots were counted to determine the radioactivity in each fraction.

AUGUST1979 3187

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2405509/cr0390083184.pdf by guest on 19 M

ay 2023



P. Okano et a!.

the relative amount of 4,5@-diolformed in lymphocytes was
greater than that formed in monocytes; in one individual, the
amount of 4,5-diol formed in lymphocytes was as great as the
amount of 7,8-diol formed. In individuals showing a relatively
higher 4,5-diol formation in lymphocytes, the 4,5-diol level in
monocytes was also elevated. We have not examined sufficient
numbers of individuals to determine whether the amount of
4,5-diol formed may be a parameter of intenindividual differ
ences.

Using the Whatman Partisil ODS-2 column, the BP phenols
can be separated into 3 peaks, 9-, 7-, and 3-OH, in their
respective order of elution. Although the elution position of 7-
OH is close to that of 3-OH, the degree of reproducibility in the
quantitation of both phenols is high with a 10% or less error of
determination between duplicate samples. The 3-OH peak may
also contain some I -OH, which has been separated and iden
tified as a metabolic product of BP in our laboratory using a
different HPL system (31). The presence of 1-OH is suggested
by the the increase in both the 1,6- and 3,6-quinone peaks
when the 3-OH peak is decreased due to autooxidation. Both
lymphocytes and monocytes formed these major phenol peaks,
the 3-, 7-, and 9-OH. The ratio of 3-OH to 9-OH was quite
characteristic for each cell type. Monocytes had a greater or
similar ratio of 9-OH to 3-OH. The reverse was true for lympho
cytes, which always formed greater amounts of 3-OH than 9-
OH in both induced and control cells. Thus, a characteristic of
both control and induced monocytes is their relatively high rate
of 9-OH formation, while lymphocytes form relatively greater
amounts of the phenols other than 9-OH.

Comparison of BP Metabolism In BA-induced and Nonin
duced Cells. Table 1 summarizes the pattern of BP metabolism
in BA-induced and control monocytes from 2 different individ
uals. The formation of each BP metabobite is increased about
3-fold in BA-induced monocytes from Individual A as compared
to control cells. The fold increase, however, of 7-OH and 9-OH
formed in induced cells appears greaten than the fold increase
observed for other metabolites. Thus, the data suggest that
induction preferentially induces enzyme systems forming 9-OH
and 7-OH. The amount of 7,8-diol and 3-OH is increased to a
lesser extent in the induced cells than are those of the other
phenols. The 9,10-diol and 4,5-diob are synthesized in low,
barely detectable amounts in both BA-induced and control
cells, making any comparison difficult. Formation of quinones
varies from sample to sample, and differences in rate of for
mation in BA-induced and control cells are probably not signif
icant. For Individual B, total BP metabolism is induced 3.6-fold
by BA with a slight preferential synthesis of 7-OH and a slightly
higher formation of 7,8-diob in control cells.

The summary of BP metabolism in BA-induced and control
lymphocytes from the same 2 individuals is shown in Table 2.
In Individual A, BA induction beadsto a lower ratio of 7,8-diol
and 3-OH and a higher ratio of 7-OH and 9-OH formation. The
low amounts of 9,10-diol and 4,5-diol and the variation in
quinone formation prevent meaningful comparisons of these
metabolites. As with monocytes, the induced cells display
relatively lesser increases in 7,8-diol and 3-OH formation and
preferential increases in 7-OH and 9-OH formation. Thus, in
both monocytes and lymphocytes, the induction process ap
pears to induce enzymes favoring 7-OH and 9-OH formation
over those enzyme systems favoring 3-OH and 7,8-diol for
mation.
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Chart 3. HPLC pattern of BP metabolites formed by BA-induced monocytes

(A) and lymphocytes (B). BP metabolites formed by 6 x 106 monocytes (A) or 10
x 106 lymphocytes (B) were extracted with ethyl acetate and separated from
unreacted BP by silica gel column chromatography as described in â€˜â€˜Materials
and Methods.' â€˜The combined BP metabolites were reduced to dryness under N2
and dissolved in 50 gJof 100% methanol. The entire sample was injected into a
4.6-mm x 25-cm Whatman Partisil ODS-2 column and eiuted as described in
.â€˜MaterialsandMethods.â€•

is thus not considered as a metabolic product. The peak
labeled Unknown B is most likely to be a breakdown product
of BP since it is absent when freshly purified [3HJBPis used
and increases in size with increased time of storage of [3H]BP.
Subtracting the blank value usually eliminated this peak. The
peak labeled Unknown C comprises less than 1% of the total
BP metabolites. It cochmomatographs with the synthetic stan
dard 6-hydroxymethybbenzo(a)pyrene but has not been posi
tively identified as that metabolite.

Comparison of Metabolism by Monocytes and Lympho
cytes. It has been shown previously that the freezing and
thawing of monocytes reduces the measured AHH activity in
those cells (2). However, the impracticality of continually using
freshly harvested cells necessitated testing of the effect of
freezing and storage of monocytes and lymphocytes on BP
metabolite patterns. Our preliminary results indicate that fneez
ing and thawing had no effect on the ratios of BP metabolites
formed by either cell type, although the total amount sometimes
decreased,especiallyinmonocytes.6

Under the conditions of incubation, the amount of water
soluble material formed by monocytes and lymphocytes is bow
ranging from 4 to 10% of the total metabolites. This minor
fraction of BP metabolism has not been further characterized
and has thus been excluded from the comparisons of BP
metabolism in these cells.

In general, the primary diol formed by both monocytes and
lymphocytes is the 7,8-diol. In both types of cells, the 9,10-
diol is formed at extremely low levels and is just detectable.
The amount of 4,5-diol formed is generally low in both mono
cytes and lymphocytes. However, in 3 individuals examined,

6 P. Okano, H. M. Miller, R. C. Robinson, and H. V. Gelboin, unpublished

observations.
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Comparison of BP metabolism in BA-induced and noninduced monocytes
Duplicatesamplesof 5 to 6 x 106frozenBA-inducedor noninducedmonocyteswereincubatedwith [3HJBP,andthe BP

metaboliteswereanalyzedby HPLCasdescribedin â€˜â€˜MaterialsandMethods.â€˜â€˜FortheAHHassay,4 x 106monocyteswere
incubated,andthe activitywasdeterminedasdescribedin â€˜â€˜MaterialsandMethods.â€•Specific

activity (fmol/min/1 0Â°cells)Individual

A IndividualBBP

metabolite BA induced Control RSt@Oa BA induced ControlRatioa9,iO-DioI

6 (O7)@' 6 (1.4) 1.0(0.5) 13 (0.6) 7 (1.2) 1.8(0.5)
4,5-Diol 4 (0.5) 0 (0.2) (3.1) 65 (3.2) 0 (0)
7,8-Diel 106 (14.1) 47 (15.8) 2.3(0.9) 205 (10.1) 97 (17.2) 2.1 (0.6)
9-OH 265 (35.2) 70 (30.6) 3.8 (1.1) 588 (29.2) i81 (32.1) 3.2 (0.9)
7-OH 87 (ii.8) 20 (10.1) 4.4 (i.2) 256 (12.6) 69 (12.2) 3.7(1.0)
3-OH 214 (28.6) 76 (33.6) 2.8 (0.8) 553 (27.3) i97 (34.8) 2.8(0.8)
1,6-Quinone 26 (3.4) 6 (1.5) 4.4 (2.3) 108 (5.3) 0 (0)
3,6-Quinene 44 (5.8) 17 (8.6) 2.6 (0.7) 236 (1 1.6) 14 (2.5) 16.9 (4.6)
6,12-OulnoneTotal

752 (100) 242 (100) 3.1 2024 (100) 565 (100)3.6AHH

349 125 2.8 1216 404 3.0

Duplicatesamplesof 10 to 11 x 10@frozenBA-inducedandnoninducedlymphocyteswereincubated
with [3H]BP,andthe BPmetaboliteswereanalyzedby HPLCas describedin â€œMaterialsand Methods.â€•
For the AHH assay,3 to 5 x 106 lymphocyteswere incubated,and the activity was determinedas
describedin â€œMaterialsandMethods.â€•Specific

activity (fmol/min/1 06cells)Individual

A IndividualBBP

metabolite BA induced Control Ratioa BA induced ControlRatio9,10-Diel

1 (0.3?' i (0.5) i.0(O.5) 1 (0.4) 0 (0.2)
4,5-Diol 3 (1.2) 0 (0.3) (4.2) 23 (6.2) 0 (0)
7,8-Diol 19 (7.4) i3 (12.3) 1.4(0.6) 20 (5.2) 3 (5.8) 6.4(0.9)
9-OH 61 (23.3) 20 (18.8) 3.0 (1.2) 62 (16.6) 9 (i 6.6) 6.9 (1.0)
7-OH 45 (17.4) 11 (10.4) 4.1 (1.7) 36 (9.7) 6 (iO.6) 6.4(0.9)
3-OH 95 (36.4) 43 (40.6) 2.2 (0.9) 93 (25.2) 24 (44.1) 3.9(0.6)
i,6-Quinone 12 (4.6) 6 (5.5) 2.0(0.8) 43 (il.6) 0 (0)
3,6-Quinone 25 (9.4) 13 (11.6) 2.0 (0.8) 94 (25.3) 12 (22.7) 7.6 (1.1)
6,i2-QulnoneTotal

26i (i 00) 107 (100) 2.4 372 (100) 54 (i 00)6.9AHH

i42 68 2.1 i52 70 2.2

Monocyte and Lymphocyte BP and 7,8-Diol Metabolism

Table 1

a BA-induced versus neninduced cells.

b Numbers in parentheses, percentage of total metabolites.

Table 2

Comparison of BP metabolism in BA-induced and noninduced lymphocytes

a BA-induced versus neninduced cells.

b Numbers In parentheses, percentage of total metabelites.

Interindividual Differences in BP Metabolism. Table 3
shows a comparison of BP metabolism by BA-induced mono
cytes and lymphocytes which have been isolated from the
same individual and a comparison of 3 different individuals.
Total BP metabolism in BA-induced monocytes is 2- to 5-fold
higher than in BA-induced lymphocytes. The difference may be
even greater since the BP metabolic activity in monocytes is
more sensitive to freezing and thawing than it is in lymphocytes.
One should note that, in this comparison, Individual A has the
highest monocyte BP metabolic activity while Individual C has
the highest lymphocyte activity. In the comparison of the rate
of formation of individual BP metabolites, some common fea
tures emerge. The 9,10-diol and 7,8-diol are formed at about
twice the mateas a percentage of total BP metabolites in
monocytes compared to lymphocytes. The percentage of 9-OH
formation is 30 to 80% higher in monocytes than in lympho
cytes. Conversely, the rate of 3-OH formation is about 20%

lower in monocytes than in lymphocytes. Quinone formation is
also relatively higher in lymphocytes than in monocytes.

In Individual A, the 7,8-diol:4,5-diol ratio is about 26:1 in
monocytes vesus 6:1 in lymphocytes with the total diols com
pnising 15% of total BP metabolites in monocytes and about
9% in lymphocytes. Total phenol synthesis is about 76% in
each case. For Individual A, the total phenol:diol ratios are 4.9
for monocytes and 8.7 for lymphocytes. The 7,8-diol:4,5-diol
ratios in Individual B are 3:1 in monocytes and about 1:1 in
lymphocytes. The amount of diol formed is 14 and 12% of total
BP metabolites, respectively. In this case, phenol formation is
69% of total BP metabolites in monocytes and 52% in lympho
cytes with total phenob:diol ratios of 4.9 and 4.4 for monocytes
and lymphocytes, respectively. This value for lymphocytes may
be abnormally low since oxidation to quinones was higher than
normal for these samples. In Individual C, the 7,8-diob:4,5-diol
ratios are about 5:1 and 3:1 for monocytes and lymphocytes,
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The data for Individuals A andB were taken frem Tables 1and 2 using the values obtained by the incubation of frozenBA-inducedcells.Specific

activity (fmol/min/1 06cells)individual

AIndividual BIndividualCBP

metaboliteMonocyteLymphocyteRatio8Monocyte LymphocyteRatioMonocyteLymphocyteRatio9,1

0-Diel
4,5-Diol
7,8-Diol
9-OH
7-OH
3-OH
1,6-Quinone
3,6-Quinone
6,12-Quinene6

(07)b
4 (0.5)

106 (14. 1)
265 (35.2)

87 (i 1.8)
214 (28.6)
26 (3.4)
44 (5.8)(0.3)

3 (1.2)
19 (7.4)
6i (23.3)
45 (17.4)
95 (36.4)
12 (4.6)
25 (9.4)6.0

(2.7)
1.3(0.4)
5.6 (1.9)
4.3 (i .5)
1.9 (0.7)
2.3 (0.8)
2.2(0.7)
1.8 (0.6)1

3 (0.6 1 (0.4) 13.0 (1.8)
65 (3.2) 23 (6.2) 2.8(0.5)

205 (10.1) 20 (5.2) i 0.2 (1.9)
588 (29.2) 62 (16.6) 9.5 (1.8)
256 (12.6) 36 (9.7) 7.1 (1.3)
553 (27.3) 93 (25.2) 5.9 Ci.i)
108 (5.3) 43 (11.6) 2.5(0.5)
236 Cii .6) 94 (25.3) 2.5 (0.5)4

(0.4)
22 (2.2)

105 (10.3)
353 (34.7)
142 (13.9)
350 (34.1)
14 (1.4)
3i (3.0)1

(0.2)
9 (2.0)

28 (5.6)
i 28 (26.0)
80 (16.2)

200 (40.7)
14 (2.8)
33 (6.6)4.0

(1.8)
2.4(i,i)
3.8 (i .8)
2.8 (1.3)
1.8(0.9)
1.7 (0.8)
1.0(0.5)
0.9(0.5)Total752

(100)261 (100)2.92024 (100) 372 (100) 5.41021 (iOO)493 (100)2.i

P. Okano et al.

Table3
Comparison of BP metabolism in monocytes and lymphocytes from different individuals

a BA-induced monocytes versus BA-induced lymphocytes.
b Numbers in parentheses, percentage of total metabolites.

and one triol from diol-epoxide I and 2 tetrobsfrom diol-epoxide
II formed from the metabolism of (â€”)-trans-7,8-diol by mono
cytes and lymphocytes is shown in Chart 4. Not shown in this
pattern is the tniolof diol-epoxide II which is formed in negligible
amounts. It would elute from the column at about 52 mm.
Unmetabolized (â€”)-trans-7,8-diolis collected in one large frac
tion and elutes at 67 to 69 mm on this column. The peaks of
radioactivity are identified by their cochromatognaphy with
unlabeled synthetic standards. The peak labeled Unknown A
consists of more polar material, possibly some water-soluble
metabolites inadvertently included during the ethyl acetate
extraction. The size of this peak varies from sample to sample.
Unknown B may be a decomposition product of (â€”)-trans-7,8-
diol since it appears in the blank of (â€”)-trans-7,8-diol without
cells, but it has not yet been identified. This peak may also
contain some diol-epoxide I which has survived processing and
preparation for HPLC analysis (36). For the calculation of
(â€”)-trans-7,8-diol metabolism, only the radioactivities under
the tetmoland triol standard peaks were summed to determine
the extent of metabolism. These values were corrected by the
subtraction of blank values.

A summary of the (â€”)-trans-7,8-diol metabolites formed in
vitro by BA-induced and noninduced monocytes and lympho
cytes isolated from 2 different individuals is shown in Table 4.
The (7,10/8,9)-tetmol (tetrol I-i ; See Ref. 44 for nomenclature)
is the predominant ethyl acetate-extractable product formed
by the monocytes and lymphocytes, comprising from 63 to
86% of the total organic extractable material. The remainder of
the tetnols and tniols are synthesized in bowamounts and are
difficult to quantitate accurately. These data indicate that 90 to
95% of the diol-epoxide formed in both human monocytes and
lymphocytes is the anti stereoisomer, diol-epoxide I. One might
also expect the opposite result, a preferential formation of the
syn steneoisomer, diob-epoxide II, if (+)-trans-7,8-diob were to
be used as the substrate (35). From 50 to 80% of the total
(â€”)-trans-7,8-diol metabolites are not extracted by ethyl ace
tate and remain in the aqueous layer. This material has not
been characterized. Total (â€”)-trans-7,8-diol metabolism is 2-
to 3-fold greaten in BA-induced monocytes than in BA-induced
lymphocytes from the same individual. An interesting feature
of 7,8-diol metabolism is its low or noninducibility by BA in
these cells relative to the metabolism of BP. In monocytes, the
diol-epoxide I formation is increased about 2-fold, while total
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Chart 4. HPLCpattern of(â€”)-trans-7,8-diolmetabolitesformed by monocytes
or lymphocytes. Reaction mixtures containing 5 to 6 x 1O@monocytes or 10 x
106 lymphocytes were extracted with ethyl acetate as described in â€œMaterials
and Methods.â€˜â€T̃he extracted (â€”)-trans-7,8-dieland tetrol and triol reaction
products were reduced to dryness under N2 and dissolved in 50 @lof 90%
methanol:10% tetrahydrofuran. The entire sample was Injected into a 6.2-mm
x 25-cm DuPont Zorbax ODS column and eluted with a linear gradient of 60%
methanol in water to 100% methanol with a sweep time of 100 mm and a solvent
flow of 0.8 mi/mm.

respectively. Total diols for Individual C represent 13 and 8%,
respectively, of total BP metabolites for monocytes and lym
phocytes. The phenols represent 83% of total BP metabolites
in both these monocytes and lymphocytes. The total phenol:
diol ratios are 6.5 and 10.7, respectively, fommonocytes and
lymphocytes of Individual C.

Quantitatively, the most striking intenindividuab difference
seems to be in the relative amount of 4,5-diol formed by
different individuals. This metabolite varied widely, and further
work is needed to determine whether this parameter may
indicate intemindividual differences. In the individual with
greater amounts of 4,5-diol formation, the amount of 9-OH was
relatively reduced. In this individual, both the monocytes and
lymphocytes formed relatively more 4,5-diol.

Metabolism of (â€”)-trans-7,8-DioI by Monocytes and Lym
phocytes. The further oxidation of (â€”)-trans-7,8-diol to diol
epoxide I and/on diol-epoxide II, the anti and syn steneoiso
mers, respectively, is followed by the detection of the come
sponding hydrolysis and reduction products, the tetrols and
tniols (35, 36, 42, 44). A typical HPLC pattern of the 2 tetnols

15 20 25

TIME(mmn)
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Summary of (â€”)-trans-7,8-diol metabolism by monocytes and lymphocytes: comparison with BP metabolism and AHH activity

Duplicatesamplesof 5 to 6 x 1O@monocytesand 10 to 11 x 1 @6lymphocyteswere incubatedwith (â€”)-trans-7,8-[3H]diob,and the 7,8-diol
metaboliteswereanalyzedby HPLCas describedin â€œMaterialsand Methods.â€•Thenomenclaturefor the 7,8-diolmetabolitesis as in the paper
of Yanget a!. (44). Thedataare fromTable1 for monocytesandTable2 forlymphocytes.Specific

activity (fmel/min/ 106cells)IndIvidual

A IndividualBMonocytes

Lymphocytes MonocytesLymphocytes(â€”)-trans-7,8-Diol

BA in- BA in- BA in- BA in
metabolites duced Control Ratloa duced Control Ratio duced Control Ratio duced ControlRatioTetroll-1

276 133 2.1 68 60 1.1 281 106 2.6 78 70 1.1
Tetroll-2 26 7 3.7 6 6 1.0 16 4 4.0 10 1 10.0
Trioll 24 8 3.0 2 3 0.7 21 8 2.6 27 31 0.9
Tetrolll-1 12 8 i.5 3 1 3.0 8 7 1.1 3 5 0.6
Tetrolll-2 6 1 6.0 2 6 0.3 1 1 1.0 4 4 1.0
Totalorganicex- 344 157 2.2 81 76 i.1 327 126 2.6 122 111 1.1

tractable
Aqueous 675 561 1.2 200 158 1.3 342 172 2.0 173 2250.8Total

1019 718 1.4 281 234 1.2 669 298 2.2 295 3360.9Total

BP metabolites 752 242 3.1 261 107 2.4 2024 565 3.6 372 546.9AHHactivlty

349 125 2.8 142 68 2.1 1216 404 3.0 152 702.2a

BA-induced versus noninduced cells.

Monocyte and Lymphocyte BP and 7,8-Diol Metabolism

Table4

(â€”)-trans-7,8-diolmetabolism is only slightly increased. In bym
phocytes, there is essentially no induction of (â€”)-trans-7,8-diol
metabolism by BA treatment. These results are in contrast to
the induction of 3-fold or greater bevelsof BP metabolism in
these cells.

Comparison of (â€”)-trans-7,8-Diol and BP Metabolism by
Monocytes and Lymphocytes. In the lower part of Table 4,
the data are shown for total BP metabolism in monocytes and
lymphocytes as measured by HPLC and AHH activity as meas
ured by the formation of fluorescent BP-phenols. This is a
summary of data from Tables 1 and 2. In each case, the
pretreatment of cells with BA results in about a 2-fold greater
induction of BP metabolism than (â€”)-trans-7,8-diolmetabolism.
In monocytes and lymphocytes of Individual A, (â€”)-trans-7,8-
diol metabolism is greater than total BP metabolism in both
monocytes and lymphocytes. For Individual B, BP metabolism
in monocytes is greater than (â€”)-trans-7,8-diol metabolism;
while in lymphocytes the activities are similar in BA-induced
cells, but (â€”)-trans-7,8-diol metabolism is greater than BP
metabolism in noninduced cells. Further and repeated studies
are needed to ascertain whether these differences can de
scribe different individual phenotypes.

DISCUSSION

Peripheral blood monocytes and lymphocytes are easily
obtainable sources of human material which can be used to
assess an individual's ability to metabolize PAH carcinogens
and BP in particular. The level of BP metabolism, however, is
low, and thus sensitive assays are required in order to measure
BP metabolism when using a reasonable number of cells. The
fluoresence assay for AHH activity is sensitive and useful but
measures only the formation of a mixture of phenols (25). The
technique of HPLC has allowed the identification of all the BP
metabolites but has been used principally with high-activity
cells from various sources and microsomes. We have previ
ously described an HPLC analysis of BP metabolites in lym

phocytes or monocytes which required the use of large num
bers of cells and resulted in metabolite patterns showing sev
eral unidentified peaks (10, 33). Increasing the sensitivity of
detection of BP metabolites by HPLC required several addi
tional steps. High-specific-activity substrate [3HJBP(1 to 2 Ci/
mmol) was used which was followed by the removal of un
reacted [@H]BPfrom BP metabolites by silica gel column chro
matography prior to HPLC analysis. We also found that the
substrate [3HJBPhad to be highly purified, since even minor
contaminants appeared as â€˜â€˜metabolic' â€˜peaks. Therefore, the
[3H]BP used for these experiments was routinely purified by
HPLC before use and could be stored and used for about 1
month before repurification was needed. The degree of impurity
formation should be ascertained by the inclusion of blank
samples with each set of samples analyzed. The prerun sepa
ration of BP and BP metabolites by silica gel column chroma
tography involves additional sample handling and storage time.
In those samples which contain low amounts of BP metabolites,
a time-dependent decrease in the 3-OH peak with a comma
sponding increase in both quinone peaks was observed. As
shown in Chart 2, the addition of the antioxidant, vitamin E, to
the ethyl acetate extract and its continuous presence in the
benzene and methanol used subsequently largely prevent this
spontaneous oxidation and demonstrate that high levels of
quinones are usually not formed by the mixed-function oxidase
systems. The resultant HPLC patterns of BP metabolites as
shown in Chart 3 for 6 x 10Â°monocytes and 10 x 106
lymphocytes, respectively, are typical patterns which show
clearly separated BP metabolite peaks, low levels of quinones,
and low background radioactivity throughout. Neither mono
cytes nor lymphocytes synthesize a multitude of additional
metabolites previously reported (10, 33), except possibly the
peak labeled Unknown C in Chart 3 which cochromatographs
with the synthetic standard, 6-hydroxymethylbenzo(a)pyrene.
These experiments demonstrate the need for careful sample
handling and substrate purity checks in order to obtain BP
metabobiteprofiles which are free from adventitious peaks and
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P. Okano et a!.

artifacts, especially when assaying cells ontissues with low BP
metabolic activity. This need has also been recognized recently
by Burke et a!. (5). who used butybated hydroxytoluene, 0.8
mg/mI (3.63 mM), to prevent spontaneous oxidation of BP
phenols to quinones. In subsequent studies, the use of higher
concentrations of vitamin E has given us more reproducible
results with respect to quinone formation and in the pattern of
BP metabolites from noninduced monocytes and lymphocytes.

Several investigators have now demonstrated the presence
of multiple forms of cytochnome P-450, the terminal oxidase
component of microsomal mixed-function oxidase system
which is involved in the metabolism of PAH's and many other
substrates. Several of these cytochnome P-450 forms have
been isolated and purified, some to apparent homogeneity,
from noninduced and phenobanbitab-and PAH-induced liver
microsomes (12, 14, 30). Different purified forms of rabbit liver
cytochnome P-45O can be reconstituted with NADPH-cyto
chrome P-450 reductase and phosphobipid into enzyme sys
tems which actively metabolize BP. Analysis of the BP metab
obitesformed shows that the oxygenation of BP is catalyzed in
a regioselective manner (9, 15, 36, 41). Also, comparison of
the BP metabolite pattern formed by noninduced and 3-meth
ylcholanthmene-induced rat liver microsomes, which contain
epoxide hydratase, indicates that PAH induction leads to the
preferential synthesis of 9,10-diol and 7,8-diol (46). Very sim
ilar ratios, when compared to total metabolites, of 4,5-diob and
phenols are formed using 3-methylcholanthrene-induced and
control microsomes.

When the BP metabobite patterns formed by BA-induced
monocytes and lymphocytes isolated from the same individual
are compared (Table 3), several differences in the rate of BP
metabolite formation are seen. Monocytes synthesize higher
ratios of 7,8-diol and 9-OH than do the lymphocytes. Lympho
cytes, on the other hand, generally form higher ratios of 7-OH,
3-OH, and quinones. One should also note that monocytes are
2- to greater than 5-fold more active than lymphocytes in
metabolizing BP. Thus, it seems that monocytes and lympho
cytes contain different forms and levels of cytochnomes P-45O
which are induced by BA. The different cytochnome P-45O
forms would be responsible for the differing regioselectivity of
BP oxygenation which has been demonstrated. Also, different
bevelsof epoxide hydratase exhibiting a regioselective hydra
tion of BP oxides may be present in these cells. The data in
Table 3 indicate that total phenol formation varies in individuals
from 52 to 83% of total BP metabolites. Also, the total phenol:
diol ratio is different in monocytes and lymphocytes from the
same individual. A previous comparison of AHH activities in
cells from the same donors showed that there was no correla
tion in the specific AHH activities of control on BA-induced
monocytes when compared to their lymphocyte counterparts
but that themewas a weak correlation in the AHH inducibility
ratios (2). This result can be partially explained by the differ
ences in BP metabolite and, in particular, phenol formation by
monocytes and lymphocytes. The above results suggest that it
may be necessary to measure the PAH-metabolizing activity in
several human tissues, especially target tissues for PAH-in
duced carcinogenesis, before definite conclusions can be
reached as to which tissue is to be used to characterize an
individual's PAH-metabolizing activity. The patterns of metab
olites formed by induced monocytes and lymphocytes are
somewhat different than their noninduced counterparts. The

salient feature is an increased ratio of 7-OH and 9-OH to 3-OH
formation.

In both monocytes and lymphocytes, the major diobformed
from BP is 7,8-diol. The 9,10-diol is formed in barely detectable
amounts, and the 4,5-diol is either very low or moderate
depending on the individual. These results may be a reflection
of the substrate selectivity of the epoxide hydratase present in
those cells.

Further oxygenation of 7,8-diol to the highly mutagenic diol
epoxides has been shown to occur using microsomes or dif
ferent animal cells (16, 34, 36, 44). This reaction appears to
occur in a stereoselective manner resulting in the formation of
different ratios of diol-epoxide I or II, the anti and syn stereo
isomers, respectively, from (â€”)-trans-7,8-diol, depending on
which of the forms of cytochrome P-45O are used (9, 36). Both
monocytes and lymphocytes synthesize diol-epoxide I as the
major product from (â€”)-trans-7,8-diol (Chart 4; Table 4). This
result is based on the analysis of ethyl acetate-extractable
material. The (â€”)-trans-7,8-diol metabolites remaining in the
aqueous phase after ethyl acetate extraction comprise from 50
to 80% of the total metabolites formed. Since phosphate buffer
is used in the reactions, the water-soluble material may be
largely phosphate adducts with some adducts to NADPH and/
or macromolecules which are in the incubation mixture. Indeed,
Thakker et a!. (36) have also pointed out that a large fraction
of 7,8-diol metabolites are not extractable from the aqueous
phase by ethyl acetate and probably represent alkylation to
phosphate. Following prolonged storage or heating, about one
half of this radioactivity became ethyl acetate extractable. They
state that HPLC analysis of these extracts do not markedly
alter the ratios of 7,8-diob metabolites found. Thus, the conclu
sion of the preferential formation of diol-epoxide I from (â€”)-
trans-7,8-diob is probably valid, although the water-soluble
material should be characterized in order to determine the
actual ratio of diol-epoxide I to II formed.

Our data indicate that treatment of cells with BA leads to a
greater induction of BP metabolism than of (â€”)-trans-7,8-diol
metabolism. Thus, both human blood cells are relatively poorly
induced for 7,8-diol metabolism. It was also observed that
control cells are generally more active in the metabolism of
(â€”)-trans-7,8-diol than of BP. In both BA-induced and control
monocytes and lymphocytes of Individual A, total (â€”)-trans
7,8-diol metabolism is greaten than total BP metabolism. In
Individual B, total BP metabolism is greater in BA-induced
monocytes and lymphocytes and control monocytes than is
total (â€”)-trans-7,8-diol metabolism. If the metabolic pathway
leading to the formation of the diol-epoxides is the most impor
tant factor in PAH carcinogenesis, Individual A may be more
susceptible to PAH cancinogenesis than is Individual B. How
ever, BP and (â€”)-trans-7,8-diol metabolism would have to be
examined in tissues from several more individuals and repeat
edly determined before any positive correlations such as these
could be drawn. These studies and others in animal tissues (in
preparation) suggest that induction favors BP metabolism to a
greaten extent than it does 7,8-diol metabolism. This suggests
that the induction process may favor detoxification over the
activation route of metabolism.
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