
Biochemical Pharmacology. Vol. 26, pp. 148-1487. Pcrgamon Press+ 1977. Printed in Great Britain. 

THE METABOLISM OF BENZO(a)PYRENE, 7,8- 
DIHYDRO-7,8-DIHYDROXYBENZO(a)PYRENE AND 
9,10-DIHYDRO-9,10-DIHYDROXYBENZO(a)PYRENE 

BY SHORT-TERM ORGAN CULTURES OF 
HAMSTER LUNG 

GERALD M. COHEN and BRIAN P. MOORE 

Department of Biochemistry, University of Surrey, Guildford, GU2 SXH, Surrey, England 

(Received 10 November 1976; accepted 4 February 1977) 

Abstract-The metabolism of benzo(a)pyrene and two of its metabolites 7.8~dihydro-7,8-dihydroxyben- 
zo(a)pyrene (7,8-dihydrodiol) and 9,10-dihydro-9,10-dihydroxybenzo(a)rene (9,lCLdihydrodiol) to both 
ethyl acetate-soluble and water-soluble metabolites has been studied using short-term organ cultures 
of hamster lung. Benzo(a)pyrene is metabolised to ethyl acetate-soluble metabolites which co-chromato- 
graph with 9,1Odihydrodiol, 7,8-dihydrodiol and benzo(a)pyren-3-yl hydrogen sulphate but little or 
no 3-hydroxybenzo(a)pyrene and 4,Sdihydro_4,5dihydroxybenzo(a)pyrene (4,5dihydrodiol) are 
detected. After culture with benzo(a)pyrene, the amount of 9,KLdihydrodiol in the medium is 9-fold 
greater than the amount of 7,8dihydrodiol. Benzo(a)pyrene is also metabolised by short-term organ 
cultures of hamster lung to water-soluble metabolites, which on hydrolysis with &$ucuronidase yield 
metabolites co-chromatographing with 3_hydroxybenzo(a)pyrene, quinones, 4,Sdihydrodiol and 
7,8dihydrodiol. However little or no 9,lOdihydrodiol is detected. Both 7,8- and 9,10-dihydrodiols 
are metabolised by cultures of hamster lung to an ethyl acetate-soluble metabolite which co-chromato- 
graphs and has similar fluorescence excitation and emission spectra to 7,8,9,16tetrahydro-7,8,9,1O_tetra- 
hydroxybenzo(a)pyrene (7,8,9,10-tetrahydrotetrol). More 7,8,9,1O_tetrahydrotetrol is formed from 7,8- 
than 9,lOdihydrodiol. A major route for metabolism of 7,8dihydrodiol is conversion into water-soluble 
metabolites, which on hydrolysis with &glucuronidase yield an ethyl acetate-soluble metabolite co-chro- 
matographing with 7,8-dihydrodiol. However only small amounts of water-soluble metabolites are 
observed after short-term organ culture with 9,10-dihydrodiol. The amount of covalent binding after 
short-term organ culture with 7,8-dihydrodiol was greater than that with 9,lOdihydrodiol and benzo(a)- 
pyrene. This was in agreement with the many observations showing the high biological activity of 
the further metabolite of 7,8dihydrodiol, i.e. 7,8dihydro-7,8dihydroxybenzo(a)pyrene 9,10-oxide. These 
results however, also raise the possibility of a role for 9,10-dihydrodiol as a precursor of active metabo- 
htes. 

The widespread occurrence of carcinogenic polycyclic 
aromatic hydrocarbons, such as benzo(a)pyrene, as 
environmental pollutants and constituents of cigarette 
smoke may be a contributory factor to the increasing 
number of deaths from lung cancer observed in many 
countries [l]. Most chemical carcinogens have to be 
metabolically activated to reactive electrophiles in 
order to initiate turnour formation [2]. The toxicity, 
mutagenicity and carcinogenicity of polycyclic aro- 
matic hydrocarbons is also believed to require meta- 
bolic activation to reactive intermediates which can 
then bind covalently with cellular macromolecules 
[2-51. Polycyclic aromatic hydrocarbons are metabo- 
lised both to organic-soluble metabolites (such as 
epoxides, dihydrodiols, diol-epoxides, quinones and 
phenols and their sulphate esters) and to water-sol- 
uble conjugates [3,4,6,7]. Many of these metabolites 
arise from epoxide intermediates which may: (i) 
re-arrange spontaneously to form the phenol; (ii) be 
converted into the dihydrodiol by the micro- 
somal enzyme epoxide hydratase; (iii) conjugate with 
glutathione; (iv) react with a cellular nucleophile in 
what is believed to be the toxic reaction [3, 43. 
K-region epoxides have shown to be mutagenic and 
to induce malignant transformations of cells in cul- 

ture [S, 91. However, in in uiuo studies the K-region 
epoxides are less carcinogenic than the parent com- 
pound [3, lo] and in cells treated with polycyclic 
aromatic hydrocarbons, the metabolite which 
reacted with the DNA was not the K-region epoxide 
c1n 

More recently, using Syrian hamster embryo cells 
and rat liver microsomes, Sims and co-workers have 
shown the further metabolism of dihydrodiols such 
as 7,8-dihydro-7&dihydroxybenzo(a)pyrene (7,8-di- 
hydrodiol) and 8,9dihydro-8,9dihydroxybenz(a)anth- 
racene to their respective diol-epoxides 7,8-dihydro- 
7&dihydroxybenzo(a)pyrene 9,10-oxide and 8,9-di- 
hydro-8,9-dihydroxybenz(a)anthracene lO,ll-oxide 
[6,12]. They have also shown that it is this type of 
diol-epoxide which reacts with DNA of Syrian ham- 
ster embryo cells treated with the parent hydrocarbon 
[6,12]. These diol-epoxides, but not the parent dihyd- 
rodiols, do not require metabolic activation in order 
to be potent mutagens to both S. typhimurium strain 
TA 100 and Chinese hamster V 79 cells [lf163. The 
diolepoxides have also been implicated in the meta- 
bolic activation of benzo(a)pyrene in human bron- 
chial mucosa and mouse skin [17,18]. All this data 
strongly implicates 7,8-dihydro-7,8-dihydroxyben- 
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zo(a)pyrene 9,10-oxide as the major proximate car- 
cinogen derived from benzo(a)pyrene. 

Here we report the metabolism of 9,10-dihyd- 
ro-9,10-dihydroxybenzo(a)pyrene (9,10-dihydrodiol), 
benzo(a)pyrene and ‘I,&dihydrodiol by short-term 
organ cultures of hamster lung to both ethyl acetate- 
soluble and water-soluble metabolites. 7,8- and 
9,10-Dihydrodiols are further metabolised to 7,8,9,10- 
tetrahydro - 7,8,9,10 - tetrahydroxybenzo ( a) pyrene 
(7,8,9,10-tetrahydrotetrol). Significant amounts of the 
7,8-dihydrodiol but not of 9,10-dihydrodiol are con- 
verted into water-soluble conjugates. 

MATERIALS AND METHODS 

Materials 
G-[3H]Benzo(a)pyrene (sp. act. 5 Ci/m-mole and 

25 Ci/m-mole) was obtained from the Radiochemical 
Centre, Amersham, Bucks, England and purified 
according to the method of De Pierre et al. [19]. 
Benzo(a)pyrene was obtained from Aldrich Chemicals 
and added to the labelled benzo(a)pyrene to the 
appropriate concentration. /Kllucuronidase (Type 
H-l, Helix Pomatia which also contains sulphatase) 
was obtained from Sigma Chemical Co. Leibovitz 
L-15 medium containing 2 mM L-glutamine and foe- 
tal calf serum were obtained from Biocult Labora- 
tories Ltd., Paisley, Scotland and Flow Laboratories, 
Irvine, Scotland respectively. Thin layer chroma- 
tography (t.1.c.) plates used were either pre-coated 
glass or aluminium with silica gel (0.25 mm thickness) 
both obtained from Merck, Darmstadt, Germany. 
The labelled reference compounds 4,5-, 7,8- and 
9,10-dihydrodiols and 3-hydroxybenzo(a)pyrene were 
prepared essentially as described by Sims and their 
identity was confirmed by comparison of their U.V. 
spectra with those reported in the literature [20]. 7,8- 
and 9,10-Dihydrodiols were incubated with liver 
microsomes as described by Booth and Sims and 
metabolites isolated with identical U.V. spectra to the 
proposed 7,8,9,10-tetrahydrotetrol and 9,10dihyd- 
roxybenzo(a)pyrene [21]. 

Preparation of C3H]7,8- and [‘H]9,10-dihydrodicls 

C3H]7,8- and [3H]9,10-Dihydrodiols were prepared 
essentially as described for [‘H]3-hydroxybenzo(a)- 
pyrene [7] with minor modifications as follows. After 
the initial t.1.c. in a mixture of benzene-ethanol 9:l 
(v/v). the bands co:chromatographing with reference 
7,8- and 9,10-dihydrodiols were scraped off, extracted 
with ethyl acetate, and further purified by rechroma- 
tographing twice more in benzene-ethanol (9 : 1, v/v). 
The identity of the final products was confirmed by 
their U.V. spectra, fluorescent characteristics and 
mobility when chromatographed in benzene-ethanol 
(9:1, v/v and 19:1, v/v). When chromatographed in 
either of these solvent systems, the metabolites gave 
one major fluorescent and radioactive band which 
contained >97 per cent of the radioactivity. 

Short-term organ cultures of lung 

Male Syrian golden hamsters DSN (lOO-140g) 
were obtained from D. Roberts, Basingstoke, Eng- 
land, and maintained on Sterolit bedding (Englehard 
Corp., U.S.A.). Hamster lung samples (200 f 1Omg) 
were cultured in short-term organ culture for 16-18 hr 
at 37” m 1Oml of Leibovitz LI5 medium w&2-&M 

L-glutamine containing 10% foetal calf serum, penicil- 
lin 100 U ml-’ and streptomycin lOO~gml_’ [22]. 
[‘H]Benzo(a)pyrene or [jH]7,8- or [‘H]9,10dihyd- 
rodiol was added to a final concentration of 1 PM. 

After culture, examination of haematoxylin and 
eosin sections showed that the lungs retained normal 
histological architecture except for very slight changes 
in the nuclear staining indicating early signs of auto- 
lysis. Tissue samples were separated from the medium 
at the end of the incubation period and stored at 
-20” until required for covalent binding studies. 
Radioactive metabolites in the medium were exam- 
ined immediately after culture. 

Determination of metabolism of [3H]benzo(a)pyrene 
and C3H]7,8- and [3H19,10-dihydrodiols by short-term 
organ culture 

Ethyl acetate-soluble metabolites. Ethyl acetate- 
soluble metabolites were extracted by shaking the 
medium for a minimum of 40 set with 2 x 1 vol. 
of ethyl acetate and separating the aqueous and 
ethyl acetate phases. Control extractions, with 
medium incubated for 16-18 hr with no tissue, 
extracted essentially all the radioactivity from the 
medium. The pooled ethyl acetate extracts were dried 
with sodium sulphate and examined by t.1.c. in solvent 
systems of either benzene-ethanol (9: 1, v/v) (A) or 
benzene-ethanol (4:1, v/v) (B) or chlorofotm-meth- 
an01 (4:1, v/v) (C) [20,21]. The fluorescent products 
were located by inspection of the wet plates in U.V. 
light (254 nm) and the radioactivity quantified as pre- 
viously described [22]. 

Water-soluble metabolites. After the initial ethyl 
acetate extractions, the medium remaining was 
extracted once more with ethyl acetate immediately 
prior to enzymic incubations. Samples taken from this 
extraction showed that only very low amounts of 
radioactivity were being released into the organic 
phase. The medium was then divided into two and 
incubated in stoppered tubes with either equal 
volumes of fl-glucuronidase (10 mg/ml) in 0.1 M acet- 
ate buffer pH 5.0 or buffer alone. The tubes were 
flushed with nitrogen, stoppered and incubated over- 
night in a shaking water bath at 37”. The enzymic 
hydrolysates were then extracted with ethyl acetate 
and the the organic-soluble metabolites examined by 
t.1.c. in either solvent systems A, B or C. 

Covalent binding. The method used was essentially 
that of Siekevitz [23] with modifications as follows. 
Lung samples were homogenised in 0.9% saline (ap 
proximately 3 ml) and an equal volume of 1 M perch- 
loric acid added. The precipitated protein was sedi- 
mented by centrifugation and the precipitate washed 
consecutively with 2 x 3 ml 0.5 M perchloric acid, 
2 x 5 ml 96% ethanol, 2 x 5 ml of diethyl ether-eth- 
anol-chloroform (2:2:1) and 4 x 5ml acetone. The 
final acetone wash was checked for the presence of 
any radioactivity and in all cases, the counts were 
the same as background. 

The final precipitates were dissolved in 0.5-l.Oml 
soluene 350 (Packard Instrument Co). and radioac- 
tivity counted in a scintillant containing 0.5% w/v 
PPO (2,5diphenyloxazole) and 0.02% w/v dimethyl 
POPOP [1,4 bis[2-(4methyl-5-phenyloxazolyl)]ben- 
zene] in toluene. Quenching was determined by inter- 
nal standardisation using C3H]toluene. 



Metabolism of benzo(a)pyrene by short-term cultures 

Table 1. ~~ibution of m~oact~vity of ~nz~a)p~ene and metabolites after short-term 
organ culture 

Percentage radioactivity, expressed as a fraction of initial radioactivity 

Unch~ged 
Remaining in Ethyl acetate Remaining in medium starting 

tissue after extractable after ethyl acetate compound 
Compound (1 PM) culture after culture extraction in medium 

Benzo(a)pyrene 34.0 & 2.1 45.8 * 1.9 20.0 f 2.0 38.5 f 1.7 
7,8-Dihydr~iol 52.4 rt: 2.3 21.3 f. 0.8 26.3 & t.9 16.1 f 0.8 
9,10-Dihydrodioi 41.3 f 1.7 49.9 f 1.3 8.8 f 1.2 48.1 f 1.2 

All results are expressed as mean + S.E.M. of 4 deter~nations. 
~3H]Benz~a~~ene, [3~J7,8-dihydr~7,8-d~h~oxy~z~a~yrene (7,8-dihydro~ol) or 

[3~~9,i~dihydr~9,1~ihydroxy~nz~a~yrene (9,l~~hydro~ol) were incubated for 16 hr 
with hamster lung (2OOmg). The medium was extracted with 2 x 1 vol. ethyl acetate, and 
the organic-soluble extracts separated by t.1.c. in benzene-ethanol (9:1 or 4:1, v/v) for quanti- 
tative dete~ination of the unchanged starting compound 
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RESULTS 

Metabolism of[3H]benzo(a)pyrene 6y short-term organ 

cultures of hamster lung 

Ethyl ~etut~~l~le rnet~~lit~s. After short-term 
organ culture of hamster lung, b~z~a)pyr~e was 
converted to ethyl acetate-soluble metabolites and to 
more polar metabolites which remained in the culture 
m~um after ethyl acetate ~tm~on (Table 1). When 
the ethyl acetate-soluble extracts were concentrated 
and chromatographed in solvent system (A), radioac- 
tive bands which ~-~romatogmphed with 9,10- and 
7,8-~y~ioIs were observed (Fig. 1). Little or no 

?,a OIOI 

Fig. 1. Ethyl a~~te”~Iubie rn~~~l~t~ from the culture 
medium after 16 hr short-term organ culture of hamster- 
lung (200 mg) with E3H’jbenzc$a)pyrene (1 &f). The radio- 
active products were separated by t.k in a mixture of 
benzene-ethanol f9:1, v/v) Part of the material migrating 
just beyond the origin ~hro~to~pbed with bento( 
pyren-3-yi hydrogen sulphate. S.F. indicates solvent front. 
The abbreviations used in the figure are 9,10-dihydro-9,10- 
dihydroxybenzo(a)pyrene (9,10-Dial), 7,8-dihydro-7,8- 
dihydroxybenzo(a)pyrene (7,8-Dial), rl,%dihydro cl,kJihyd- 
roxybenzo(a)pyrene (4,s.Dial) and 3-hydroxybenzo(ajpy 

ene (bhydroxy). 

4,5dihydrodiol and 3_hydroxybenzo(a)pyrene were 
observed (Fig. 1). Some of the radioactivity, which 
migrates just beyond the origin, is associated with 
b~zo(a~yren-3-yl hydrogen sulphate [7]. The 
amount of this me~~lite is dependent on the size 
of lung used for culture (unpublished observations). 
With the larger portions of lung used in earlier 
studies, this me~~lite was the major ethyl acetate- 
soluble metabolite after hmg culture. In this study 
P,lO-dihydrodiol was the major ethyl acetate-soluble 
met&&e formed (Fig. 1). The ratio of P,IO- to 
7,S~ihydr~iol fo~ation was 8.6:1. The rates of pro- 
duction of 9,10- and 7,8-dihydr~iols were 2.24 f 
0.20 and 0.26 + 0.01 pmoles g-’ min- ’ respectively 
(Mean & S.E. n = 4). 

Water-soluble metabolites. In order to determine the 
nature of some of the radioactivity remaining in the 
medium after extraction with ethyl acetate, the 
medium was subjected to enzymic hydrolysis with 
@-glucuronidase. The hydrolysate was extracted with 
ethyl acetate and the extract was chromato~ph~ 
in solvent system (A). Ra~oactive bands which co- 
~hromato~aphed with 7,8-dihy~~ial, 3-hydroxy- 
benzo(a)pyrene, quinones (migrating just .beyond 
~hy~oxy~nz~a~~ene) and benzo(a)pyrene were 
observed (Fig. 2). In some ex~~rnen~ a ra~oactive 
band which ~-chromatogmph~ with 4,5-~hydr~ 
diol was also observed. In all experiments, little or 
no radioactivity, which co-chromatographed with 
P,lO-dihydrodiol was observed (Fig. 2). Most of the 
ethyl acetate-soluble radioactivity, which was released 
following enzyme hy~olysi~ co~hromato~aph~ 
with 3-hydroxy~nzo(a~yrene (Fig. 2). 

Metabolism of 7,8-~ihy~r~i#l 

vinyl u~er~t~sol~le metu~olites. [3~]~,8-Dihydro- 
diol was metabolised by short-term organ culture of 
hamster lung to both ethyl k&ate-soluble products 
and to water-soluble conjugates. When the ethyl ace- 
tate-soluble mdioacti~ty was examined using either 
solvent systems (B) or (C), the material associated 
with most of the radioactivity co-chromatographed 
with, and had similar fluorescence excitation and 
emission spectra to those of, reference 7,8-dihydrodiol 
(Fig. 3). A major metabolite with.R, = 0.14 (relative 
to ~nz~a)p~~ne) in solvent system (B) was also 
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0 0 0 0 c-> /=JS.F. 
9,0D;ol 14,5D,ol 3-iiydmxy EienzoWpyrene 

7.8Diol 

Fig. 2. Enzymic hydrolyses of water-soluble metabolites 
from benzo(a)pyrene. Water-soluble metabolites from the 
culture medium, after 16 hr short-term organ culture of 
hamster lung (200 mg) with [3H]benzo(a)pyrene (1 FM), 
were hydrolysed with either @glucuronidase (--) or 
buffer alone (---) and extracted with ethyl acetate. T’he 
ethyl acetate-soluble radioactivity was separated by t.1.c. 
in a mixture of benzene-ethanol (9:1, v/v). S.F. indicates 
solvent front. The abbreviations used are the same as those 

in the legend to Fig. 1. 

observed (Fig. 3). This major metabolite co-chromato- 
graphed with, and had similar fluorescence excitation 
and emission spectra to, reference 7,8,9,10-tetrahydro- 
tetrol in solvent systems (B) and (C), (Fig. 4). The 
rate of formation of the 7,8,9,10-tetrahydrotetrol was 
0.91 f 0.31 pmoles g-l min-’ (mean + S.E. n = 4). 
After short-term organ culture of hamster lung with 
7JMihydrodio1, a significantly smaller percentage of 
unchanged parent compound remained in the 
medium than in corresponding experiments with 
either benzo(a)pyrene or 9,10-dihydrodiol (Table 1). 

Water-soluble metabolites. When the water-soluble 
metabolites of the short-term organ culture of 
7&dihydrodiol were hydrolysed with /I-glucuroni- 
dase, the greater part of the radioactivity (up to 91%) 
was released as ethyl acetate.-soluble radioactivity. 
However this figure could not be accurately obtained 
in all experiments because of gelling problems on 
extraction of the enzymic hydrolysate with ethyl acet- 
ate. Control experiments, with buffer only, released 
little or no radioactivity. When the ethyl acetate- 
soluble radioactivity of the enzyme hydrolysate was 
examined by t1.c. using solvent system (B), the major 
radioactive band co-chromatographed with 7,8-dihy- 
drodiol (Fig. 5). Thus the majority of the water- 
soluble metabolites from 7,8dihydrodiol were present 
as either glucuronide or sulphate conjugates and only 
small amounts were present as glutathione or other 
conjugates of 7,8dihydrodiol or 7,8Q,NMetrahydro- 
tetrol. 

Metabolism of 9,10-dihydrodiol 

Ethyl acetate-soluble metabolites. A smaller percent- 
age of radioactivity remained in the lung after culture 

with 9,lOdihydrodiol than with 7,8dihydrodiol 
(Table 1). The rate of metabolism of [‘H]9,10-dihyd- 
rodiol, by short-term organ culture of hamster lung, 
was much slower than that of either benzo(a)pyrene 
or 7$-dihydrodiol. When the ethyl acetate-soluble 
radioactivity was examined using either solvent sys- 
tems (B) or (C), the material associated with most 
of the radioactivity co-chromatographed with, and 
had similar fluorescence excitation and emission spec- 
tra to, reference 9,10-dihydrodiol (Table 1). Small 
amounts of a metabolite, which co-chromatographed 
and had similar fluorescence excitation and emission 
spectra to the standard 7,8,9,1O_tetrahydrotetrol but 
not with 9,10_dihydroxybenzo(a)pyrene, were 
observed (Fig. 4). The small amounts of tetrahydrote- 
trol detected prevented its accurate quantitative deter- 
mination. 

Water-soluble metabolites. Very small amounts of 
water-soluble metabolites were detected following 
lung culture with 9,lOdihydrodiol (Table 1). Enzymic 
hydrolysis of the aqueous phase with &glucuronidase 
released very small amounts of ethyl acetate-soluble, 
radioactive material which on t.1.c. gave no major 
radioactive bands. 

Covalent binding 

The values for covalent binding were obtained by 
incubation of the [“Hlmetabolite or [‘H]benzo(ak 
pyrene with tissue (Table 2). Whilst more 7,8-dihydro- 
diol is bound than either benzo(a)pyrene or 
9,10_dihydrodiol, significant amounts of the 
9,10-dihydrodiol were also bound. In preliminary ex- 
periments with [3H]4,5-dihydrodiol and [‘H]3-hyd- 
roxybenzo(a)pyrene the amount of covalently bound 
material was less than that found with either [‘H]7,8- 
or [‘H]9,lOdihydrodiol. 

II p 0 S.F. 

7.8,9.10 Tetrol 7,S’Oiol Benmhlpyrene 

Fig. 3. Ethyl acetate-soluble metabolites from the culture 
medium after 16 hr short term organ culture of hamster 
lung (200 mg) with [“H]7,8-dihydro-7,Gdihydroxyben 
zo(a)pyrene (1 PM-7,8-Diol). The radioactive products were 
separated by t.1.c. in a mixture of benzene-ethanol (4:1, 
v/v). The major metabolite formed co-chromatographed 
with 7,89,10_tetrahydrotetrol of benzo(a)pyrene (7,8,9,10- 

tetrol). SF. indicates solvent front. 
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Fig. 4. Fluorescence spectra of 7,8,9,1O_tetrahydrotetrol of 
benzo(a)pyrene. Uncorrected fluorescence excitation and 
emission spectra of standard 7,8,9,1@tetrahydrotetrol of 
benzo(a)pyrene (. .) and the suspected tetrahydrotetrols, 
obtained from incubation of 7.8-dihvdro-7.8-dihvdroxv- 
benzo(a)pyrene (7,8-Dial) or 9,1&dihyhro-9,fCLdihydroxy- 
benzo(a)pyrene (9,10-Dial) with short-term organ culture 

of hamster lung, were measured in 95% ethanol. 

DlSCUSSlON 

Benzo(a)pyrene was metabolised by short-term 
organ culture of hamster lung to (i) ethyl acetate-solu- 
ble metabolites which co-chromatographed with 9,10- 
and 7,ldihydrodiols and benzo(a)pyren-3-yl hydro- 
gen sulphate but as reported in earlier studies [7,22] 
little or no 4,Sdihydrodiol and 3_hydroxybenzo(a)- 
pyrene were formed (Fig. 1) and (ii) to water-soluble 
metabolites which on enzyme hydrolysis released 
metabolites co-chromatographing with 3-hydroxyben- 
zo(a)pyrene, 7,8- and 4,Sdihydrodiols but not with 
9,lOdihydrodiol (Fig. 2). Thus the low amounts 

IOXIO’ r 

iI 0 0 ;zS.F. 

7,0 Dial Benzo(a)pyrene 

Fig. 5. Enzymic hydrolysis of water-soluble metabolites 
from 7,8-dihydro-7,8dihydroxyhenzo(a)pyrene (7,8-Dial). 
Water-soluble metabolites from the culture medium, after 
16 hr short-term organ culture of hamster lung (200 mg) 
with 7,8dihydro-7,8_dihydroxybenzo(a)pyrene (1 PM), were 
hydrolysed with either r%glueuronidase (-) or buffer 
alone (---), extracted with ethyl acetate and the organic- 
soluble extracts separated by t.1.c. in a mixture of benzene- 

ethanol (4: 1, v/v). SF. indicates solvent front. 

of 3-hydroxybenzo(a)pyrene and 4,Sdihydrodiol 
detected after the initial culture were due most prob- 
ably to their relatively rapid conjugation to water- 
soluble metabolites or possibly to their binding to 
tissue macromolecules. All the metabolites reported 
in this study, with the exception of benzo(a)pyren-3- 
yl-hydrogen sulphate, have previously been identified 
as metabolites following incubation of benzo(a)pyrene 
with rat lung microsomes [24]. 

9,10-Dihydrodiol was metabolised relatively slowly 
when incubated with hamster lung. Most of the radio- 
activity remained as unchanged 9,lOdihydrodiol and 
very small amounts of water-soluble metabolites were 
obtained, whereas 7,8-dihydrodiol was metabolised 
more quickly, primarily to a water-soluble conjugate 
(Table 1 and Fig. 5). These results are in agreement 
with the relative rates of glucuronide conjugation of 
these metabolites using a rat liver microsomal system 
fortified with UDP-glucuronic acid [25]. The very 
low conversion of 9,10-dihydrodiol to water-soluble 
metabolites may explain why it is the major ethyl 
acetate-soluble metabolite obtained from benzo(a)pyr- 
ene (Fig. 1) in the present study. 

7,8- and 9,10-Dihydrodiols were both metabolised, 
presumably via their diol-epoxide intermediates, i.e. 
7,8-dihydro-7,8_dihydroxybenzo(a)pyrene 9,10-oxide 
and 9,10-dihydro-9,1Odihydroxybenzo(a)pyrene 7,8- 
oxide respectively, to a product with similar .fluor- 
escent excitation and emission spectra to 7,8,9,10- 
tetrahydrotetrol (Fig. 4). 

Many workers have suggested that it is the diol- 
epoxide from 7,8-dihydrodiol which is the ultimate 
carcinogen from benzo(a)pyrene. This was based on: 
(i) the original observation of Borgen et al. [26], that 
7,8-dihydrodiol when activated with microsomes was 
bound to DNA to a 15-fold greater extent than ben- 
zo(a)pyrene; (ii) the exceptional mutagenicity of this 
dio-epoxide in several test systems [13-161; and (iii) 
its identification as the metabolite bound to DNA 
both in cultured cells [6,27] and in mouse skin and 
human bronchial mucosa [ 17,181. 

After short-term organ culture with 7,8dihydro- 
diol, the radioactivity remaining associated with the 
lung was greater than with either 9,10-dihydrodiol or 
benzo(a)pyrene (Table 1). This may be connected with 
the reported greater biological activity of 7,8dihydro- 

Table 2. Covalent binding of benzo(a)pyrene and 
its metaholites in short-term organ cultures of ham- 

ster lung 

Metabolite or 
benzo(a)pyrene 

Covalent binding 
pmoles bound/g lung 

Benzo(a)pyrene 1200 + 123 (4) 
9,10-Dihydrodiol 2018 + 286 (4) 
7,8_Dihydrodiol 2796 + 179 (4) 

The covalent binding was-determined after 16 hr 
organ culture of hamster lung (200mg) with 1 PM 
of either C3H]benzo(a)pyrene or 7,8-dihydro-7,8- 
dihydroxybenzo(a)pyrene (7,8_dihydrodiol) or 9,10- 
dihydro-9,10dihydroxybenzo(a)pyrene (9,10dihy- 
drodiol) at 37”. Results at 37” represent mean &- 
S.E.M. of 4 determinations The amount of covalent 
binding observed in controls incubated at 4” to 
minim& metabolism was always ~672 pmoles 

bound/g lung. 

B.P. 26/16--e 
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diol but such interpretation is fraught with difficulty 
as the nature of most of the radioactivity remaining 
in the lung was not determined in the present study. 
The results reported here also show that after culture 
with 7,Sdihydrodiol the covalent binding is greater 
than after culture with either 9,10-dihydrodiol or ben- 
zo(a)pyrene (Table 2). Similar results have been 
obtained in preliminary experiments using short-term 
organ cultures of rat lung. The higher covalent bind- 
ing from 7,8-dihydrodiol was consistent with the 
higher amounts of 7,8,9,10-tetrahydrotetrol formed 
from 7,8-dihydrodiol. Thus, whilst these results are 
consistent with the observations suggesting that the 
diol-epoxide derived from 7,8-dihydrodiol may be the 
most reactive metabolite from benzo(a)pyrene, they 
raise the possibility that the diol-epoxide from 
9,10-dihydrodiol may also be of importance. This is 
based on the above observations and also on the find- 
ings in this study that: (i) 9,10-dihydrodiol was the 
major ethyl acetate-soluble metabolite formed from 
benzo(a)pyrene; (ii) it was conjugated very slowly; 
and (iii) the only detectable route of metabolism was 
via the 9,10-dihydro-9,1Odihydroxybenzo(a)pyrene 
7,8-oxide to the 7,8,9,10_tetrahydrotetrol as no 
9,lO_dihydroxybenzo(a)pyrene was detected. In con- 
trast to this, when 9,lOdihydrodiol was incubated 
with rat liver microsomes, the major metabolite was 
9,l@dihydroxybenzo(a)pyrene although some 
7,8,9,10-tetrahydrotetrol was also formed [21]. In pre- 
liminary experiments with short-term organ cultures 
of both human and rat lung with 9,lOdihydrodiol 
significant amounts of unidentified water-soluble 
metabolites were obtained in contrast to the very 
small amounts obtained from hamster lung. The 
further metabolism of 7,8-dihydrodiol to 
7,8,9,10-tetrahydrotetrol in this study is in agreement 
with its metabolism with rat liver microsomes [21]. 

The possible different routes of 9,10-dihydrodiol 
metabolism, depending on the metabolising system, 
may have important implications in assessing the bio- 
logical activity of the metabolites in many of the test 
systems used. Both the initial observation of Borgen 
et al. showing the higher binding of 7,8-dihydrodiol 
[26] and some mutagenicity tests [13] have used a 
microsomal activating system which converts 
9,10-dihydrodiol to a catechol rather than to the 
tetrahydrotetrol. Thus these studies may have under- 
estimated the potential biological activity of 
9,10-dihydrodiol. The hypothesis of possible activity 
of metabolites derived from 9,10-dihydrodiol also 
receives some support from the findings that the flu- 
orescent benzo(a)pyrene-DNA product in mouse skin 
had identical fluorescent properties to that of salmon 
sperm DNA reacted with either 7,8-dihydro-7,8- 
dihydroxybenzo(a)pyrene 9,10-oxide or 9,10-dihyd- 
ro-9,10-dihydroxybenzo(a)pyrene 7,8-oxide [ 173. 
When incubated with rat liver microsomes fortified 
with the soluble liver fraction and GSH, similar 
amounts of glutathione conjugates were obtained 
from the 7,8- and 9,10_dihydrodiols, indicating similar 
amounts of diol-epoxides from both substrates [21]. 
The evidence presently available which might argue 
against this hypothesis are: (i) hydrolysates of DNA 
from embryo cells treated with [31-IJ9,10-dihydrodiol 
did not appear to contain radioactive hydrocarbon- 
deoxyribonucleoside products [6]; (ii) 7,8_dihydrodiol 

in a cell-mediated mutagenic assay gave a very 
marked increase in mutagenicity whereas 9,1Odihyd- 
rodiol even at higher concentrations gave only a 
slight increase in mutation frequency [14]; and (iii) 
when applied to mouse skin 7,8-dihydrodiol but not 
9,10-dihydrodiol gave rise to hydrocarbon-nucleoside 
products [18]. However, these criticisms are only 
valid if both the cell systems used in these studies 
do not artificially favour formation of catechol and 
conjugates from 9,lOdihydrodiol and also that the 
9,10-dihydrodiol when applied to mouse skin can 
penetrate into the cell. Thus, whilst most of the data 
strongly implicate a major role for the 7,8dihydrodiol 
as the precursor of a highly reactive diol-epoxide of 
benzo(a)pyrene, the possible role of other metabolites, 
e.g. 9,10-dihydrodiol, in the biological activity of ben- 
zo(a)pyrene, must also be considered. It is thus prefer- 
able to assess the potential activity of metabolites 
using a system with both metabolic activating and 
deactivating enzymes. This system should wherever 
possible utilise a tissue in which these compounds 
are biologically active and thus simulate the in uiuo 
situation. 
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