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Oxidation of Dihydropyridine Calcium Channel Blockers and Analogues by Human 
Liver Cytochrome P-450 IIIA4 
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A series of 21 different 4-substituted 2,6-dimethyl-3-(alkoxycarbonyl)-l,4-dmydropyridines was considered with regard 
to oxidation to pyridine derivatives by human liver microsomal cytochrome P-450 (P-450). Antibodies raised against 
P-450 IIIA4 inhibited the microsomal oxidation of nifedipine and felodipine to the same extent, as did cimetidine 
and the mechanism-based inactivator gestodene. Gestodene was ~103 times more effective an inhibitor than cimetidine, 
on a molar basis. When rates of oxidation of the 1,4-dihydropyridines were compared to each other in different 
human liver microsomal preparations, all were highly correlated with each other with the exceptions of a derivative 
devoid of a substituent at the 4-position and an i^-CHs derivative. A P-450 IIIA4 cDNA clone was expressed in 
yeast and the partially purified protein was used in reconstituted systems containing NADPH-cytochrome P-450 
reductase and cytochrome 66. This system catalyzed the oxidation of all of the 1,4-dihydropyridines except the 
two for which poor correlation was seen in the liver microsomes. Principal component analysis supported the view 
that most of these reactions were catalyzed by the same enzyme in the yeast P-450 IIIA4 preparation and in the 
different human liver microsomal preparations, or by a closely related enzyme showing nearly identical properties 
of catalytic specificity and regulation. The results indicate that the enzyme P-450 IIIA4 is probably the major human 
catalyst involved in the formal dehydrogenation of most but not all 1,4-dihydropyridine drugs. 

Nifedipine ( la) is a prototype for the dihydropyridine 
calcium channel blockers, and numerous useful derivatives 
exist. Usually only the parent compound is active—most 
of the metabolic steps involve reactions catalyzed by cy
tochrome P-450 (P-450) enzymes (Scheme I). P-450 en
zymes have been shown to catalyze pyridine formation,1"4 

methyl hydroxylation (often accompanied by lactone 
formation involving anchimeric assistance),5 and various 
modes of side-chain oxidation, including the oxidative 
cleavage of R2 (Scheme I), a reaction tha t has been dem
onstrated both in vitro6 and in vivo.6 Of these reactions, 
the most prominent is usually pyridine formation. In the 
case of l a essentially all of the metabolism may be at
tributed to a pathway involving initial pyridine formation 
and then subsequent oxidations.7 This paradigm also 
applies to many of the other simple dihydropyridines. 
With more complex substitution pat terns such as those 
seen in nimodipine (6a) and nicardipine (7a), extensive 
oxidation occurs at sites other than the ring and some of 
the major products still retain the dihydropyridine ring.8,9 

In many instances the clearance of dihydropyridine drugs 
shows a first-pass effect. The area under the plasma 
concentration vs time curve varies considerably among 
individuals and appears to be distributed with a continuous 
modality.10-11 

Human P-450 IIIA4 has been characterized as the major 
nifedipine oxidase.2,12 Immunoinhibition experiments with 
human liver microsomal preparations indicated that other 
dihydropyridines are probably oxidized by the same or 
related enzymes.3 However, recent studies in several 
laboratories have suggested tha t as many as four closely 
related genes are found in the human P-450 CYP3A fam
ily,13 and another one of these, P-450 IIIA5, has been 
shown to be a catalyst of l a oxidation.18,21 

A question of interest is whether the single enzyme 
P-450 IIIA4 can catalyze the oxidation of many or all of 
the Hantzsch dihydropyridine esters. This question has 
considerable significance in tha t the level of the enzyme 
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appears to vary widely among individuals2,10 '15,25 and is 
inducible by barbiturates and other compounds.16,26 In-
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Dihydropyridine Oxidation by Human P-450IIIA4 

Scheme I. Generalized Scheme for Metabolism of 
Dihydropyridine Drugs" 
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Figure 1. Inhibition of oxidation of nifedipine and felodipine 
in human liver microsomes by anti-P-450 IIIA. Results are shown 
for the effects of a preimmune antibody (O), anti-P-450MP.1 (•), 
and anti-P-450 IIIA (•): A, nifedipine oxidation, B, felodipine 
oxidation. The microsomal preparation was HL 110 and the 
uninhibited rates were 5.4 and 1.0 nmol of product formed/min 
per mg of protein for nifedipine and felodipine, respectively. 

deed, the inducibility of the enzyme can play a role in some 
undesired drug interactions.25 The catalytic specificity of 

(19) Wrighton, S. A.; Ring, B. J.; Watkins, P. B.; Vandenbranden, 
M. Mol. Pharmacol. 1989, 36, 97. 

(20) Wrighton, S. A.; Vandenbranden, M. Arch. Biochem. Biophys. 
1989, 268, 144. 

(21) Wrighton, S. A.; Brian, W. R.; Sari, M-A.; Iwasaki, M.; 
Guengerich, F. P.; Raucy, J. L.; Molowa, D. T.; Vandenbran
den, M. Mol. Pharmacol. 1990, 38, 207. 

(22) Komori, M.; Nishio, K.; Fujitani, T.; Ohi, H.; Kitada, M.; 
Mima, S.; Itahashi, K.; Kamataki, T. Arch. Biochem. Biophys. 
1989, 272, 219. 

(23) Kitada, M.; Taneda, M.; Ohi, H.; Komori, M.; Itahashi, K.; 
Nagao, M.; Kamataki, T. Mutat. Res. 1989, 227, 53. 

(24) Bork, R. W.; Muto, T.; Beaune, P. H.; Srivastava, P. K.; Lloyd, 
R. S.; Guengerich, F. P. J. Biol. Chem. 1989, 264, 910. 

Journal of Medicinal Chemistry, 1991, Vol. 34, No. 6 1839 

140 

P 
1 
ii 

4 6 8 

Cimetidine, mM 

Gestodene, nM 

Figure 2. Inhibition of oxidation of nifedipine and felodipine 
in human liver microsomes by gestodene and cimetidine. In the 
case of gestodene, microsomes were first incubated with gestodene 
and NADPH as described in the Experiment Section. Results 
(means of duplicate experiments) are shown for nifedipine oxi
dation (•) and felodipine oxidation (A): A, cimetidine, B, ges
todene. In part B, the microsomal samples were preincubated 
with NADPH and gestodene for 20 min at 37 6C prior to the 
addition of dihydropyridine. The microsomal sample was HL 
110 and the uninhibited rates were 5.4 and 1.0 nmol of product 
formed/min per mg of protein for nifedipine and felodipine, 
respectively. 

P-450 IIIA4 has been reconsidered with a set of previously 
used dihyropyridines3 and new ones using several ap
proaches, including comparison of activities among dif
ferent liver samples and a protein synthesized in yeast from 
a defined cDNA clone, with principal component (PC) 
analysis of the activities. 

Resul ts and Discuss ion 
Inhibition of Nifedipine ( la) and Felodipine (12a) 

Oxidation by Antibodies and Inhibitors. The selective 
inhibition of oxidation of many dihydropyridines by an
tibodies specific for P-450 IIIA enzymes has already been 
demonstrated,3 suggesting tha t the oxidation of many 
dihydropyridines to pyridines is catalyzed primarily by 
P-450 IIIA4 or a related protein. Specifically, such studies 
have been reported for compounds la-9a, 11a, 13a, 14a, 
and 16a3 (Table I). In view of interests in the metabolism 
of felodipine (12a), its oxidation was considered in further 
detail. Anti-P-450 IIIA selectively inhibited the human 
liver microsomal oxidation of both la and 12a, and neither 
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Table I. Structures of Dihydropyridines and HPLC Conditions 

no. Ri R2 R3 HPLC ref trivial name 

H H,CT N CH, 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

jf 
HjC 

CHAP, 

H,C 

2-N02-C6H4 

3-N02-C6H4 
3-N02-4-Cl-C6H3 
3-N02-C6H4 
2-N02-C6H4 
3-N02-C6H4 
3-N02-C6H4 
C6H6 
C6H6 
1-naphthalenyl 
3-Cl-C6H4 
2,3-Cl2"OgH.3 
2,3,5,6-F4-C6H 
4-CF3-CeH4 
2-OCH3-C6H4 
3-CN-C6H4 
H 
C2H5 

H H' HjC^N-'NsH, 

a b 
19(+) 
20(-) 

T T r T 
JO 11 J ~ 11 

N ^ X H , H,C^N» CH, 
CH3 OH, 

21a 21b 

CH3 

CH3 
CH3 
CH2CH2CH (Cri3)2 
L'ri2Crl(CH3)2 
CH(CH3)2 
CH3 
CH3 
C2H5 
CH3 
CH3 
CH3 
CH3 
CH3 
C2H5 
CH3 
CH3 
C2H5 

CH3 

C2H5 
CH3 
CH2CH2OCH(CH3)2 
CH3 
\Jl\^T\<pJ\jTi.<^ 

CH2CH2N(CH3)CH2C6H6 
CH3 
C2H5 
CH3 
CH3 
C2H5 
CH3 
CH3 
C2H5 
CH3 
CH3 
C2H6 

2 
3 
3 
3 
3 
3 

27 
3 
3 
4 
3 
a 
3 
3 
b 
3 
4 
c 

4 
4 

4 

nifedipine 
nitrendipine 

niludipine 
nisoldipine 
nimodipine 
nicardipine 

felodipine 

R 4407 (+K8644) 
R 5417 (-K8644) 

"Octadecasilyl (C18) column, Zorbax, 4.6 X 150 mm, 5 Mm, CH3OH/H20 73:27 (v/v), flow rate 2.5 mL min"1; tR 12b 3.8 min, tR 12a 5.0 
min. 6 Octadecasilyl (C18) column, Zorbax, 4.6 X 150 mm, 5 urn, 5 mM potassium phosphate buffer (pH 2.2) containing 0.1% (C2H6)4N

+Cr 
(w/v) and 45% CH3CN, flow 3.0 mL min"1; tR 15b 5.6 min, tR 15a 6.6 min. 'Octadecasilyl (C18) column, Zorbax, 4.6 X 150 mm, 5 urn, 6 mM 
potassium phosphate buffer (pH 2.2) containing 0.12% (C2H6)4N

+C1" (w/v) and 36% CH3CN at a flow rate of 3.0 mL min-1; tR 17b (4-H) 8.5 
min and tR 18b (4-C2H5) 9.3 min—the CH3CN concentration was raised to 56% after 10 min to elute residual 18a. 

a preimmune antibody nor anti-P-450Mp_1 [an antibody 
raised against an (S)-mephenytoin 4'-hydroxylase]28 spe
cifically blocked either reaction (Figure 1). 

Nifedipine oxidation can be inhibited by cimetidine both 
in vitro29 and in vivo,30 and P-450IIIA4 appears to be one 
of the cytochrome P-450 enzymes most sensitive to this 
compound.29 Oxidations of la and 12a were inhibited by 
cimetidine in a similar manner (Figure 2A). Recently the 
progestogen gestodene has been shown to be an effective 
mechanism-based inhibitor of the in vitro oxidation of 
nifedipine and 17a-ethynylestradiol31— in vivo studies also 
indicate inhibition of 17a-ethylnylestradiol 2-
hydroxylation.32,33 After preinbuation with microsomes 
in the presence of NADPH, gestodene was a potent inac-
tivator of the oxidation of both la and 12a (Figure 2B). 
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Principal Component Analysis of Oxidation Ac
tivities in Different Microsomal Preparations. One 
approach to determining if two reactions are catalyzed by 
the same enzyme involves comparison of the rates of the 
two reactions in a series of tissue samples varying in ac
tivity.34"36 A series of liver samples prepared from dif
ferent individuals was used for such a purpose—such an 
analysis works best when a reasonable variation exists in 
the range of activities. 

Overall, a total of 24 reaction rate constants for the 
oxidation of the 21 different dihydropyridine derivatives 
were determined in 10 different human liver microsomal 
preparations and in a yeast recombinant P-450 IIIA4 
preparation. A P-450 HTA4 cDNA was expressed in a yeast 
vector system and the protein was partially purified in two 
steps (>50% homogeneous as judged by band intensity 
following electrophoresis and staining).37,38 One of the 
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J.; Guengerich, F. P. Cancer Res. 1989, 49, 6304. 
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L. S.; Lloyd, R. S.; Guengerich, F. P. Biochemistry 1990, 29, 
11280. 
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Scheme II. Reactions under Consideration. (A) Reactions (a — 
b) with Compounds 1-17, (B) Reactions with Compound 18, (C) 
Reactions with Compounds 19 and 20, (D) Reactions with 
compound 21 
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difficulties encountered in working with this particular 
purified cytochrome P-450, whether purified from liver or 
yeast, is that the rate of reduction of the ferric enzyme is 
slow and, therefore, apparent turnover numbers for overall 
catalytic function are also somewhat lower than expected.37 

The rate constants for product formation (nanomole of 
product formed/minute per milligram of protein or na
nomole of product formed minute per nanomole of P-450 
for the yeast system) were determined as described and 
are listed in Table II. 

The reactions of interest are shown in Scheme II. For 
compounds la-17a, 19a, and 20a only the rate of the ox
idation of the dihydropyridine to the corresponding pyr
idine was measured; it is a major reaction detected in each 
case. Relatively small amounts of other polar and un-
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identified products, as judged by A254 measurement, were 
observed in the cases of 2a, 7a, 8a, 15a, and 16a—with 3a, 
4a, 9a, 12a, and 14a the apparent amounts of these 
products were approximately half those of the pyridines 
formed, even with the recombinant yeast P-450 IIIA4. 
These are apparently not products arising from ester 
cleavage of the pyridines, at least in the cases where the 
monoacids were available as standards. For compound 18a 
ring oxidation gives two different pyridines, 17b (4-H) and 
18b (4-ethyl), and both rate constants were measured. For 
compound 21a four reaction rate constants for the for
mation of the three products (21b, 8a, and 8b) were 
measured (including reaction 8). The rate constants for 
reaction 21 are excluded from all calculations since 6 out 
of 11 reaction rate constants are missing, i.e., the formation 
of compound 21b was less than the limit of detection under 
the conditions used. 

Similar compounds are likely to undergo the same re
actions; i.e., be transformed by the same enzyme to the 
same kind of products. Therefore, a subset of the struc
turally most closely related (most similar) compounds in 
Table I is selected as a reference set of compounds to which 
other compounds are compared. These are all 4-phenyl-
l,4-dihydropyridine-3,5-dicarboxylates without additional 
functional groups in the ester groups in the 3- and 5-
positions. The reference set consists of compounds la-6a 
and 8a-16a. They are all metabolized by a single uniform 
type reaction, i.e., the oxidation by cytochrome P-450 to 
the corresponding 4-phenylpyridines (see reactions 1-6, 
8-16,19, and 20, respectively, in Scheme I) (the formation 
of other products, even by the same enzyme, is considered 
a different set and does not interfere with the analysis). 
The reaction rate constants for these 17 reactions then 
constitute a reference set of reactions to which other re
action rate constants are compared. It is assumed a priori 
that the 10 liver preparations all behave in a similar way; 
i.e., that they oxidize the reference set of compounds in 
the same way and that there is no difference in the 
mechanism by which they operate. Differences in reaction 
rate constants among the various liver samples merely 
reflect different biological entities. However, the reaction 
rate constants should have the same order in all liver 
samples, if a single species is catalyzing the reaction in all 
cases. Thus the 15 reaction rate cosntants for the reference 
set of reactions measured in the 10 liver preparations form 
a reference class to which other objects, i.e. liver prepa
rations or the yeast P-450 IIIA4, can be compared. 

PC analysis39 with the reference set of livers as objects 
and the reference set of reaction rate constants as columns 
gives one highly significant component according to cross 
validation that explains 89% of the sum of squares. The 
P loadings for all the 15 reaction rate constants are all 
almost the same (0.23-0.28). The residual standard de
viation for the reference set is 0.37. The distance for yeast 
P-450 IIIA4 to the reference class is 0.53, which is only 1.4 
standard deviations. Thus it is well-justified to conclude 
that the yeast preparation behaves as the reference set of 
liver samples with respect to the reference class. However, 
for each single reaction rate constant the calculated value 
(the value predicted from the reference set) deviates more 
from the measured values than for members of the ref
erence set. The high significance of the PC analysis and 
the similar P loadings for all the 15 reaction rate constants 

(39) Wold, S.; Albano, C; Dunn, W. J., Ill; Edlund, U.; Esbenen, 
K.; Geladi, P.; Hellberg, S.; Johansson, E.; Lindberg, W.; 
Sjostrom, M. In Chemometrics. Mathematics and Statistics 
in Chemistry; Kowalski, B. R., Ed.; D. Reidel Publishing Co.; 
Dordrecth, Holland, 1984; pp 17-95. 
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Figure 3. Correlation of rates of oxidation of nifedipine and 
felodipine in different human liver microsomal samples. The 
correlation coefficient (r) was 0.97 for the liver samples. The rates 
measured with each sample are designated with each liver sample 
number. 

Table III. Calculated Distance from the Reference Class of 
Reactions to the Reactions 7, 17, 18, 19, 20, 22, 23, 24 and 25, 
Measured Reaction Rate Constants, and Calculated Values for 
the Reaction Rate Constants in the Yeast Preparation 

reaction 
7 

17 
18 
19 
20 
22 
23 
24 
25 

calcd 
distance 

0.19 
3.9 
0.31 
0.26 
0.18 
2.5 
5.7 
0.34 
0.19 

measured rate 
constant 

0.37 
<0.05 

0.2 
0.4 
0.4 

<0.05 
<0.05 
<0.05 

0.4 

calcd rate 
constant 

0.64 
2.9 
0.59 
0.88 
0.73 
1.9 
3.0 
0.61 
0.65 

indicate that there is a high degree of correlation between 
the reaction rates in the various preparations. This point 
is illustrated in Figure 3, where the reaction rate constants 
for the oxidation of felodipine are plotted vs those of 
nifedipine. All of the reactions examined showed generally 
high correlations among their rates when considered in 
terms of simple linear regression (i.e., r > 0.7 and p < 0.05) 
except 17, 21, 22, and 23 (although reaction 23, a combi
nation of a demethylation and dehydrogenation, showed 
correlation with several of the other reactions). 

Generally, it can be concluded that the protein P-450 
IIIA4 made by the yeast behaves in a similar way to the 
enzyme that performs the oxidation of the dihydro-
pyridines to the pyridines in the liver samples. Moreover, 
other systems present in the liver preparations do not seem 
to contribute significantly to the oxidation, or if they do, 
they behave like P-450 IIIA4. 

Reaction rate constants for the reactions 7, 17,18-20, 
22-25 were excluded from the reference set of reactions 
since they describe the transformation of compounds that 
were considered structurally different from the reference 
set of compounds. In order to investigate the relationship 
between these nine reactions and the reference set of re
actions, the original data matrix is transposed so that the 
reactions become the objects and the livers and the yeast 
preparation become the columns. The yeast is included 
in the reference set according to the previous PC analysis. 
PC analysis of the new data matrix gives one highly sig
nificant component according to cross validation that ex
plains 85% of the sum of squares. The P loadings for all 
the 10 liver preparations and the yeast preparation are 
almost all the same (0.27-0.31). The residual standard 
deviation for the reference set is 0.42. The distances for 
those reaction rate constants outside the reference set are 
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calculated and shown in Table III. These distances should 
be compared to 0.41. Thus it can be assumed that the 
reactions 7,18,19, 20, and 25 behave, overall, as the ref
erence set of reactions. This might imply that these re
actions are performed either by P-450 IIIA4 itself or other 
enzyme systems in the liver preparation that behave sim
ilarly to it. 

Reactions 22 and 24 are N-demethylations (see Scheme 
I) and reaction 23 also involves such a step. Thus they are 
somewhat mechanistically different from the oxidation of 
a dihydropyridine ring to an aromatic ring, even if an 
aminium radical is a common intermediate, as proposed 
for reaction 22.4 Reactions 22 and 23 are well outside the 
reference class according to the PC analysis while 24 should 
belong to it. From Table III it is seen that these three 
reactions are predicted to be relatively fast in the yeast 
P-450 IIIA4 preparation, but they do not occur at a 
measurable rate. This indicates that these three reactions 
are apparently performed in the livers by some other 
system than P-450 IIIA4. 

Reaction 17 involves the oxidation of dihydropyridines 
without a substituent in the 4-position. From Table III 
it is seen that reaction 17 was not catalyzed by the yeast 
enzyme. Thus, another enzyme would appear to catalyze 
the reaction (the reaction is NADPH-dependent but it is 
unknown if this is due to a P-450 or not). 

Conclusions 
4-Alkyldihydropyridines are mechanism-based P-450 

inactivators, with the destruction of heme related to the 
formation of alkyl radicals.2,40,41 The previous work with 
several 4-alkyl inactivators and the studies with 4-aryl 
derivatives done here would argue that most 4-alkyldi-
hydropyridines should be mechanism-based inactivators 
of P-450 IIIA4. It should be pointed out that even the 
recombinant yeast P-450 IIIA4 (apparently devoid of other 
P-450s) produced some more polar products as well as the 
pyridines (reactions 2-4, 7-9, 12-16). The identities of 
these products have not been ascertained, but they do not 
appear to be carboxylic acids.8 At this time it must be 
concluded that P-450 IIIA4 is able to oxidize other portions 
of some of these molecules as well as the dihydropyridine 
ring. The conclusion is reached that most 4-substituted 
dihydropyridines are substrates for ring oxidation by P-450 
II1A4, and compelling evidence for an oxidation mecha
nism involving odd-electron processes (electron/proton/ 
electron transfer) has been presented elsewhere.3,4,40-44 

Recently this mechanism of dihydropyridine oxidation 
has been questioned by another group,46 who suggest that 
the release of an ethyl radical (from 18a, reaction 18) is 
due to adventitious iron present under in vitro assay 
conditions. While it is certainly possible to oxidize di
hydropyridines by various types of nonenzymatic radical 
systems, the results presented in Table II indicate that 
reactions 18 and 25 appear to be P-450-catalyzed, as judged 
by the correlation and demonstration of the reaction with 
the recombinant enzyme. Sugiyama et al.46 have found 
that ratios of reactions 18 and 25 (with 18a as substrate) 

(40) Augusto, O.; Beilan, H. S.; Ortiz de Montellano, P. R. J. Biol. 
Chem. 1982, 257, 11288. 

(41) Lee, J. S.; Jacobsen, N. E.; Ortiz de Montellano, P. R. Bio
chemistry 1988, 27, 7703. 

(42) Guengerich, F. P. Chem. Res. Toxicol. 1990, 3, 21. 
(43) Guengerich, F. P. CRC Crit. Rev. Biochem. Mol. Biol. 1990,26, 

97. 
(44) Guengerich, F. P.; Macdonald, T. L. FASEB J. 1990, 4, 2453. 
(45) Kennedy, C. H.; Mason, R. P. J. Biol. Chem. 1990,265,11425. 
(46) Sugiyama, K.; Yao, K.; Rettie, A. E.; Correia, M. A. Chem. Res. 

Toxicol 1989, 2, 400. 

vary among different types of rat liver microsomal prep
arations (and presumably different P-450s). Further, we 
found no effect of adding EDTA (2 mM) or catalase (1600 
units mLr1) or treating buffer with Chelex 100 on the rate 
of oxidation of la (resulls not presented). Thus, although 
nonenzymatic dihydropyridine oxidation can occur, we do 
not feel that it is a significant process and that P-450 
catalysis is rather obligatory. 

Most dihydropyridine calcium blockers appear to be 
oxidized to pyridines (and additional products in some 
cases) by P-450 IIIA4, as judged by these studies involving 
human liver microsomes and recombinant P-450 IIIA4. 
Reactions 17 and 21-24 do not really fit with all of the 
others. Other studies indicate that P-450 IIIA4 is a major 
P-450 enzyme in human liver21,46 and that the enzyme is 
inducible by barbiturates and other compounds.15,25,26 

Studies utilizing selective oligonucleotides have indicated 
that the levels of mRNA coding for the related P-450 IIIA3 
and P-450 IIIA7 proteins are very low if present at all in 
most adult human livers22,24147 and these enzymes should 
not contribute significantly to hepatic dihydropyridine 
oxidation. P-450 IIIA5 can oxidize la,18,21 but the rate is 
considerably lower than that of P-450 IIIA4.21 This protein 
has been detected in 29% of the liver samples examined 
and, when detected, is present only at levels of <25% of 
any other P-450 IIIA family proteins.21 Specifically, P-450 
IIIA5 was undetectable in the liver samples HL 105 and 
HL 107 used in this study (Table II, Figure 3), two samples 
with relatively high activity toward dihydropyridines. We 
previously concluded that P-450 IIIA5 contributes rela
tively little to the vast majority of the compounds known 
to be metabolized by the P-450 IIIA family.21 Although 
P-450 IIIA3, P-450 IIIA4, and P-450 IIIA7 do not appear 
to contribute extensively to hepatic dihydropyridine oxi
dation, our results cannot rule out the possibility that 
another uncharacterized but closely related P-450 IIIA4 
gene product exists with considerable similarity regarding 
catalytic specificity and regulation and contributes to 
dihydropyridine oxidation. The possibility also exists that 
some of the other P-450 IIIA enzymes may be more readily 
expressed than P-450 IIIA4 in extrahepatic tissues.47 

Nevertheless, P-450 IIIA4 can catalyze all of the reactions 
considered here and in the most simple paradigm it can 
account for the bulk of the activity. 

A variety of experiments, including cDNA-directed ex
pression work, indicate that P-450 IIIA4 is a major catalyst 
in the oxidation of testosterone, androstenedione, proge
sterone, Cortisol, dehydroepiandrostane-3-sulfate, 17/3-es-
tradiol, 17a-ethynylestradiol, quinidine, erythromycin, 
troleandomycin, gestodene, warfarin, dapsone, lovastatin, 
lidocaine, aflatoxins Bx and Gu sterigmatocystin, seneci-
onine, 6-aminochrysene, and at least three bay-region 
dihydrodiol epoxide derivatives of carcinogenic polycyclic 
hydrocarbons2,18,25,35,36,48-54 and the reduction of 1,6-di-

(47) Kolars, J.; Schmiedlin-Ren, P.; Dobbins, W.; Merion, R.; 
Wrighton, S. A.; Watkins, P. FASEB J. 1990, 4, A2242. 

(48) Waxman, D. J.; Attisano, C; Guengerich, F. P.; Lapenson, D. 
P. Arch. Biochem. Biophys. 1988, 263, 424. 

(49) Guengerich, F. P. Annu. Rev. Pharmacol. Toxicol. 1989, 29, 
241. 

(50) Shimada, T.; Guengerich, F. P. Proc. Natl. Acad. Sci. U.S.A. 
1989, 86, 462. 

(51) Kronbach, T.; Mathys, D.; Umeno, M.; Gonzalez, F. J.; Meyer, 
U. A. Mol. Pharmacol. 1989, 36, 89. 

(52) Imaoka, S.; Enomoto, K.; Oda, Y.; Asada, A.; Fujimori, M.; 
Shimada, T.; Fujita, S.; Guengerich, F. P.; Funae, Y. J. Phar
macol. Exp. Ther. 1990, 225, 1385. 

(53) Fleming, C. A.; Branch, R. A.; Wilkinson, G. R.; Guengerich, 
F. P. Pharmacologist 1990, 32, 140. 
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nitropyrene.55 The lack of a substi tuent a t C-4 appears 
to make a dihydropyridine a less "favorable" substrate for 
P-450 IIIA4. Most side chains do not block the ring ox
idation, but in the case of nicardipine (7a), oxidation on 
the side chain seems to be preferred.9,56 The approaches 
described here may be of use in making predictions about 
the in vivo disposition of other dihydropyridines and po
tential substrates for P-450 IIIA4. 

Experimental Sect ion 
Chemicals. The dihydropyridine derivatives used are listed 

in Table I—dihydropyridines are all denoted a and the corre
sponding pyridines b. Compounds la, 7a, and cimetidine were 
purchased from Sigma Chemical Co., St. Louis, MO; la was 
recrystallized (in amber glass) from hot C2H6OH before use.42 

Compounds 12a and 12b were synthesized at AB Hassle (Molndal, 
Sweden). Compounds 2a, 4a, 5a, 6a, 19a, and 20a were obtained 
from Dr. A. Scriabine, Miles Laboratories, New Haven, CT. 
Compounds 3a, 11a, 13a, 14a, and 16a were gifts of Dr. D. J. 
Triggle, State University of Buffalo, Buffalo, NY.67 Gestodene 
(13-ethyl-17/3-hydroxyl-18,19-dinoT-17a-pregna-4,15-dien-20-yn-
3-one) was a gift of Dr. H. Kuhl, Johann-Wolfgang-Goethe 
Universitat, Frankfurt, Germany. All other compounds except 
7b were prepared previously in this laboratory and characterized: 
lb;42 2b, 3b, 4b, Sb, 6b, 8a, 8b, 9a, 9b, l ib , 13b, 14b, 16b, 17a, 
17b, 18a, and 18b;310a, 10b, 19b (same as 20b), 21a, and 21b;4 

and 15a and 15b.8 7b was synthesized from 7a by HN03 oxidation 
in 83% yield,58 purified by high-performance liquid chromatog
raphy (HPLC) using a 10 X 250 mm octadecasilyl column (5 nm, 
Beckman, San Ramon, CA) with a 1:1 (v/v) mixture of CH3OH 
and H20, recovered as the (hygroscopic) HC1 salt from (C2H5)20: 
positive-ion fast atom bombardment mass spectrometry (glycerol 
matrix): m/z (relative abundance) 478 (M + H+, 65), 462 (M -
15, 20), 148 (64), 134 (23), 91 (100); UV (CH3OH, X ^ from 
derivative spectra) ti7e 8.0 mM"1 cm"1, «224 21.0 mM"1 cm"1, £208 
33.0 mM"1 cm"1; lH NMR (C2HC13) 5 2.14 (3 H, s, NCH3), 2.41 
(2 H, t, CH2CH2N), 2.61 (6 H, s, CCH3), 3.42 (2 H, s, CHjphenyl), 
3.57 (3 H, s, C02CH3), 4.10 (2 H, t, COjCHjCHj), and phenyl 
protons at 7.28 (5 H, m), 7.39 (1 H, t), 7.57 (1 H, t), 8.14 (1 H, 
s), 8.20 (1 H, m) (the triplets centered at 5 2.41 and 4.10 were 
clearly coupled to each other, J - 6.1 Hz). 

Enzyme Preparations. Human liver samples were obtained 
(from organ donors who met with accidental deaths) through 
Tennessee Donor Services, Nashville, TN. The processing of these 
samples and preparation of microsomes are described elsewhere.59 

The samples included those designated (HL indicates human 
liver): HL 39, HL 100, HL 105, HL 106, HL 107, HL 108, HL 
110, HL 112, HL 115, HL 118, and HL 129, several of which have 
been utilized and cited in other studies.24'25'35-37'50'60'61 

The cDNA clone NF-25,17 corresponding to P-450 IIIA4,14 was 
inserted at a Hiridlll site between the alcohol dehydrogenase 
promoter and terminator in the vector pAAH5, as described in 
detail elsewhere.37,38 The vector was used to transform Saccha-
romyces cerevisiae AH22, and yeast microsomes were used for 
the partial purification of P-450 IIIA4.37'38 In all of the studies 

(54) Miranda, C. L.; Reed, R. L.; Guengerich, F. P.; Buhler, D. R. 
Carcinogenesis 1991,12, 515. 

(55) Shimada, T.; Guengerich, F. P. Cancer Res. 1990, 50, 2036. 
(56) Dow, R. J.; Graham, D. J. M. Brit. J. Clin. Pharmacol. 1986, 

22, 195S. 
(57) Bolger, G. T.; Gengo, P.; Klockowski, R.; Luchowski, E.; Siegel, 

H.; Janis, R. A.; Triggle, A. M.; Triggle, D. J. J. Pharmacol. 
Exp. Ther. 1983, 225, 291. 

(58) Shibanuma, T.; Iwanami, M.; Fujimoto, M.; Takenmura, T.; 
Murakami, M. Chem. Pharm. Bull. 1980, 28, 2609. 

(59) Wang, P. P.; Beaune, P.; Kaminsky, L. S.; Dannan, G. A.; 
Kadlubar, F. F.; Larrey, D.; Guengerich, F. P. Biochemistry 
1983 22 5375. 

(60) Ged,'c.;'umbenhauer, D. R.; Bellew, T. W.; Bork, R. W.; Sri-
vastava, P. K.; Shinriki, N.; Lloyd, R. S.; Guengerich, F. P. 
Biochemistry 1988, 27, 6929. 

(61) Butler, M. A.; Guengerich, F. P.; Kadlubar, F. F. Cancer Res. 
1989, 49, 25. 

described here, enzymatic oxidation systems were reconstituted 
by mixing components as described by Halvorson et al.62 for rat 
P-450 IIIA1, except at pH 7.7. Specifically, each incubation 
included 100 pmol of P-450 IIIA4, 400 pmol of rabbit liver 
NADPH-P-450 reductase,63100 pmol of human liver cytochrome 
6s,28 200 pig of human liver HL 39 lipid extract, 50 jug of Emulgen 
911,5 MHIOI of MgCl2,1 /imol of EDTA, 40 nmol of substrate, and 
100 ^mol of potassium phosphate (pH 7.7) in a final volume of 
500 nL. 

Cytochrome P-450 measurements were made as described 
elsewhere64 and protein estimation was done by using the Pierce 
bicinchoninic (BCA) assay (Pierce Chemical Co., Rockford, IL). 

Antibodies. Antisera were raised in rabbits against human 
liver P-450 IIIA4 (P-450NF) and human P-450MP.!, and immu
noglobulin G (IgG) fractions were prepared (also from preimmune 
sera).65 The characterization of such antibody preparations has 
been published in detail elsewhere.2,28 

Dihydropyridine Oxidation Assays. All manipulations with 
compounds containing nitro groups were done in amber glass 
because of sensitivity to light. In general, incubations included 
0.5 mg of human liver microsomal protein or the system recon
stituted with yeast P-450 IIIA4 described above. In the case of 
human liver microsomes, a 0.1 M potassium phosphate buffer (pH 
7.7) was used with 200 /*M substrate.2 Incubations were done for 
10 min (37 °C), and extraction and preparation methods for HPLC 
analysis are described in detail elsewhere.2"5 Zorbax HPLC 
columns, used for all assays, were purchased from Mac-Modd 
(Chadds Ford, PA). HPLC conditions are presented in Table 
I—the UV absorbance detector was set at 254 or 270 nm. 

Data Analysis. For the overviews of the data matrices formed 
by a group or class of objects, principal component analysis (PC 
analysis) is used.39 This treatment decomposes the data matrix 
x into its mean vector X, a product of a score matrix T and a 
loading matrix P plus a residual E so that x = l x X + T x P 
+ E. The variables x (reaction rate constants) are scaled to unit 
variance for each set (column or part of a column) of data analyzed. 
The standard deviation of the residuals E is calculated and it is 
used as a measure of how well the objects are described by the 
principal component(s). 

The significance of each component is calculated by cross 
validation. Only principal components that are significant ac
cording to this test are used for describing a class of objects. 

For objects not initially included in the analysis T values can 
be calculated, as then can the distance to the class vector. If this 
distance is less than 2.0 standard deviations, the object is con
sidered to be a member of the class. The PC analysis used is able 
to handle a small amount of missing data in the matrix provided 
that they are randomly distributed.39 
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