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Abstract-The hepatic microsomal metabolism of R and S warfarin. supported by NADPH or cumene 
hydroperoxide. has been investigated to probe the multiplicity and speciticitv of cytochromcs P-450. 
Microsomeswereuninduced.andphenobarbital(PB)-. 3-methblcholanthrene( MC‘)-or3/1-hydroxy-20-oxo- 
pregn-5-ene-l6-cl-carbonitrile (PCN)-induced from rat liver. Cumene hydroperoxide supported the 
formation of all the NADPH-supported warfarin metabolites (4’-. 6-. 7- and benzylic hydroxywarfarin 
and dehydrowarfarin). except I-hydroxywarfarin. Comparisons of the rates of formation of the mctabolites 
supported by NADPH or cumcne hydroperoxide (with uninduced and induced microsomcs) revealed that 
cumene hydroperoxide had the following effects: (I) rates of hydroxylation of the phenyl substituenl of 
warfarin (4’-hydroxywarfarin) were increased: (2) rates of metabolism of the aliphatic portion ofwarfarin 
(benzylic hydroxywarfarin and dehydrowarfarin) were increased. except with S warfarin and uninduced 
microsomes; and (3) rates of hydroxylation of the phenyl ring of the coumarin group of warfarin were 
(a) decreased (7-. I-hydroxywarfarin) or (b) decreased (6-hydroxywarfarin) with MC-induced microsomes 
and increased or unchanged with uninduced and PB- or PCN-induced microsomes. We concluded from 
these studies that multiple cytochromes P-450 are implicated in the metabolism of warfarin: that the 
cytochromes P-450 catalyzing the formation of 7- and &hydroxywarfarin differ from those catalyzing the 
other metabolites. except for 6-hydroxylation by MC-induced microsomes: that the cytochromes catalyzing 
7- and 8- hydroxywarfarin formation differ from one another; that for each metabolite of warfarin. the 
cytochrome P-450 type predominantly responsible for its formation is the same, irrespective of the mode of 
induction of the microsomes; and that 6-hydroxylase activity is the exception to the previous point. and is 
predominantly associated with different cytochromcs P-450 in differently induced microsomes. The effects 
of cumene hydroperoxide have been ascribed to differences in cumene hydroperoxidc affinities. differences 
in cumene hydroperoxide-induced destruction, and differences in cumene hydroperoxide inhibitions of 
warfarin binding to different cytochromes P-450. together with differences in the situation ofcytochromes 
P-450 in the mi&osomal membrane. 

Elucidation of the mechanism of action and of the 
number of different cytochromes P-450 in hepatic 
microsomes, together with their corresponding speci- 
ficities, is a prerequisite for determination of the role 
of cytochromes P-450 in chemically induced carcino- 
genicity, and drug, xenobiotic and endogenous steroid 
metabolism. 

*Supported by NIH research grant HL 19772. awarded by 
the National Heart. Lung. and Blood Institute. PHVDHEW. 
and a New York State-Health Research. Tnc.. GkS grant: 

tTo whom reprint requests should be addressed. 

IPreliminary mass spectral analysis in our laboratories 
indicates that the structure of the mctabolite identified as 
benzylic hydroxywarfarin has been incorrectly assigned [S]. 
The correct structure for this metabolite is probably IO- 
hydroxywarfarin (IG). and we are presently conlirming this 
structural assignment. The incorrect assignment of the 
structure does not affect any of the conclusions of the present 
investigation. and we will continue to refer to this product as 
benzylic hydroxywarfarin until the alternative structure is 
confirmed. 

SM. J. Fasco and L. S. Kaminsky, manuscript submitted 
for publication. 

Significant advances toward the resolution of these 
problems hake followed from the numerous reports 
on the isolation, purification and characterization of a 
variety of cytochromes P-450 [l-3]. However, investi- 
gations into the multiplicity and specificity of cyto- 
chromes P-450, which are still retained in the micro- 
somal membrane milieu, are essential to draw cor- 
relations with data on purified enzymes. Such 
comparisons are necessary for evaluation of the role of 
the microsomal membrane, the situation of the 
components of the system in the membrane, and the 
consequences of protein isolation techniques on the 
properties of cytochromes P-450. 

Both enantiomers of the widely utilized oral 
anticoagulant and rodenticide, warfarin (Scheme I, A), 
are metabolized by rat hepatic microsomal cyto- 
chromes P-450 to yield a variety of products*including 
6- (scheme I, B), 7- (I, C), 8- (I, D), and 4’-hydroxy- 
warfarin (I, E) and benzylic hydroxywarfarin (I, F)$ 
[4,5]. together with the recently identified metabolite. 
dehydrowarfarin [4-hydroxy-3-(3-oxo- I -phenyl-l- 
butenyl)- 2H-l-benzopyran-2-one] (I, H).$ All of 
the warfarin metabolites can be analyzed simul- 
taneously by a high-pressure liquid chromatographic 
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A R,=R,=R,=R,=R,=R,=H H 

0 R, =OH,R,=R,=R,=RS=R,=H 

C R,=OH,R, =R,=R4=R5=R6=H 

D R,=OH,R, =R,=R4=R5=R6=H 

E R,=OH,R, =R,=R,=R,=R6=H 

F R,=OH,R, =R,:R,=R,=R,=H 

G R,=OH,R, =R,=R,=R,=RJ=H 

Scheme I. 

(h.p.1.c.) assay [6]. The relative rates of formation of 
these metabolites are altered markedly as a con- 
sequence of the action of the mixed-function oxidase- 
inducing agents. such as phenobarbital (PB) and 3- 
methylcholanthrene (MC) [7]. The metabolism of 
warfarin thus provides a powerful probe for investi- 
gating the function, specificity and multiplicity of 
cytochromes P-450. 

The discovery that cumene hydroperoxide can 
replace NADPH and Oi in the cytochrome P-450- 
catalyzed metabolism of a number of fatty acids, 
aromatic drugs, and steriods [&IO] provides another 
approach for the investigation of the mechanism of 
action of mixed-function oxidases. Hrycay et al. [9] 
have proposed that cumene hydroperoxide inserts the 
activated oxygen species directly into the substrate- 
ferricytochrome P-450 complex. This is in contrast to 
the NADPH-supported mechanism in vitro. where the 
oxygen molecule binds to the substrate--ferrocyto- 
chrome P-450 complex, and is activated after incorpo- 
ration of a further electron from NADPH. Cumene 
hydroperoxide thus probably substitutes for the early 
steps in the activation of oxygen in the mechanism of 
cytochrome P-450 function. 

In the present study we have utilized the hepatic 
microsomal metabolism of R and S warfarin by 
control, PB-, MC- or 3fl-hydroxy-20-oxo-pregn-5-ene- 
lf&-carbonitrile (PCN)-induced microsomes to probe 
cytochromes P-450. The rates of formation of each 
metabolite supported by either NADPH or cumene 
hydroperoxide were compared, and the results used to 
indicate the multiplicity and specificity of the micro- 
somal cytochromes P-450. 

MATERIAI..S AND METHODS 

Materials. PB and MC were purchased from 
J. T. Baker Chemical Co. (Phillipsburg. NJ) and K 
& K Laboratories. Inc. (Plainview. NY) respectively. 
PCN was a gift from the Upjohn Co. (Kalamazoo. 
Ml). Racemic warfarin from CalBiochem (La Jolla. 

-- 
*M. J. Fasco and L. S. Kaminsky. manuscript submitted 

for publication. 

CA) was resolved into optically pure R (Lz],, = 
+ 149) and S warfarin ([u], = - 149.7) by the method 
of West et al. [I I]. Cumene hydroperoxide was ob- 
tained from Pfaltz & Bauer (Stamford. CT). and 
NADP from Sigma Chemical Co. St. Louis. MO. 
Water was deionized and glass-distilled. All other 
reagents. including the solvents. were of the highest 
grades commercially available. 

The 6- (Scheme I, B), 7- (I, C), X- (1.D). and 4’- 
hydroxywarfarin (I. E) metabolites were prepared by 
the methods of Hermodson et ul. [ 121, Pohl ef rrl. [ 13) 
and Buckle et al. [ 141, modified as described previously 
[6]. Benzylic hydroxywarfarin (1. F) was isolated as a 
product of the in vitro hepatic microsomal metabolism 
of R warfarin. as described by Pohl c’t NI. [7]. 4- 
Hydroxy-3-(3-oxo- 1 -phenyl- 1 -butenyl)-‘H-1 -benzo- 
pyran-2-one (dehydrowarfarin) (I. H) was synthesized 
by treatment of warfarin with cuprous chloride and 
pyridine.* 

Me&o& Experimental animals were male Wistar 
rats from the New York State Department of Health 
Griffin Laboratories, and weighed 250 + 20g at the 
time of sacrifice. The rats were acclimatized at 21 
witha 12-hr light cycle before use. Hepatic microsomal 
cytochromes P-450 were induced with PB (100 mg/kg;’ 
day, i.p.. in 0.9 “, saline for 3 days): MC (25 mglkgjday. 
i.p.. in corn oil for 3 days): or PCN (100 mg,/kg,/day, i.p.. 
in corn oil suspension for 3 days). Rats were killed by 
cervical dislocation 24 hr after the final dose of 
inducing agent. Hepatic microsomes were prepared 
by the Sepharose 2B chromatography method of 
Tangen et al. [15]. which was modified slightly as 
described previously [S]. The protein concentration of 
the microsomal suspension was determined by the 
method of Schacterle and Pollack [I61 and the 
cytochrome P-450 concentration by the method of 
Omura and Sato [ 171. 

The microsomal incubation system comprised the 
following (all values are final concentrations): micro- 
somes (2.0 mg protein/ml) in 0.01 M N-Tris (hydroxy- 
methyl)methyl-Zaminoethane sulfonic acid (TES) and 
0.002 M MgCl,, pH 7.4 (3.0 ml); NADP (0.3 mM) and 
glucose Gphosphate (15.5 mM) in the same buffer 
(l.Oml): and R or S sodium warfarin (0.75 mM) in 
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water (0.1 ml). After a I-min incubation at 37” in a 
shaking water bath, glucose 6-phosphate dehydro- 
genase (yeast, 5 units) was added to initiate the 
reaction. The reaction mixture was rapidly filtered 
after a further 10 min, and assayed by a modification* 
of the h.p.1.c. system described previously [6]. 

In those experiments where cumene hydroperoxide 
was added. the reaction was terminated after 5 min. 
The NADPH-generating system was replaced by 
buffer. and the reaction was initiated by adding 
cumene hydroperoxide ( 1 .O mM) in place of the glucose 
h-phosphate dehydrogenase. All other conditions 
were unaltered. In a control experiment, the micro- 
somes were eliminated from the reaction mixture. 

The mean values of the experimental data were 
compared using the Student’s t-test with P < 0.05 as a 
limit of significance. 

RESULTS 

Cumenc hydroperoside supported the control, 
PB-. MC- or PCN-induced microsomal metabolism 
of R and S warfarin to yield all of the previously 
reported NADPH-supported products (Scheme I, 
B-- H). except for X-hydroxywarfarin. In the absence of 
microsomes no products were formed. Cumene 
hydroperoxide and microsomes do not further meta- 
bolizc the products of warfarin metabolism. The 
rates of formation of the various products deviated 
slightly from linearity with time over 5 min, but 
relative rates ofproduct formation were unaltered, and 
reactions were terminated after this period. Sodium 
periodate also supported the cytochrome P-450- 
catalyzed formation of these metabolites, but the 
rates were too low to be quantitated accurately. 

Examples of h.p.1.c. patterns of metabolites from R 
and S warfarin with PB-induced microsomes and 
NADPH or cumene hydroperoxide are shown in 
Figs. I and 2. 

The rates of formation of each of the metabolites of 
R and S warfarin supported by NADPH or cumene 
hydroperoxidc with control, PB-. MC- or PCN- 
induced microsomcs are presented in Tables 1. 2, 3 
and 4 respectively. The ratios of rates with cumene 
hydroperoxide and NADPH for each metabolite are 
also presented to facilitate comparisons of the two 
forms of metabolic reaction. In the case of hydroxy- 
iation of the phenyl group of R and S warfarin to 
yield 4’-hydroxywarfarin. the rate with cumene 
hydroperoxidc was increased or unchanged relative 
to the rate with NADPH for control, PB-, MC- and 
PCN-induced microsomes. In contrast, the rates of 
hydroxylation of the phenyl portion of the coumarin 
moiety to yield 7- and 8-hydroxywarfarin from both R 
and S warfarin with induced and uninduced micro- 
somcs were decrcascd with cumene hydroperoxide. 
In particular. the R-hydroxylase activity of all the 
investigated microsomal systems was too low to be 
quantitated. The third hydroxylation ofthe coumarin- 
phenyl ring at the 6-position was, however, more 
variable. with some results being higher and others 
lower with cumene hydroperoxide than with NADPH. 
For the two reactions involving the aliphatic moeity 
_______ 

*M. J. Murphy. M. J. Cashin. M. J. Fasco. L. J. Piper, 
D. N. McMortin and L. S. Kaminsky. manuscript submitted 
for publication. 

I 

ELUTION TIME (min) 

Fig 1. High pressure liquid chromatographic analysis of the 
metabolites of R warfarin catalyzed by phenobarbital- 
induced rat hepatic microsomes (2.0mg protein/ml; cyto- 
chrome P-450. 2.3 nmoles/mg of protein), and either (A) 
cumene hydroperoxide (1.0 mM) with a column loading of 
2004 of microsomal incubation filtrate or (B) NADPH 
(0.3 mM) with a column loading of 100 ill of microsomal 
incubation filtrate. A jcBondapak/C,, column (4 mm x 
30 cm) was used. and products were eluted at a flow rate of 

2.0 ml/min. 

I 4’-OH 

BENZYLIC-DH 

II S; S WARFARIN 

ALcmOL II 

ELUTION TIME (min) 

Fig 2. High pressure liquid chromatographic analysis of the 
metabolites of S warfarin. Other conditions were as in 

Fig. I. 
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of warfarin. which yield dehydrowarfarin and bcnzylic 
hydroxywarfarin. the rates with cumenc hydro- 
peroxide were increased, except for S warfarin with 
uninduced microsomes. which were decreased. i-or 
these aliphatic mctabolites. the most noticeable 
increases in cumene hydroperoxidc relative IO 
NADPH-supported rates were with PB- II!’ PC‘N- 
induced microsomcs and R warfarin. 

A number of vthcr points are apparent from the 
metabolite formation rates in Tahlcs I 3. The most 
dramatic effect of MC induction was the increase in 
NADPH-supported 6- and 8-hydroxylase activities 
with R warfarin relative to control microsomcs. With 
cumene hydroperoxide. however. these aciivitics were 
differentiated. with the h-hydroxylase activit! being 

decreased. but remaining high, and the %hydroxylase 
activity at negligible levels. The control. PB. MC- and 
PCN-induced cytochrome P-6katalyzed, NADPH- 
supported rates of metabolism of R warfarin exceeded 
those of S warfarin. F‘or the corresponding cumene 
hydroperoside-supported reactions. this overall 
slcreo-selectivity was retained. notwithstanding 
changes in the stereoselectivity of some of the indivi- 
dual metabolites. With control and PCN-induced 
tnicrosomes. R warfarin was favored to a greater 
extent. and with MC-induced microsomes to a lesser 
extent when supported by cumcne hydroperoxide. 
than when supported by NADPH. Control and PB- 
induced microsomes were similar in that both had 
7-h~drnuvwarfarin from R warfarin as the major _ _ 

Warfarin mctaholilc ~~1~1’11 C‘uOOH+ CuOOH:NADPH 
_ ._ -___-._.-.. -__ ..--.--.--._ -_ ._. .._. 

R dehydro 0.02 .t .r(i.Owi O.Oi + ..0.005 2.27 
R hcnqlic 0.10 * .: 0.005 0.20 -I- 0.02 X~O 
R .I’-OH 0. I I - 0.01 0.x _t 0.04 ‘.3h 
R h-OH 1t.10 : 0.0, 0.3 j. 0.0x 7.X0 
R 7-OH 0. I Y !_ 0.06 0.03 f O.l)l 0.10 

R S-OH 0.03 -$. O.OI ND: 
Total 0.52 0.X.1 

S dehydw 0.w .: <0.005 0.0‘4 + < 0.005 0.M) 
S hcn/!lic 0.01 - O.OI 0.02 ! 0.01 0.50 
s I’-OH (1. I5 i- 11.05 0.3 f 0.01 I .S? 
s h-OH 0.1 I 7 0.07 0.00 : 0.01 Il.X? 

s 7-ot1 IWl : 0.01 (1.07 + .: 0.00s 0.50 
s s-otl 0.0 I ! . .0.005 N r,: 
Total 0.10 (!.-l5 

-.-- - -. ..-. - -. -_ . . .._ _.. -.. -.-..-- 

*Sample ske. six. 
K’umcne h~dropcroxidc. 
::Yot dctectahle. 

Rates of formakm* 
Inmolwmg microsomal protciwminl 

Warfarin mclaholilc 

R dchydro 

R bcwyli< 
R 4’-OH 
R O-OII 
R 7-OH 
R S-OH 

TOt:ll 

S dehydrc, 
S hcnqlic 
S 1’-OH 
s h-OH 
S 7-OH 
S X-0 H 
TOt;ll 

*Sample size. nine. 
+C‘umene hylroperoxidc. 
.i:l\;id detcctahls. 

NAIIPH CuOOHt C‘uOC)H,‘Nhl)PH 
_.-._. .-- -.._ -..--. - --._______.-.-.-.- --. .-._. 

1~.03 ‘_ O.OI 0. I5 -t. 0.02 5.00 
(1. I7 jy 0.04 1.1’ f 0.13 h.5’) 
03 t 0.0x 0. IX c 0.05 0.7x 
o..w f 0.01 1t2.3 + 0.07 0.77 
0.7x j 0.03 0.0’) ) (1.0’ I). 12 
0.01 f_ 0.01 AI): 
I.52 I.77 

0.08 _f 0.01 I,.1 I f <0.005 I .3x 
(1 I I !_ 0.03 0.27 1 0.06 2.15 
0.12 -t- 0.01 0.2 + 0.02 I .x3 
0. I5 + 0.03 0. I? c 0.01 0.x0 
0.19 -I- 0.01 0.05 ; 0.01 03 

0.0.~ .+ < 0.005 
0.0s 

o.77 ND2 

-___ .-_. -._ .-_--. _. -__ .- . . . . ..-. _.- __.-. - ---.-.-..- _ _. _ 
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Table 3. Rates of formation of the metabolites of R and S warfarin catalyzed by MC- induced ral hepatic 
microsomal cytochromes P-450 supported by cumene hydroperoxide or NADPH 

Rates of formation* 
(nmoles,‘mg microsomal protein/min) 

Warfarin metabolite NADPH CuOOHt CuOOH:‘NADPH 

R dehydro 
R benzylic 
R 4’-OH 
R &OH 
R 7-OH 
R &OH 

Total 

S dehydro 

S benzylic 
S 4’-OH 

S&OH 
S 7-OH 
S 8-OH 
Total 

*Sample size. six. 
+Cumene hydroperoxide. 

Table 4. Rates of formation of the metabolites of R and S warfarin catalyzed by PCN-induced rat hepatic 
microsomal cytochromes P-450 supported by cumene hydroperoxide or NADPH 

Rates of formation* 
(nmoles/mg microsomal protein/min) 

Warfarin metabolite NADPH CuOOH t CuOOH/NADPH 

R dehydro 0.0’) * co.005 0.42 f 0.02 4.67 
R benzylic 0.30 -_t 0.0’ 1.57 + O.Oh 5.23 
R 4’-OH 0.07 f <0.005 0.19 f 0.01 2.71 
R &OH 0.08 +_ 0.01 0.25 + 0.05 3.13 
R 7-OH 0.17 + 0.02 0.02 * io.005 0.12 
R 8-OH 0.04 * 0.01 ND: 
Total 0.75 2.45 

S dehydro 0.19 f co.005 0.20 * 0.01 I .05 
S benzylic 0.14 r 0.01 0.25 f 0.02 1.79 
S 4’-OH 0.10 f 0.01 0.21 * <0.005 2.10 
S h-OH 0.1 I + <0.005 0.0’) + 0.02 0.82 
S 7-OH 0.05 -& LO.005 0.01 f co.005 0.20 
S X-OH 0.02 + 0.01 ND; 
Total 0.61 0.76 

*Sample size. six. 
Wumene hydropcroxide. 
$Not detectable. 

NADPH-supported metabolite. This was not dupli- 
cated in the cumene hydroperoxide-supported reac- 
tion. where with control microsomes 6-hydroxy- 
warfarin was the major R warfarin metabolite. while 
PB-induced microsomes yielded benzylic hydroxy- 
warfarin as the major product. 

DISCUSSION 

The pH optimum for cumene hydroperoxide- 
supported microsomal hydroxylations has been re- 
ported to be at approximately pH 8 [lg. 193. In order 
to facilitate comparisons between NADPH- and 
cumene hydroperoxide-supported reactions, however, 
we performed the peroxide-supported reactions at the 

same pH (pH 7.4) used for the NADPH-supported 
reactions. 

The differences in mechanism between NADPH- 
and cumene hydroperoxide-supported cytochrome 
P-450-catalyzed reactions have not been fully eluci- 
dated. A current proposal [9,20], based on compari- 
sons of observed spectral intermediates after addition 
of cumene hydroperoxide to rabbit liver microsomes 
with spectra obtained by addition of H,O, to 
ferrimyoglobin. catalase. horseradish peroxidase or 
chloroperoxidase. is that cumene hydroperoxide 
reacts directly with the substrate-ferricytochrome 
P-450 complex to form a product which undergoes 
heterolytic oxygen-oxygen bond scission to 
yield a ferry1 ion complex (or a resonance form thereof). 
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In contrast, in the NADPH-supported reaction 
mechanism, the oxygen molecule is incorporated into 
the substrate-ferrocytochrome P-450 complex. The 
resultant ternary complex accepts an electron and, 
after internal electron displacements, splits off an 
atom of oxygen to form water with conversion of the 
complex to a ferry1 ion of the form SFe4+-O-. where 
S is the substrate and Fe4+ is the iron component ofthe 
heme of cytochrome P-450. Thus. cumene hydro- 
peroxide reacts directly with the cytochrome P-450 
molecule, while NADPH requires the intercession of 
at least NADPH cytochrome P-450 reductase and 
phospholipid. and possibly other protein molecules. 
These differences in mechanism have been supported 
by studies using purified and reconstituted cytochrome 
P-450 preparations [21]. The results of these studies 
also indicate the existence of a common ternary 
activated intermediate for the NADPH and cumene 
hydro~roxide-supported reactions, although not 
necessarily the ferry1 ion intermediate. 

In investigations of the microsomal metabolism of a 
substrate to multiple products [e.g. Refs. 9. 19,2O],any 
differential in the effects of the replacement of 
NADPH with cumene hydroperoxide on the product 
formation rates has been interpreted to indicate 
involvement of more than one form of cytochrome 
P-450. The differences in the effects of cumene hydro- 
peroxide on the various warfarin metabolite formation 
rates thus confirm the previous suggestions of the 
participation of a number of cytochromes P-450 in 
warfarin metabolism. The present results permit an 
analysis of the multiplicity and the related specificity 
of these cytochromes P-450. Thus, the cytochromes 
P-450 predominantly involved in the formation of 
7- and 8-hydroxywarfarin from R and S warfarin 
must differ from those catalyzing the other warfarin 
hydroxylations, with the possible exception of the 
fi-hydroxylase activity of MC-induced microsomes, 
because of their depressed formation rates with 
cumene hydroperoxide. Furthermore. these cyto- 
chromes P-450 associated with the warfarin 7- and 
8-hydroxylase activities must also differ from one 
another. This follows from the fact that the rate of R 
8-hydroxywarfarin formation is markedly enhanced 
by MC-induction of the microsomes (Table 3). 
which indicates the involvement of a cytochrome 
P-448 enzyme, while the formation rate of R 7- 
hydroxywarfarin is markedlv increased by PB 
induction of the microsomcs. implying the involve- 
ment of a cytochrome P-450. The fact that R h- 
hydroxywarfarin rates are also markedly enhanced by 
MC induction indicates that its formation is also 
mediated by a cytochrome P-44X. Comparisons of 
cumene hydroperoxide-supported with NADPH- 
supported rates of formation indicate that, with 
MC-induced microsomes. R ~-hydroxywarfarin and 
R 8-hydroxywarfarin formation may be catalyzed by 
the same form of cytochrome P-448, based on 
depressed rates for both metabolites. However, the 
fact that the extents of depression of the rates with 
cumene hydro~roxide differ, with 8-hydroxywarfarin 
rates being depressed to a much greater extent than 

~---_ 
*M. J. Fasco. L. S. Kaminsky. K. P. Vatsis and NI. J. Coon, 

manuscript submitted for publication. 

~-hydroxywarfarin rates, suggests that h-hydra\> - 
warfarin formation may be catalyzed by two enzymes. 
one of which is the same as that cat;llyzing X-hydrtlrl- 
warfarin formation. In contrast. howcvcr. by tnilizing 
similar comparisons of cumene hydr~~perl~.~i~~c- and 
NADPH-supported rates. it is clear that. with control. 
PB- and PCN-induced miorosomr~. 0. XIUI X- 
hydroxywarfarin formation IIIUSI bc ~atalyzcd 13) 

different cytochromes P-450. ‘l’hc rcsultq \\-ttb 
~-hydroxywarfarin thus indicate that the f~~rIn~~ti~)il tlf 
this metabolite is apparently catal~~cd hy different 
cytochromes P-450 which prcdommatc 11) different 
extents depending on the stati: or inducticm or‘ the 
microsomes. However. by utilizing similar IWIII~:I ri- 
sons. 8-hydroxywarfarin IS ap~drcIltly synthesized it! 
only one form of cytochromc P-450 in the illcluccd 
and uninduced microsomcs. This is supported h; ONI 
unpublished results on the mctaholism of warlitrm I:> 
reconstituted purified rabbit li\;rrcytoctlromcs P--tit).* 
Theformationofsomeofthehylir(ix~i~~~e~i mctoholi~~ 
was shown to be catalyzed by more than CHW en;l~mc. 
while other hydroxylated products arose from only cwc 
enzyme. 

In the case of both the N.\Dl’lf- :rnd CI~I~C‘W 
hydroperoxide-supported microsomal rcnction\. rhc 
rate-controlling step for the nteteholi\m of w:trEtrin 
must precede the formation of the c~mum fcrr! I iti 
intermediate. The postuIati~~n of an carlicr r;ttt.!‘- 
controlling step is necessary to explain tlic imxxix in 
some metabolite formation ratrs, and rhc Jccrc;ihc 
in others, when supporled by cumcne hyJrt+~o~rtlc 
(Tables l-4). There are three possibfc esplanatiom for 
these decreases in the forrn~lti~~n of rates of sonic of I tw 
warfarin metabolites. Purified and microsom;ll 1~1 I(+- 
chromes P-450 have been dcmonstratcd to tr bil>c.cp- 
ible to destruction by cumene hydropcroside [ IO. _‘I I. 
probably through degradation of the heme group. ‘T‘hr 
extent of the destruction is apparenily &nini~h~d h! 
thepresenceofsubstratcs.andv:lriehwith thestructure 
of the substrates [2I]. Thus. :V-tn~thyianilillL tlitnllli- 
shes the extent of cument Il~Oropcrt~~itlc-iIltluictf 
destruction of a purified cytochromc I’--150 I(} ;I 
much greater extenl than doch bcn/phct;nnin~ ‘1.11~ 
diminished rates for Ihc cumcnc lr>dropcro~ /TIC- 
supported formation of7-and X-hytlro\> ~~rarktrin IU:I! 
thus be a consequence of the diminished protr’clion lrl’ 
the cytochromes P-450 against CU~XXC tr?*_tr~*- 
peroxide-induced destruction alford~~l t;! I\ AI‘- 
farin, when bound in the orienmtron rc~qntrcd IO 
produce 7- and X-hydroxyl;ttic~ll. \rr :rltern;rriv~ 
possibility is that cumenc )iydr(~p~~~l~l~tc (ai- tts 
degradation product 2-phenyl-3-propnnol tcurncnc~l) 
[22] competes with warfarin. in that orient:ttion. for 
the catalytic sites on the cytochromcs P-30. !\ tlnrrl 
possible explanation for the rliniinishecl raie\ l>f 
formation of 7- and 8-hydrctxywarfitriI1 with c‘un~~c 
hydroperoxide is that the cytochromc~ P-350 rc- 
sponsible for the formation of these I~~L;II~~~IIIc~ 
exhibit a relutivcly low affinity for c‘utn~:~~c )l:dr~~-- 
peroxide. The last possibility is unlikely. ho~tcr. in 
view of the known support of cumene h~~~~-(~pcr(~sidc 
for the microsomal and purified cytochrome P--I-IX- 
catalyzed metabolism of benzpyrenc [23’] and hi- 
phenyl[24]. 

The enhanced rates of forrnatj~~n of some of the 
warfarin metabohtes supported by cumcno hvdro- 
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peroxide are possibly a consequence of the relatively 
high affinity of cumene hydroperoxide for the 
corresponding cytochromes P-450. The most marked 
effects of cumene hydroperoxide in increasing the rates 
of formation of warfarin metabolites are with dehydro- 
warfarin* and benzylic hydroxywarfarin, which involve 
metabolism of the aliphatic moeity of the warfarin 
molecule. With PB- and PCN-induced microsomes 
the rates of cumene hydroperoxide-supported for- 
mation of dehydrowarfarin and benzylic hydroxy- 
warfarin are much greater than the corresponding 
rates with control and MC-induced microsomes. 
which implies that the pertinent cytochrome(s) 
P-450 are induced by PB and PCN. However, the fact 
that the corresponding NADPH-supported rates do 
not exhibit comparable effects of this induction by 
PB and PCN suggests that a high affinity of cumene 
hydroperoxide for these cytochrome(s) P-450 cannot 
be the only explanation for the elevation of rates of 
cumene hydroperoxide-supported over NADPH- 
supported reactions. An alternative explanation is 
based on a model for the microsomal mixed-function 
oxidase proposed by Peterson et al. [25]. In this 
model the catalytic portion ofthe NADPH cytochrome 
P-450 reductase protrudes above the surface of the 
membrane. and the reductase is surrounded by a 
cluster of cytochromes P-450. The NADPH-depen- 
dent reduction of these cytochromes is rapid because 
no translational motion of the cytochromes P-450 in 
the membrane is required. A second group of cyto- 
chromes P-450issituatedatadistancefromanyreduct- 
ase molecule. and the NADPH-supported reduction of 
these cytochromes P-450 is slow because of the 
requirement for translational motion to the reductase. 
Since cumene hydroperoxide interacts directly with 
thecytochromesP-450,itdoesnotdifferentiatebetween 
the cytochromes P-450 clustered around the reductase 
and those at a distance from the reductase. The 
cytochromes(s) P-450 responsible for formation of 
dehydrowarfarin and benzylic hydroxywarfarin could 
thus possibly fall into the group which is situated at a 
distance from the reductase. PB and PCN induction 
increases the levels of the enzyme(s), but their catalytic 
rates supported by NADPH were still low because of 
the requirement for translational motion. With 
cumene hydroperoxide, however, without any re- 
quirement for translational motion the rates of pro- 
duct formation were markedly increased. and more 
closely reflected the increased enzyme levels. 

The fact that warfarin 4’-hydroxylase activity is 
generally increased by cumene hydroperoxide suggests 
that this activity could be related to those associated 
with hydroxylations at the aliphatic carbons of 
warfarin. 

In summary, the use of cumene hydroperoxide to 
support the metabolism of warfarin has clearly 
indicated the role ofa number ofcytochromes P-450 in 

*The dehydrowarfarin metabolite probably arises by 
spontaneous dehydration of an intermediate which is 
hydroxylated on one of aliphatic carbons of the warfarin 
molecule. Studies to confirm this mechanism of formation 
are presently under way. 

the microsomal hydroxylation of the drug. The fairly 
uniform results with control, and PB- MC- or PCN- 

induced microsomes, with respect to the relative rates 
with NADPH or cumene hydroperoxide, indicate 
that for each metabolite of warfarin, the cytochrome 
P-450 type predominantly responsible for its for- 
mation is the same. irrespective of the mode of in- 
duction of the microsomcs. The exception to this is the 
h-hydroxylase activity, which is apparently pre- 
dominantly associated with different cytochromes 
P-450 in differently induced microsomes. 

1. 

2. 

3. 

4. 

5. 

6. 

-I. 

8. 

9. 

REFERENCES 

D. Ryan, A. Y. H. Lu. J. Kawalek, S. B. West and W. 
Levin. Biochem. hiophys. Res. Commun. 64. II34 (1975). 
P. E. Thomas, A. Y. H. Lu. D. Ryan. S. B. West. J. 
Kawalek and W. Levin. Molec. Pharmuc. 12. 74b 

(1976). 

D. A. Haugen, T. A. Van Der Hoeven and M. J. Coon. 
J. hiol. Chrm. 250, 3567 (1975). 
W. M. Barker, M. A. Hermodson and K. P. Link. 
J. Pharmuc. exp. Ther. 171, 307 (1970). 

L. R. Pohl, S. D. Nelson. W. A. Garland and W. F. 
Trager, Biomed. Mass Spectrom. 2.23 (1975). 
M. J. Fasco, L. J. Piper and L. S. Kaminsky. J. Chmmat. 

131.365 (1977). 
L. R. Pohl, S. D. Nelson. W. R. Porter. W. F. Trager. 
M. J. Fasco. F. D. Baker and J. W. Fenton, II. Biochem. 
Pharmac. 25.2153 (1976). 

A. D. Rahimtula, P. J. O’Brien. E. G. Hrycay, J. A. 
Peterson and R. W. Estabrook. B&hem. hiophg Res. 
Commun. 60.695 (1974). 
E. G. Hrycay, J. A. Gustafsson. M. Ingelman-Sundberg 
and L. Emster. Biochem. hioph.rs. Res. Commun. 66. 209 
11975). 

IO. A. Ellen and S. Orrenius. Frdn Eur. Biochem. Sot. Left. 
9.378 (1975). 

11. B. D. West. S. Preis. C. H. Schroeder and K. P. Link, 
J. Am. (./rem. Sot. 83, 2676 (I961 ). 

12. M. A. Hermodson, W. M. Barker and K. P. Link. J. med. 

Chem. 14. I67 (1971). 
13. L. R. Pohl. R. Haddock. W. A. Garland and W. F. Traacr. 

J. med. C/rem. 18. 513 (1975). 
D. R. Buckle. B. C. C. Cantello, H. Smith and B. A. 
Spicer, J. med. Chrm. lg. 391 (19751. 
4. Tangen, J. Jonsson and S. brrenius. .4na/.rr. Biochem. 
54. 597 (1973). 

G. R. Schacterle and R. L. Pollack. .4na/Fr. Biochum. 51. 
654 (1973). 
T. Omura and R. Sato. J. hiol. Chem. 239. 2370 (1964). 
E. G. Hrycay. J. Gustafsson. M. Ingelman-Sundberg and 
L. Ernster. prdn Eur. Biochem. SW. Left. 16. lb1 
(1975). 
H. Danielsson and K. Wikvall. Fedn Eur. B&hem. SW. 
Lett. 66. 299 (1976). 

E. G. Hrycay. J. Gustafsson. M. Ingelman-Sundberg and 
L. Ernster, Eur. J. Biochem. 61.43 (1976). 

G. D. Nordblom. R. E. White and M. J. Coon, Archs 
B&hem. Bi0ph.w. 175. 524 (1976). 

A. D. Rahimtula and P. J. O’Brien, Biochem. hiophys. Res. 
Commun. 62. 268 (1975). 
A. D. Rahimtula and P. J. O’Brien. Biochcm. hioph?s. Res. 

Commun. 60.440 (1974). 
M. D. Burke and d. T. Mayer. Drug. Metah. Dispos. 3.245 
(1975). 

J. A. Peterson, R. E. Ebel. D. H. O’Keefe, T. Matsubara 
and R. W. Estabrook. J. hiol. Chem. 251. 4010 (1976). 

14. 

15. 

16. 

17. 
18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 


