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A total of 37compounds have been identikd as rat liver microsomal metab- 
elites of the potent carcinogen 7,12-dimethylbcnz[a]authracene and its hydroxy- 
methyl derivatives 7-methyl-12-hydroxymethylbenz[t@nthracene, 7-hydroxymethyl- 
12-methylbenz[tz]anthracene and 7,12-dihy~oxmethylbe~rQ]~~~ne. The metah- 
elites were characterized by: (i) retention times or; reversed-phase (with a G8 
column) and normal-phase (with a silica geet column) high-performance liquid chro- 
matography (HPLC); (ii) ultraviolet absorption and fluorescence spectra; (iii) mass 
spectral analysis; (iv) optical activity; and (v) comparison of the physicochemical 
properties of the metabolites with those of some available synthetic standards. The 
37 identified metabolites include four trans-3,+dihydrodiols, four trmzs-5,6-dihy- 
drodiols, four irmrs-8,9-dihydrodiols, four trans-10,l l-dihydrodiols, two methyl car- 
boxytic acids, two methyl aldehydes, two hydroxymethyl aldehydes, four 2-phenols, 
four 3-phenols. four 4-phenols and three hydroxymethyl derivatives. The trmtr con- 
figuration of the dihydrodiols was determined by their inability to form vicinal I%- 
acetonidcs. Seven dihydrociiol metabolitcs were found to bc optically active. Detailed 
physicochemical properties, such as ultraviolet absorption spectra, fluorescence 
spectra measured in methanol and in 0.1 N NaOH, major mass ions from mass spec- 
tral analysis and the retention times on two K-iPLC systems, are presented in support 
of the structural assignments. 

INTRODUCTiON 

7,12-Dimethylbenz[&nthracene (DMBA) is one of the most pot&t carcino- 
genic polycyclic aromatic hydrocarbons (PA&) aud is widely used as a prototype 
carcinogen and mutagen. DMBA, like other PA&, is inactive by itself and its biolog- 
ical properties such as mutagenicity and carcinogenic&y require metabolic activation 
by the drug-metabolizing enzyme systems la. The metabolic pathways and products 
of DMBA have been studied intensively by many investigators in the past 15 
yea&-16. The recent application of high-performance liquid chromatography (HPLC) 
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in the separation of P-AH metabolites has provided some detailed understanding of 
the activation pa&&ways of several PAHs such as benzo[aIp,vrene’7-23, 3-methyl- 
choiantbrer&*, 5-rnetbyicbrysen~ and DMBA’1-14. 

We reported previously the HPLC separation and tentative identification of 
some-DMBA metab~lites~~. Due to the low resolvihg power of t-be reversed-phase C,, 
coiumn used previousiy, many metabolites described in tbis report were not recogniz- 
ed. With imnroved HPLC column packings and eiution conditions, we have recently 
reported the identification of four tr~-3,4-dihydrodiol~~ and four 2-phenolsz6 that 
are derived enzymatically from DMBA,7-methyl-12-hydroxymethylbenz[&mhra~ne 
(7-M-12-OHMBA), 7-hydroxymethylbenz[u&zn.hracene (7_OHM-12-MBA) and 7,12- 
dihydroxymethylbcnz[+mhracene (7,12_diOHMBA), respectiveiy. This paper pre- 
sents the ultraviolet (UY) absorption spectra, fhrorcsccncc spectra, mass spectra, optical 
rotation properties and the structural identi6cation of the metabolites that were 
purified by two HPLC systems. All properties of the metaboiites were obtained 
from the purifted metabolites and were compared with those of the synthetic 
standards whenever available. We believe that the detailed information presented in 
this report will be of value to other investigators in the analysis of metabolites by 
HPLC and in the identification of metabolites in other experimental systems. 

CH3 

Structural formulae of DMBA 

DMBA was purchased from Eastman (Rochester, N-Y., U.S.A.) and was 
purified by passing it through a silica gel (Bio-Sil A, 180-200 mesh; Bio-Rad Labs., 
Richmond, Calif., U.S.A.) column with hexane as the eluting solvent. 7-OHM-12- 
MBA, 7-M-12-OHMBA and 7,12-diOHMBA were synthesized according to a 
mod&d proceduret’ of Boyiand and Sims4. Synthetic DMBA l-, 2-, 3- and 4-phenois 
were kindly provided by Professor M. S. Newman of the Ohio State University. The 
synthetic S-methoxy-, 9-methoxy-, IO-methoxy- and Ii-metboxy-DMBA were gifts 
of Dr. C. E, Morreal of the Roswell Park Memorial Institute. The methoxy com- 
pounds were converted to the corresponding phenols as described= and were each 
purified by the reve_rsed-phase HPLC described below. A mixture of DMBA-~rars-8, 
9-dial and DMBA-8,9,10,1 l-tctrahydro-trmzs-8,9-dial was a gift from Drs. P. P. Fu 
and R. G. Harvey of the University of Chicago. The DMBA-trots-8,9-dioi was 
separated from ‘&e tetrahydrodiol by the reversed-phase HPLC system described 
below. DMBA-7,12endopcroxide was a gift from Dr, C. Chen of the Northwestern 
University. DMBA-c&5,6-diol and DMBA-5,6+poxide were obtained from the 
Chemical Repository of the National Cancer Institute. 

FBMBA-wzns-5,6-dial was obtained by in vifro incubation of DMBA-5,&pox- 



ide with rat liver microsomes in the absence of reduced nicotinamide-adenine 
dinucleotide phosphate (NADPH) and was purified by reversed-phase HPLC. The 
LJV absorption and fluorescence spectra of this 5,6-dial were identical to those of 
the synthetic DMBA-cis-5,6-dial. However, its retention times on two HPLC systems 
(Table I) were different from those of the synthetic DMBA-ck-5,6_diol. Furthermore, 
this 5,6-d.iol did not form vicinal cis-acetonide whereas the synthetic DMBA-&-5&i- 
diol formed vicinal cz?.s-acetonide quantitatively under identical conditions’*. We thus 
concluded that the 5,6-dial derived from DMBA-5,6epoxide is a trams isomer and it 
was used as a chromatographic standard_ 

7-Formyl-l2-methyIbenz[+nthracene (7-CHO-12-MBA), 7-methyl-12-formyl- 
benz[a]anthracene (7-M-12-CHO-BA) and 7,12diformylbenz[~]anthracene (7,12- 
(CHO),-BA) were prepared from 7-OHM-12-MBA, 7-M-12-OHMBA, and 7,12- 
diOHMBA, respectively, according to the procedure of Pataki et al_z9 and were each 
purified by HPLC as previously described z7. 7-Hydroxymethyl- 1 2-formylbenz[o]- 
anthracene (7-OHM-IZCHO-BA) and 7-formyl-12-hydroxymethykuz~~]anthracene 
(7-CHO-1ZOHMBA) were obtained from the reaction of 7,12-diOHMBA with 
2,3-dichloro-5&dicyano-l+benzoquinone (DDQ) as describedz9. A sohrtion of 
7,12-diOHMBA (5 mg) in IO m! dioxane-tetrahydrofuran (THF) (1:1) was stirred 
while adding 12 mg DDQ. After 24 h at room temperature. the reaction products 
were partitioned with e+hyl acetate (20 ml) and 2 oA NaOH aqueous solution (20 ml) 
saturated with NaCl. The ethereal phase was washed twice with the above NaOH 
solution, three times with water, dehydrated with anhydrous MgSO, and evaporated 
to dryness under reduced pressure. The residue was dissolved in THF-hexane (1:3) 
and chromatographed on a DuPont Zorbax SIL column (25 cm x 6.2 mm) with 
THF-hexane (1:3) as the eluting solvent at a flow-rate of 2 ml/m& In addition to the 
expected productzg 7-CHO-1ZOHMBA (retention time 9.0 mm) and the unreacted 
7,12-diOHMBA (retention time 18.0 min), we found a third compound (retention 
time 15.0 min) with a peak height about one-tenth that of 7-CHO-12-OHMBA. The 
UV absorption spectrum of the third compound was similar to that of 7-M-12- 
CHO-BA (Fig. 8) and it has a molecular ion at m/e 286 (Table I) from mass spectral 
analysis. We have concluded that this third compound is 7-OHM-12-CHO-BA, 
which apparently was not reco&zed previou~ly’~. 

The preparation of carboxylic acid derivatives of DMBA was carried out 
similarly to the preparation of 7benz[~]anthracene carboxylic acid (7-COOH-BA) 
from 7-formylbenz[~]anthracene (7-CHO-BA)r9 Powdered KMnO, (3 mg) was 
added to an kc-cold solution of 7-M-12-CHO-BA (5 mg) in pure acetone (5 ml) and 
the mixture was stirred for 1 h. The resulting 7-methylbenz[a]anthracene-12-tar- 
boxyhc acid (7-M-12-COOH-BA) was partitioned with diethyl ether (10 ml) and 
1 N NaOH (10 ml). The aqueous phase was further extracted twice with diethyl 
ether and the 7-M-12-COOH-BA in the aqueous phase was precipitated by dropwise 
addition of cont. HCI. The precipitate was collected on a sir&red-glass filter and 
then dissolved in THF. 12-Methylbenz[a]anthraccne-7-carboxylic acid (7-COOH-12- 
MBA) and benzCalanthracene_7,12_dicarboxylic acid (7,12-(COOH),-BA) were pre- 
pared similarly from 7-CHO-12-MBA and 7,12-(CHO),-BA, respectively. Chromato- 
graphy on a DuPont Zorbax SLL column (25 cm x 6.2 mm) with THF-hexane 
(2:3) containing 0.4% glacial acetic acid at a flow-rate of 2 ml/mm indicated that 
each of the acids was greater than 99% pure. The HV absorption spectra (not 
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shown) of the acids showed chara&&i~ of an intact benz~~]anthr&ene (BA) 
nucleus. Mass speck& analysis cable I) further conkned their identities. 

v,12-W]DMBA (specik activity 112 mCi@mol) was purchased from 
Amersham (Arlington Heights, Ill., U.S.A.). Specifically labeled [7-CHz-3H]-7- 
OHM-12-MBA, [12-Cl&-%Q7-M-12-OHMBA and [7,12-CH,-3H+7,12-diQHMBA 
(specific activity E.67-2.91 Ci/mmol) were prepared as psetiously dessbed2’ and 
were diluted to a specific activity of 50-100 mCi/mmol with unlabeled compounds 
before use. 

Preparation of rat liver microsomes 

Rat liver microsomes were prepared by a matied procedure of Kinoshita et 
~1.~~. Routinely, 60 male Sprague-Dawfey rars weighing 80-100 g Were each pre- 
treated with phenobarbital (i-p. injections of 75 mg/kg body weight for each of 3 days). 
The rats were sacrificed OQ the fourth day by decapitation, livers were removed and 
placed in ice-cold 0.25 M sucrose-O.05 M Tris -HCl buffer, pH 7.5 (sucro~Tris 
buffer). Livers were minced with scissors, washed twice with ice-cold sucrose-Tris 
btier and were further minced with a blender for L min. The minced livers were 
homogenized in sucrose-7% buffer, using a Potter-Elvehjem PTFl-glass homog- 
enizer (Z&30 strokes). The homogenates were centrifuged at 750 g for 20 min, and the 
superuataut was centrifuged at 10,000 g for-20 min. The microsomes were obtained 
by centtifugation of the supematant at 105,OQO g for 60 min. The mkrosomal pelIets 
were homogeuized in sucrose-Tris buffer [CQ_ 10 mg microsomal protein per ml 
buffer) and frozen at -80” until ready” for use. Liver microsomes from corn oil- 
treated and 3-metiylcholauthrene-treated (25 mg/kg 3-MC dissolved in corn oil, i-p. 
injections on each of 3 days) male Spra,aue-Dawley rats weighing W-100 g were 
prepared as described above. Protein content of the microsomes was determined32 
with bovine serum albumin as the standard. 

Large-scale in vitro incubation of the h+ocarbons 

Metaabolites were obtained by in vitro incubation of DMBA, 7-M-12-OHMBA, 
7-OHM-12-MBA and 7,12=diOHMBA, respectively (20 pmol in 10 ml methanol) in 
the dark at 37* for 60 min in a 250-ml reaction mixture (pH 7.5) containing 12.5 
mmol of Tris- HCl at pH 7.5,0,75 mm01 of MgCl,, 25 units of glucose-6phosphate 
dehydkogenase (Type XII: Sigma, St. Louis, MO., USA-), 25 mg NADP+, 162.5 mg 
of glucose-6-phosphate and 250 mg protein equivalent of liver microsomes from 
phenobarbital-pretreated rats. The above incubation was repeated whenever necessary 
in order to obtain a sticient amount of metabolites for characterization. Metabolites 
were extracted with acetone and ethyl acetate as previously described~. 

Reversed-pike HPLC 

A Spectra-Physics Model 35OOB liquid chromatograph fitted with a DuPont 
Zorbax ODS column 25 cm x 4.6 or 6.2 mm I.D.) was used. The 25 cm x 6.2 mm 
column was used for large-scale isolation of metabolites as previously describ&~~13, 
khereas the 25 cm x 4.6 mm analytical column was used for separation of relatively 
smaller amouurs of metabolites. The analytical column was eluted at ambient tem- 
perature with methanol-warkr (I : I) for 10 min and followed by a 40-mm linear 
gradient of me*&anol-water (1 :I) to methanol at a solvent flow-rate of 0.8 ml/m&r. 



The eluates were monitor& at 254 nm. The ckomatographic peaks, some of which 
contained more than one metabolite, were evaporated to dryness and were dissolved 
in THF-hexane for further purEcation_ 

Nomu&pkase HPLC 
Metabolites obtained by reversed-phase HPLC were further separated by 

norm&phase HPLC on a DuPont Zorbax SfL (silica gel) column (25 cm x 6.2 mm) 
with various elution solvents containing a different ratio of THF-hexane-methanol- 
&zi.al acetic acid at a solvent flow-rate of l-2 ml!min. The solvent was delivered by 
an Ahex Model 110 pump and the ehrates were monitored by a DuPont Model 836 
ultraviolet-fiuorescence detector as previously describedU. No special conditioning 
of the cohunn was necessary for the resolution of metabolites. 

Isolation of carlwxylic acids as rnetabolites 
The W absorption spectra of the early eluted peaks (retention times l-6 min) 

collected on reversed-phase HPLC intic&ed the presence of carboxylic acid deriva- 
tives of DMBA. However, because the early eluted peaks contained other materials 
that were extracted from rat liver microsomes by ethyl acetate, we could not obtain 
suflkiently pure carboxyhc acids for definitive identikation. For the purpose of de- 
finitive identikation, we have developed a procedure which specifically isolates carbox- 
yhc acid derivatives from the in v&o incubation products of DMBA and its hydroxy- 
methyl metabolites. 

DMBA and its metabolites that were extracted with acetone and ethyl acetate 
from 2 1 of incubation products of DMBA with rat liver microsomes were dissolved in 
benzene (50 ml) and loaded on to a 30 x 1.5 cm silica gel (Bio-Sil A, lOU-200 mesh; 
Bio-Rad Labs.) column previously equilibrated with benzene. The column was 
eluted with IO0 mi benzene and this released most of the DMBA, DMBA phenols, 
7-OHM-12-MBA and 7-M-12-0HMBA. The column was further eluted with 100 ml 
THF and this gave essentially all other DMBA metabo!ites except the carboxylic acid 
derivatives. A lOO-mlvolume of THFcontaining 1% glacial acetic acid was then applied 
to the column and the eluates were evaporated to dryness under reduced pressure. 
When the acetic acid was completely evaporated, the residue was partitioned wit& 1 N 
NaOH (20 ml) and ethyl acetate (40 ml). The alkaline aqueous solution was extracted 
twice more with ethyl acetate and the carboxyhc acid derivatives obtained were sub- 
jected to further purification by reversed-phase and normal-phase HF’LC and by mass 
spectml analysis. 

~etemination of molar exhizch-on coe~cients 
Whenever ihe metabolites were available in sufficient quantity, the molar ex- 

tinction coefficients (E, cm-r - hi-l) were determined from an accurately weighed 
sample. However, most of the DMBA metabolites described in this report have not 
yet been synthesized. We have thus determined the molar extinction coefhcients of 
some of the DMBA metabolites that are formed from specifically labeled [7,12-‘T] 
DMBA or [7-CHz-3H]-7-OHM-12-MBA of known spccik activity_ The molar ex- 
tinction coefkients of the [7,12-14C1_7-OHM-12-MBA-t~~-3,4-diol derived from 
[7,12-%]DMBA and the [7-CHz-3H]-7-OHM-12-MBA-tr~-3,44iol derived from 
[7-CHz-3H]-7-OHM-12-MBA, for example, were found to be in agreement within 
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LO %. This indicates that the tritium label at the liydroxymethyl group of ]7-CH,-3H]- 
7-OHM-l&MBA underwent little or no exchange during the incubation procedure. 
Thus the accuracy of the mofar extinction coefhcients listed in Table I is within toler- 
able experimental error (& 10 %). 

Physicochemical properties of the metabolites 
Absorption spectra were measured in methanol on a Cay I18C spectrophoto- 

meter. Uncorrected fluorescence spectra were measured in methanol or in 0.1 N 
NaOH on a Perkin-EImer Model 44A spectrophotofiuorimeter. Mass spectral anal- 
ysis of the metabolites was performed on a Firm&an 4WO gas chromatograph- 
mass spectrometer-data system by eIectron impact with a sohd probe at 70 eV and 
250” ionizer temperature. Opt&d rotations were measured on a Perk&Ehner Model 
241-MC polarimeter. All dihydrodiol metabolites were identified as trams isomers by 
examining their reaction products (2 h at room temperature) with acetone in the 
presence of anhydrous CuSO, 21. The reaction products were analyzed by mass spec- 
trometry. The synthetic standard DMBA-&-5,Gdiol formed vicinal cis-acetonide 
(m/e of M + at 330) quantitatively, whereas none of the other dihydrodiol metabchtes 
reported herein formed any aceionide. 

REsuJxs 

The physicochemical properties of each metabohte described in this report 
were obtained from samples that had been puri&d by two HPLC systems. A metab- 
olite is considered pure if it emerges as a singIe chromatographic peak in both re- 
versed-phase and normal-phase HPLC systems. 

Reversed-phase HPLC 
The separation of metabolites by reversed-phase HPLC on an analytical 

Zorbax ODS column (25 cm x 4.6 mm) is shown in Fig. 1. The UV absorption 
protiIes were obtained from in vitro incubation products of DMBA (Fig. lA), 7-M- 
12-OHMBA (Fig. lB), 7-OHM-12-MBA (Fig_ 1C) and 7,12-diQHMBA (Fig. ID), 
respectively, with liver microsomes from phenobarbital-pretreated rats. Chromato- 
graphic peaks are numbered in Fig. 1 and their retention times and identities are in- 
dicated in Table I. Cbromatograpbic peaks that were not numbered were mostly 
derived from rat Iiver microsomes, observed in control experiments. Many extremely 
minor peaks in Fig. 1 were found to be due to very small amounts of metabohtes. The 
identities of these minor metabohtes were determined from pooled fractions that 
were ce&cted from IO-30 chromatographic runs. 

It can be seen from Fig. IA that a complex mixture of metabohtes was pro- 
duced from DMBA that had been incubated with rat liver microsomes. The com- 
plexity is due to the occurrence of further metabolism of the primary and secondary 
metabolites such as 7-M-12-OHMBA, 7-OHM-12-MBA and 7,12diOHMBA. The 
hydroxymethyl derivatives can be euzymaticahy oxygenated at the ring positions to 
form dihydrodiol and phenohc products that are structurally sin&r to those derived 
from DMBA. For example, peaks A3, AIO, Al 1 and A20 (Fig_ 1A and TabIe I) each 
contain 2 trm-3&diol. The structural differences among these tr~zz,s-3,4-diols are the 
degree of hydroxylation at the 7-and 12-methyl groups. The UVabsorption and fiuore- 
scence properties of these tfuzs-3&diols are closely simih@. 
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Fii 1. Revese&phasc HPLC separation of the in tirro rat liver mkrosomal metabolites of DMBA 
(A). 7-M-12-OHMEA (B), 7-OHM-12-MBA (C) and 7,124iOHMBA (D). Cbromatographic pe&s 
arc munbercd and tkir identities are indicated in Table L HPLC conditions are descriibed in MateriaLs 
and ixetbods. 

,HPLC analysis of metabohtes that are formed from in vitro incubations of 
7-M-12-0-A (Fig. lB), 7-OHM-12-MBA (Fig. 1C) and 7,124iOHMBA (Fig. 
lD), respectively, has greatly simplified our task of identifying the metabohtes formed 
from DMBA (Fig.lA).Because all the hydroxymethyl derivatives (peaks A13, A22 and 
A23 in Fig. IA) are formed as metabolitcs of DMBA, further metabolism of these 
three hydroxymethy1 metabolitcs to more polar products is thus expcctcd. Thcorctical- 
Iy, metabolites that have been found in Fig. lB, 1C and 1D should all be present in 
Fig. 1A. This has been found to be the case for most metabolitcs (‘Table I). only peaks 
D2, D3, D7 and D8 in Fig. 1 D have not been found directly as mctabolites of DMBA. 
This was not surprising in view of the observation (Fig. LD) that metabohtes D2, D3, 
D7 and D8 are aH minor products of 7,12-diOHMBA_ Thus these minor metaboiites 
were probably formed from 7,124iOHMBA during the metabolism of DMBA, but 
the amounts were too smali to bc detected in Fig. 1A. 

Carboxylic acid derivatives of DMBA (Table r) were not isolated directly by 



reversed-phase HPLC shown in Fig. 1. They were isolated by a procedure (see 
Materials and methods) that spe&cally isolates the carboxylic acid derivatives from 
a complex mixture ofmetabolites. They were then purified by reversed-phase and nor- 
mal-phase EIPIC systems prior to further spectrometic characterization_ Two car- 

boxylic acids, 7-M-12-COOH-BA and 7-COOH-12-MBA, were identified as metab- 
elites from the in v&o incubation products of DMBA. The amount of 7-M-12- 
COQH-BA was found to be greater than that of 7-COOH-12-MBA at a ratio of ca. 
2&l. A product that had identical retention times in two HPLC systems and a W 
absorption spectrum identical to that of the synthetic 7,12-(COOH),-BA was also 
detected. However, due to unknown reasons, its identity could not be confirmed by 
mass spectral analysis. Only 7-M-12-COOH-BA was identified as a metabolite from 
the microsomal incubation products of 7-M-12-OHMBA. Similarly, only 7-COOH- 
1ZMBA was found as a metabolite of 7-OHM-12-MBA. Again, there were indica- 
tions (retention times on HPLC and UV absorption spectra) for the presence of 7,12- 
(COOH),-BA, but its identity could not be confkmed by mass spectral analysis. 

Because of the difikdties we have encountered, we did not make an attempt to search 
for 7,12-(COOH),-BA as a rat liver microsomal metabolite of 7,12-diOHMBA_ 

Many metabohtes were either partially overlapped or completely overlapped 
on the reversed-phase HPLC (Fig. 1 and Table I). The unresolved metabolites can 
be completely separated from one another on an isocratic normal-phase HPLC 
system using a DuPont Zorbax SIL (silica gel) column. Mixtures of various ratios of 
THF-hexane-methanol were used as the elution solvents and these are indicated in 
the legend to Table I. For the purification ofcarboxyiic acid derivatives, glacial acetic 
acid (0.1-l “A was added to protonate the acids_ The presence of acetic acid in the 
elution solvent sharpened the elution peak and greatly reduced the retention time of 
the carboxylic acid derivatives of DMBA. An example of a separation on normal- 
phase HPLC is shown in Fig. 2. Peaks Al 1, Al2 and A19 in Fig. 1A each containing 
two metabolites are now completely resolved (Fig. 2). Furthermore, some closely 
eluted metabolites in Fig. 1 can also be separated completely by the normal-phase 
HPLC. 

The elution orders of metabolites on the reversed-phase HPLC are generally 
reversed on the normal-phase HPLC when the elution solvents in the latter do not 
contain methanol (Figs. 1 and 2, Table I). A general rule is not apparent for the elu- 
tion orders of metabolites in the normal-phase HPLC when methanol is added to the 
elution solvents (Fig. 2 and Table I). 

Mass spectral analysis was performed on each metabolite that bad been puri- 
fied by the two HPLC systems desctibed above_ The major mass ions obtained for 
each metabolite or synthetic standard are listed in Table I and are in full agreement 
witbthe assiguedstructures. 

UV absorp fion mtdfiuorescence s, xmra 
Satnration of a double bo.ld or hydroxylation at a ring position of the parent 

hydrocarbon produces a compound which has characteristic TJv absorption and fluo- 



Retention Time, min 

Fig. 2 Normal-phase HEXC separation of some DMBA metabolites. The chromatogmpEGc peaks are 
numked as in Fig_ 1A. The retention times, identities of the me.taMites, EiPLC comiitioos and the 
elution solvents are described in Tabk I. Elution solvents were S-4 (A), S-6 (IS) and S-8 (C). 

rescence spectra. We have routinely measured the UV absorption and fluorescence 
spectra of the collected HPLC peaks as the fhst clues in the elucidation of the metab- 
elites’ structure. The UV absorption spectra of some DMSA metabolites were 
shown in several previous reportscg-*2*i 6_ However, the data were fragmentary and 
never before was a concentrated effort made to extensively purify and to characterize 
the number of DMBA metabolites that are reported in this communication. The W 
absorption and fluorescence spectra of four trmrr-3,4-dials were reported earlier’*. We 
have also reporkd the nuclear magnetic resonance spectra of DMBA-rrrms-S+diol 
and 7-OHM-12-MBA-trans-j&diol 13. None of the four possible trmzs-l,2diols were 
detected as metabo:ites. The UV absorption and fluorescence spectra of four ~~QIZ.S- 
5,6-dials, four zrans-8,9-dials and four ~~CZIZ.S-lO,ll-diols are shown in Figs. 3-5. 
Hydroxylation of the 7- and 12-methyl groups apparently did not change the charac- 
teristic absorption and fluorescence peaks among the dihydrodiols involving the same 
ring carbons, but it did shift slightly the absorption aEd fluorescence maxima. The 
direction of shifts in absorption maxima seems to depend on the wavelength region 
(Figs. 3A, 48 and SA), but hydroxylation of the methyl groups always caused blue 
shifts in fluorescence maxima (Figs. 3B, 4B and 5B). 

The absorption and fluorescence spectra of four 3-phenols and four Cphenols 
are shown in Figs. 6 and 7. The UV absorption and fluorescence spectra of four 2- 
phenols have been reported recentlyz6. Although the synthetic 8-, 9-, 1Q and ll- 
phenols of DMBA are available to us for comparisons, we have not found any evi- 
dence for the presence of any of these phenols as metabolites of DMBA. Red shifts 
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Fig, 3. W absorption spectra (A, in x~thanol) and fluorescence spectra (B, in methanol) of DMBA- 
tram-5,6,diol (- ), 7-M-12-OHMBA-rr~~-5,~ol (- - - - - - ), 7-OHM-ltMBA-mrzs-5,ddiol 
((- - - - -) and 7,12-diOHMBA-fmn.s-S,ddiol (- - -). 

in fh~orescence maxima (Figs. 6C and 7C) are indicative ot phenolic derivatives of 
polycyck aromatic hydrocarbons. However, it should bc noted that +e fluorescence 
maxima (Figs. 6C and 7C) vary considerably in alkaline solution for compounds of 
similar structure. It is also apparent from ‘&e data in Figs. 3-7 that the UV absorption 

A. nm 

Fi 4. w absorption spectra <A, in ~~~~thanol) and flua~n~ spectra (B, in methanol) of DMIsA- 
~~-8$cli01( -), 7-M-12-0HMBA-mns~,9-dio1 (- - - - - - ), 7-OHM-12-MBA-trm-S,!%diol 
<-- - - -) and 7,~2-diOHhtBA-mn.s~,9~0~ (- - -). 



X .nm 

Fg_ 5. UV absorption spectra (A, in methvlol) and fluoresence spwtra (& in methanol) of DMBA- 
trmrs-10.114i01 (- ). 7-M-l2-OHMEA-tranr-lOJl-di~I (------ ), 7-OHM-12-MBA-rrons-lO,ll- 
dioi (- - - - - -) and 7,12-diOHMBA-trmrt-10,l l-dial (- - -)_ 

and/or fh~orescence spectra of DMBA metabolites cannot be used .zs the sok source 
of structural proof of a metabolite in the absence of other data. 

_ Fig. 8 ‘shows the W absorption and fluorescence spectra of two methyl a& 
dehydes (7-M-12-CHO-BA and 7-CHO-12-MBA) and two hydroxymetbyl aide- 

Fig. 6. W akxption spectra (A, in methanol) and ~uorrscene r3pece%(B,~aol;~irlo_LN 
N&OH) of 3-OH-DMBA ( -), 3-OH-7-M-12-OE (- - - - - -), 3UH-7-OHhG12-MBA 
(-- -- -) and 3-OH-7,124iOHMBA (---)_ . 
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X. nm 

Fig, 7. w &sosption spectra (A, in methanol) and flu0 rescence spectra tQ3, in methanol; C, in 0.1 N 
NaOH) of 4-OH-DMBA (- ), 4-OH-7-M-12-OKMFSA (- - - - - -), $-OK-7-OHM-12-MBA 
(---. -) and 4&H-7,124iOHMBA (- - -). 

hydes (7-OHM-12-CHO-33A and 7-CHO-12-OHMBA). None oftbese were previously 

found as metabolites of DMBA. 

Formation of optically active dihydrodiol metabofites indicates the stereo- 
specik or stereosekctive properties of the rat liver micxosomal mixed-function oxi- 

A ,nm 

Fii 8. W absorption spectra (4 in methanoI) and f3uorescence qxara (ES, in methanol) of 7-M-12- 
CKO-EA <- 2. 7-OKM-12-CHO-BA (-- -- -), 7-CHChl2-MBA (- - - - - -) and 7-CHU-12- 
OHM&x (---)_ 
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dases and epoxide hydra(ta)se+ S-S. We obtained several highly purEed dihydrodiok 
in sufhcient quantity for optical rotation measuremeat Cable XI). In contrast to tie 
predominantly j-)-dihydrodiol enantiomers formed from benz~[~]pyren~~~~~, the 
dihydrodiols formed from DMBA have both (-I-) and (-_) optical rotations. It is also 
interesting to note that the specific rotation of DMBA-trans-5,6diol is f257” 
whereas the 7-OHM-12-MB_4-t,6diol has a specific rotation of -29”. The re- 
sults in Table II indicate that the dihydrodiols are formed stereospeciticahy or stereo- 
sekctively from DMBA by rat liver microsomal mixed-function oxidases and epoxide 
hydra(ta)se. To determine the exact degree of stereospecikity or stereoseIectivity 
would require a major effort in determining the optical purity of the dihydrodiol 
metabolites. 

TABLE II 

OPTICAL ACTIVITY OF SOME DMBA METABOLlTES 

The dihydrodiols of DMBA were obtained from the in Gfru incubation of DMBA whereas the d&y- 
drodiols of 7-OHM-12-MBA were obtained from in vitro incubation of ;I-OHM-IZ-MBA. The 
zn sosrce in each case was liver microsomes from phenobarbi’&-pretreated male Sprague- 

DMBA-frans-3&diol -175 (0.8) 
DMBA-!r~43,9-dioi t 25 (0.99) 
DMBA-rranr-S&iiol +257 (1.52) 
7-OHM-1%MBA-trrurr-3.4401 -105” (2.0) 
7-OHM-12-MBA-rr~-S,9-diol f 21 (211) 
7_OtLU-ZtMBA-l,~ol - 29 (0.68) 
7-OH~i-12-PrfSA-trorrs-lO,l l-diol - 97 (1.55) 

* The concentration (mgiml in methanol) is given in pzrentheses. 
** A specific rotation of - 135” was reported previously” from a sample obtained with a difi‘erent 

microsomal preparation. 

DISCUSSION 

The in vitro system using rat liver microsomal enzymes is used most commonly 
in the identification of metabolic products of a chemical carcinogen. The term “chem- 
ical carcinogen” is used here to inchtde drugs, environmental polhrtants, food addi- 
tives and other xenobiotics that possess carcinogenic properties. The advantages of 
using rat liver microsomes as the carcinogen-metabolizing enzyme source are: (i) the 
relative ease in obtaining a large quantity of microsomal enzymes; (ii) induced liver 
mkrosomai enzyme activity from phenobarbital-, 3-methykholanthrene- or other 
chemically-treated rats; and (iii) the in vitro incubation products of a chemical carci- 
nogen which are qualitatively similar to those obtained with enzyme sources from 
extrahepatic tissues, some of which are target sites of a chemical carcinogen. 

-4 variety of metabohtes are formed from the in vitro incubation of a chemical 
carcinogen with rat liver microsomes. The met&o&s formed are usually separated 
from the microsomal proteins and lipids by various treatments and extraction 
procedures. In the case of PAHs, unconjugated metabolites are easily separated from 
the mkrosomal components and water-soluble products by organic solvent extrac- 
tion. In earlier studies PAH metabolites were separated for identification by thin- 



layer chromatography (TLC) usiug silica gel-coated plates’. Due to incomplete 
separation on TLC plates not all metabolites could be examined‘in detail. In the past 
few years SPLC has been applied successfully to the separation of. metabolic 
products of PAHs such as benzo[a]pyrene17-ti, 3-methylcholanthren~S, Z-methyl- 
chrysene25 and DMBA l1 - 1c. Reversed-phase EiPLC has been used primarily in the 
analysis of PAH metabolites. Recently it has become increasingly apparent that a 
single and symmetric chromato,mphic peak on the ‘reversed-phase HPLC often 
contains more than one metabolite. The metabolites that are not separable by the 
reversed-phase EXPLC are in most cases resolvable by the normal-phase HPLC. We 
have applied both HPLC systems in combination to extensively purify such metab- 
o&es and have identified more than thirty DMBA metabolites that are formed 
from the in vitro incubation of DMBA and its hydroxymethyl derivatives with ;-at 
liver microsomes. 

The identified metabolites listed in Table I clearly indicate that all methyl 
groups and ring carbons numbered 2-6 and 8-11 of DMBA, 7-M-12-OHMBA, 
7-OHM-12-MBA and 7,124OHMBA are involved in metabolic oxygenations. Four 
2-phenols have been identified as metabolites and these may be formed by non- 
enzymatic rearrangement of the 1,2-epoxide intermediatesz6. However, although un- 
likely, the 2-phenols may also be formed by a direct inserticn mechanism=_ The in- 
volvement of C1 carbons in metabolism may be demonstrated by the me’abolism 
of the truus-3,440ls to 3,44io!-1 ,2-epoxidesX2 although this has not been reported. 

DMBA_7,12endoperoxide has been reported as a major metabolite of 
DMBAlO. In spite of an intensive search, we have not found this metabolite using our 
iucubation conditions. When a [‘4C]DMBA was incubated with heat-inactivated 
(100” for 10 mm) rat liver microsomes, a radioactive peak which cochromatographed 
with the synthetic DMBA-7,12_endoperoxide was substantially higher than the peak 
that was obtained from the incubation of p”C]DMBA with enzymatically active rat 
liver microsomes (data not shown)_ Ahbough two hydroxymethyl aldehydes co- 
chromatographed with DMBA-7,12endoperoxide (peak Al9 in Fig. l), these hydroxy- 
methyl aldehydes could not have been formed from the DMBA with the heat- 
inactivated microsomes. We thus concluded that a low level of DMBA-7,12endo- 
peroxide was formed under our experimental conditions but it was not a microsomal 
enzymedependent product. 

Nine metabolites that are derived from the oxidation of the methyl groups of 
DMBA have been identifred.These are the three hydroxymethyl derivatives, two methyl 
aldehydes, two hydroxymethyl aldehydes and two methyl carboxylic acids (Table I). 
The pathways for the oxidations of the methyl side chains to carboxylic acids are 
proposed in Fig. 9. Many other potential oxidation products indicated in Fig. 9 have 
not been found. Both 7-CHO-12-MBA and 7-M-12-CHO-BA were found to possess 
moderate to weak skin tumor-initiating activity in mice”5. Thus oxidation of DMBA 
to methyl aldehydes may contribute to the overall carcinogenicity of DMBA. The 
biological effects of the further oxidatioos of the methyl aldehydes to hydroxy- 
methyl aldehydes and carboxyhc acid derivatives are not known. 

The metabolic pathways for the formation of dihydrodiols and phenohc metab- 
elites at the ring positions are proposed in Fig. 10. None of the epoxide inter- 
mediates has been detected directly. However, it has been well established that epox- 
ides (a.rene oxides) are the metabolic precursors of PAHs. In addition to the hydra- 
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Fig. 9. Froposai p&ways of metabolic o.xidations of DMBA at the methyl groups. Soiid arrows 
indicate the formation of products which have been identiCed. Broken arrows indicate the possible 
formation of products which have not k detected_ 

tion reaction catalyzed by the microsomaI epoxide hydra&&e_ epoxide intermediates 
can also rearrange non-enzymaticalIy to phenok products. Many possible phenolic 
metabolites indicated in Fig. 10 have not been found. These phenols may be formed 
in an extremely smaII amount and thus were not detectable. Although four 2-phenols 
were foundz6, none of the four possible tra-1,2-dial metabolites was detected. The 
absence of rrons-1,2-dials may be due to the instability of the 1,2_epoxide inter- 
mediates_ Thus the 1,2-epoxide intermediates may have already been isomer&d to 
I- and 2-phenols before they can be translocated in the microsomai enzyme com- 
plex to the enzymic site of the epoxide hydra(ta)sc. 

Among the dihydrodiol metabolites, trmzs-3$-dials are believed to be on the 
metabolic pathways forming the most reactive, mutagenic and carcinogenic metabo- 

Fig. 10. Proposed -pathways of metabolic oxidations of DMBA and its hydroxymethyl derivatives at 
the ring pusitions. Epoxide intermed&ks have not been dire&y detfSedQuestion marks in parerl- 
theses indicate possible formatioxz of z compound not found in this investigation, MFO = Mixed- 
fimction oxidzxs; EH = epoxide hydra(ta)se; NR = non-enz--tic wnt : t = trans. 
Further metabolism of the phenolic and dihydrodiol metaholites at other riag positions is not 
indicated. 
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litcs. According to the “bay region” theory36, formation of 1,2-epoxides from the 
frets-3J-diols can lead to the formation of C, carbonhun ion intermediates which 
are thought to be the ultimate carcinogenic metabolites of DMBA. Although direct 
evidence on the metabolism of trrms-3,4-dials to the 3,4diol-1,2 epoxides is not avail- 
able, indirect evidence has been reported suggesting that 3,4diol-1,2epoxide(s) is 
involved in binding to DNA of cells in culture37*S, to DNA of mouse skin that has 
been treated with DMBA3* and to DNA in a rat liver microsomcs-mediated fir v&o 
systema. The mutagenicity of three of the four trmtcs-3,4-diols has been tested in a 
cell-mediated mutagenicity assay with Chinese hamster V79 cells, and only DMBA- 
trans-3&diol was found to be more mutageaic than DMBA itself-“. The mutagenicity 
of 7-OHM-l2-MBA-trans-3,4-diol and 7-M-l2-OHMBA-~rans-3,4-diol was found 
to be less than that of DMBA but more than those of 7-OHM-12-MBA and 7-M-12- 
OHMBA respectively”. In au in vitro system, all three of the above mentioned trans- 
3,4-dials produced products that bound more extensively than DMBA upon further 
metabolism with rat liver microsomes 12. These results thus indicate that there may be 
multiple activation pathways in the formation of ultimate carcinogenic metabolites 
of DMBA. 

An important subject which has not been explored in de’&il is the sequence of 
ring hydroxylation and methyl hydroxylation. For example, 7-OHM-12-MBA- 
trams-3,4-&01 is known to be formed from DMBA (Fig. 1A). The 7-OHM-12-MBA- 
tra-3,44iol may be derived enzymatically either from 7-OHM-12-MBA by epoxi- 
dalion and hydration reactions or from DMBA-trots-3,4-dial by hydroxylation at 
the 7-methyl group. The former pathway is known to occur (Fig. 1B) but the latter 
pathway has not been investigated_ If the DMBA dihydrodi~ls fan be hydroxylated 
at the methyl groups to form dihydrodiols of 7-M-12-OHMBA, 7-OHM-12-MBA 
and 7,12-diOHMBA, then the number of possible pathways is increased severalfold 
more than what has been proposed in Figs. 9 and 10. Investigation of this subject is 
LOW underway in our laboratory*_ 

The application of both reversed-phase and normal-phase HPLC has made 
possible the purification of more than thirty DMBA metabolites. We have obtained 
milligram quantities of many highly purified metabolites for nuclear magnetic re- 
sonance spectral analysis*S, optical rotation measurement (Table II), UV absorption 
and fluorescence spectral analysis (Figs. 3-g) and for mass spectral analysis (Table I). 
Definitive structural assignments for the metabolites can thus be made on the basis of 
the above physicochemical properties. Metabolites puriGed by HPLC procedures de- 
scribed in this report have been used in mutagenici~’ and carcinogenic&y testings. 
Thus further studies with the purified metabolites can provide information concem- 
ing the metabolic pathways, activation and detoxification mechanisms of the potent 
carcinogen, 7,12_dime~ylbenzCalanthracene. The HPLC methods described in this 
report have been found in our laboratory to be usefui in general for the purification 
and identilkation of several other PAH metabolic products. 

* Note added in praofi We have found that DMBA-trans-3.4401 can be meta*k&ed by rat 
liver micro~omes to form 7-M-12-OHMBA-trans-S&Sol, 7-OHM-12-MBA-trans-3&diol, ad 
7,12-di~~-frnr-3,4-diol. Both 7-M-l2-OHMBA-~zrx-3,44iol and 7-OHM-12-MBA-frans- 
3.4-dial csn be further metabolized to 7.12-di OHMBA-frans-3,4diol. 
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