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Analysis of repetitive scan difference spectra of incubation mixtures 
containing rat liver microsomes, 3- or 9-hydroxybenzo(a)pyrene, oxygen, and 
NADPH shows the formation of products with absorbance in the 400-450 nm 
region. Based on the chromatographic retention time, absorbance, and 
fluorescence spectra, the two major products of +hydroxybenzo(a)pyrene 
metabolism may be diphenols. The existence of spectral intermediates which 
resemble phenols rather than ouinones during the steady-state metabolism of 
3-hydroxybenzo(a)pyrene strongly indicates that either the major product is a 
diphenol which slowly oxidizes to yield 3,6-quinone and/cr that an active 
quinone reductase exists in liver microsomes. 

The mechanism of further metabolism of F(a)P'-phenols and the formation 

of B(a)P-quinones remains largely unexplained. Nagata et al.(l) and Ts'o & 

al. (2,3) have documented the oxygen-dependent conversion of the unstable 

6-hydroxy-B(a)P to quinones by a reaction which involves free radicel 

intermediates. Wiebel (4) and Yang et al. (5) have presented evidence that 

3-hydroxy-B(a)P is oxidatively metabolized by liver microsomes to products 

which include the 3,6-quinone as the major metabolite. Other studies on the 

further metabolism of the 3- and q-phenol have shown that both compounds yield 

products which covalently bind to cellular nucleophiles, such as DNA (6,7). 

The present report describes the application of difference spectrophotometry 

coupled with HPLC techniques to monitor the steady-state metabolism of 3- and 

9-hydroxy-B(a)P by liver microsomes from 3-methylcholanthrene pretreated rats. 

It is suggested that during the steady-state of the reaction polyoxygenated 

products, such as diphenols, may result from the NADPH- and oxygen-dependent 

metabolism catalyzed by a microsomal oxyqenase. 

1. Abbreviations: B(a)P, benzo(a)pyrene; HPLC, high performance liquid 
chromatography; TLC, thin layer chromatography. 
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Materials and Methods 

'W 

Microsomal suspensions from the livers of +mevQylcholanthrene-treated 
were prepared as described previously (8). [ Cl-3-Hydroxy-B(a)P and 

[ C1-B(a)P-9,10-dihydro-9,lO-diol were isolated by HPLC techniques (9) ,Jrom 
organic extracts of a microsomal incubation mixture containing [7,10- Cl- 
benzo(a)pyrene; the radiolabelled 9,10-dihydrodiol was subsequently converted 
to 9-hydroxy-B(a)P using the method of Sims (10). 3- and 9-Hydroxy-B(a)P were 
obtained from the NCI Carcinogenesis Research Program. 

A standard reaction mixture, containing 50 mM Tris-chloride buffer, pH 
7.5, 150 mM KCl, 5 mM Mgc12, 2 mM sodium isocitrate, 1 I. U. per ml of 
isocitrate dehydrogenase, 1 VM rotenone, 
protein in a 20 ml volume, 

200 irM NADH and 0.5 ;g/ml microsomal 
was preincubated at 37 . The 3- and 

9-hydroxy-B(a)P were dissolved in acetone and added (<75 ~1) to the reaction 
mixture (30 pM, final concentration) containing microsomal protein prior to 
initiation of the reaction with NADPH (400 I-IM, final concentration). 
Repetitive scan spectrophotometric analysis of the metabolic products was 
performed as described by Prough &. 21. (8). When radiolabelled 3- or 
9-hydroxy-B(a)P (spec. radioactivity, approx. 3.2 mCi/mmole) was utilized, 
the experiments were performed identically to the procedure described for the 
metabolism of B(a)P (8,9) and analyzed using reverse phase HPLC followed by 
liquid scintillation counting. 

Results 

~DeCtrODhOtOW.triC Measurement of the Metabolism of 3- and 9-Hvdroxv-B(a)P As 

shown in Fig. la, the microsomal metabolism of 9-hydroxy-B(a)P is accompanied 

by a progressive loss of absorbance at approximately 421 nm concomitant with 

increases in absorbance at 409 and 436 nm; the negative absorbance change is 

due in part to the loss of g-phenol. The two major g-phenol metabolites 

described below have absorbance bands at 427 and 435 run which could account 

for the absorbance increases above 425 nm during metabolism (Table 1). 

Appreciable absorbance is generated above 450 nm suggesting that a small 

amount of B(a)P-quinones may exist during the steady-state of the reaction. 

The time course of the reaction was linear for 6-8 min and an apparent K of m 

approximately 15 VM was obtained from a Lineweaver-Burk plot. The presence of 

isosbestic points at 402, 416, and 426 nm suggests that the spectral changes 

noted during the metabolism of 9-hydroxy-B(a)P may be limited to one 

predominant product. The appearance of these spectral changes was dependent 

upon the presence of NADPH, microsomal protein, and oxygen indicating the 

involvement of an oxygenase reaction, possibly cytochrome P-450-dependent. 

Experiments using 3-hydroxy-B(a)P yielded difference spectra which were 
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Figure 1. Difference Spectral Analysis of the Metabolism of the 3- and 
g-Phenols of Benzo(a)pyrene. A reaction mixture containing B(a)P-phenols and 
rat liver microsomes from 3-methylcholanthrene-treated rats (see Methods) was 
bubbled with oxygen and divided into the sample0 and reference cuvettes of an 
Aminco DW-2 spectrophotometer thermostated at 37 . After a baseline of equal 
light absorbance was recorded in the split beam mode, NADPH (400 uM, final 
concentration) was added to the sample cuvette, and the time-dependent changes 
in absorbance between 370 and 470 nm.were followed by repetitive scanning at 
10 nm/sec. A. Metabolism of 9-hydroxy-B(a)P. B. Metabolism of 3-hydroxy- 
B(a)P. 

similar to those obtained with the g-phenol (Fig. lb). Major absorbance 

maxima at 396, 420, and 449 nm and absorbance minima at 408 and 432 nm were 

developed during the aerobic steady-state of the reaction; the latter 

corresponds in part to the absorbance maxima of 3-hydroxy-B(a)P suggesting the 

loss of the phenol during the reaction. The spectrum was distinct from that 

of B(a)P-3,6-quinone in the presence of denatured microsomal suspensions, but 

was nearly identical to that of the sodium dithionite-reduced quinone (11) 

minus the spectrum of the amount of 3-phenol lost during metabolism (Fig. 2). 

Isolation of Products Reaction mixtures containing radiolabelled 
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TABLE 1 

COMPOUND 

3-hydroxy 
q-hydroxy 
3,6-quinone 
7,8-dihydrodiol 
4,5-dihydrodiol 
q,lO-dihydrodiol 
Peak A (9-hydroxy) 
Peak B (q-hydroxy) 
Peak C (3-hydroxy) 
Peak D (3-hydroxy) 

PROPERTIES OF B(a)P METABOLITES AND STANDARDS 

RETENTION' ABSORBANCE* EMISSION3 
TIME MAXIMUM MAXIMUM 
(min) (nm) (nm) 

1 .oo 424 431(520) 
0.96 418 422(513) 
0.83 480 442,570(570) 
0.57 366 397(397) 
0.48 322 375(375) 
0.26 344 404(404) 
0.59 435 442(533) 
0.68 427 441(532) 
0.59 435 442(533) 
0.84 480 442,570(570) 

1. The retention times are expressed relative to +hvdroxv-B(a)P. 
2. The absorbance wavelength noted is the longest-wavelength maximum of the 
compounds (in methanol). 
3. The fluorescence wavelength noted is the major emission wavelength maximum 
of the B(a)P derivatives in 80% methanol and the values in parentheses are the 
maxima in the presence of 0.15% triethylamine in 80% methanol. The samples 
were excited at 270 nm. 

q-hydroxy-B(a)P were incubated and aliquots removed at various times. After 

extraction and concentration, the samples were analyzed using reverse phase 

HPLC and fractions were collected for further characterization. Figure 3 

provides evidence for the formation of two major polar metabolites whose 

retention times relative to the 3-phenol are 0.59 (peak A) and 0.68 (peak B), 

respectively; these compounds have chromatographic properties similar to the 

7,8-dihydrodiol of B(a)P (Table I). The optical and fluorescence emission 

spectra of peaks A and B were similar to the spectra of q-hydroxy-B(a)P (Table 

1). In addition, the effect of base titration on the fluorescence emission 

spectra of peaks A and B was very similar to the effect seen with the 

q-phenol. The presence of at least one very polar minor metabolite (>5%) was 

detected in the early portion of the gradient elution. 

The metabolism of [14C]-3-hydroxy-B(a)P was studied using similar HPLC 

techniques and two easily distinquished metabolites were observed. The major 

metabolite obtained by HPLC (peak D) had a retention time and an absorbance 

spectrum identical to that of B(a)P-3,6-quinone (Table l), in agreement with 
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Figure 2. The Spectra of the Possible Metabolites of 3-Hydroxy-B(a)P 
During the Steady-State. The spectrum of B(a)P-3,6-quinone (13 )-rM) is shown 
in the presence of I.58 Triton X-100, 0.15 M KU, 0.05 M Tris chloride, and 5 
mM MgCl 
grains 0 ?' 

pH 7.5, before (---I and after (-.-n-) the addition of a few 
sodium dithionite. The spectrum of 3-hydroxy-B(a)P (34 PM) in the 

presence of 1.5% Triton X-100, 0.15 M KCl, 0.05 M Tris chloride, and 5 mM 
MgC12, pH 7.5, is included for comparison (- 1. 

the report of Wiebel (4). The second metabolite of moderate polarity had a 

retention time of 0.59 relative to $hydroxy-B(a)P (peak C) and had an 

absorbance spectrum identical to the peak A metabolite of q-hydroxy-B(a)P 

(Table 1). 

Discussion 

Prough & al. (12) have utilized the method of repetitive scan 

difference spectrophotometry to monitor absorbance changes occurring during 

the oxidative metabolism of B(a)P. The method has utility in directly 

observing the formation of metabolic products during the steady-state of the 

reaction; this condition cannot be met by other analytical methods available. 

The analysis of metabolism using difference spectral and HPLC techniques 

indicates that the major products of q-hydroxy-B(a)P appear to be compounds 

which most likely are diphenols that do not rapidly oxidize to yield quinones. 
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Figure 3. HPLC Separation of +Hydroxy-B(a)P and Its Metabolic Products. 
The dry residue of ethyl acetate extracts of the 15 minute reaction mixture 
(see Methods) containing g-hydroxy-B(a)P was dissolved in methanol and 
analyzed using a reverse phase HPLC column (PBondapak C,8, Waters Associates) 
and a 60 to 80% methanol:water linear gradient (0.67% change/min; ) at 
a 1.5 ml/min flowrate. The separation was monitored by 254 nm absorbance 

) and samples were collected every 30 set for radioactivity analysis 
0 0 0, zero min reaction mixture or 0 0 0, five min reaction mixture). 

This interpretation is based on the fact that when the E(a)P nucleus is 

oxidized to yield an arene oxide or dihydrodiol, there is no significant 

absorbance or fluorescence emission spectra above 395 nm (12,13). The known 

B(a)P quinones have additional absorbance maxima above 450 nm and have 

fluorescence emission spectra which are distinct from those of the l-, 3-, 6-, 

or g-phenols (11,13). Although the major product of 3-hydroxy-B(a)P 

metabolism determined by HPLC is the 3,6-auinone, the product measured 

spectrophotom&rically during the steady-state of the reaction most. probably 

is -B(a)P-3,6-dihydroquinone (diphenol); this product can react chemically 
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with oxygen to form the quinone and hydrogen peroxide (11). A second 

metabolic product (peak C, Table 1) exists which most likely is 

B(a)P-3,9-diphenol based on HPLC retention time, absorbance, and fluorescent 

emission spectra which are apparently identical to the product of 

q-hydroxy-B(a)P metabolism (peak A). These results indicate that there exists 

within the liver microsomal fraction an oxygenase capable of oxidatively 

metabolizing B(a)P-phenols to diphenols. The formation of diphenols most 

likely would occur via an unstable phenol-epoxide intermediate which could 

have the capacity to form covalent bonds with cellular nucleophiles; this 

conclusion is consistent with the results of Capdevila et al, (6) and King & 

al. (7). 

Our results support the contention that the relatively high amount of 

quinones obtained after HPLC analysis of the in vitro microsomal metabolism of 

B(a)P or 3-hydroxy-B(a)P may not represent the actual metabolic profile & 

&(Q or during the steady-state of the in vitro reaction. Quinones are not 

major products of the metabolism of B(a)P by cells or intact animals ; large 

amounts of glucuronide conjugates are formed at the expense of phenols and 

quinones (14,15). The conversion of the 3,6-B(a)P-diol to the 3,6-dione may 

be the consequence of the manipulation and time involved in the analysis of 

samples by HPLC or TLC. The discrepancy between the h vitro microsomal 

metabolism and metabolism of B(a)P or the j-phenol by intact cells or whole 

animals could be due in part to the formation of B(a)P-diols which are capable 

of being rapidly conjugated and excreted. The formation of additional 

metabolites during the oxidation of phenols of polycyclic hydrocarbons expands 

the complexity and range of compounds which may contribute to the carcinogenic 

and/or toxic potential of B(a)P. 
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