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Abstract-The pharmacokinetics of the primary pyridine metabollte of aifeclipine (2,6-dimethyl-4- 
(2-nitrophenyl)-3,5-pyridinecarboxylic acid dimethylester) (M-O) and its [2H&limethylester analog 
#HAM-0) were studied in male rats. A large. L&fold deuterium isotone effect for the formation 
$ear&ce of the monomethylester (M-l) was-observed, which is strongly indicative for an oxidative 
reaction mechanism involving the abstraction of a hydrogen atom, presumably by cytochrome P-450. 
M-O exhibited a high systemic blood clearance (104 ‘_ 27 ml/min/kg) (mean f SD) which was not 
significantly influenced by deuterium substitution (125 f 13 ml/mitt/kg). Its systemic clearance is pre- 
sumably flow limited, and extrahepatic metabolism can be anticipated. The major metabolic pathway 
for M-O in male rats seems to be a direct oxidation at the Zmethyl position and subsequently a rapid 
conversion of the unstable 2-hydroxymethyl-dimethylester to the lactone of the monomethylester (M- 
2), as has been shown by others in uitro. Non-oxidative ester cleavage of M-O in our rats was negligible. 
Deuterium substitution of M-O at the ester methyl groups induced “metabolic switching” in favor of the 
direct oxidation of M-O to M-2. 

Nifedipine (NF), the archetype of the dihydro- 
pyridine calcium entry blockers, is widely used in the 
treatment of hypertension and angina pectoris. Zn 
viva, the compound is rapidly oxidized to the cor- 
responding pyridine derivative, 2,6-dimethyi-4-(Z- 
nitrophenyl)-3,5-p~idinecarboxylic acid dimethyl- 
ester (M-O), and further metabolism involves 
hydrolysis of an ester group (M-l), hydroxylation of 
the 2-methyl group (M-2c), and formation of the 
lactone (M-21) from the latter (Fig. 1) [l]. For many 
other dihydropyridine compounds these reactions 
are also important metabolic pathways [2-6]. 

There is good in uitro evidence for the involvement 
of the cytochrome P-450 mixed function oxidase 
system in the oxidative dehydrogenation of NF and 
analogues [7-91 which is supported by in vivo induc- 
tion and inhibition studies in animals as well as 
in man [lO-121. The aromatization is catalysed by 
specific isozymes of the cytochrome P-450 class III, 
in vitro [S] as well as in vivo [ll, 131. The oxidation 
on the 2-methyl group is also cytochrome P-450 
mediated [14]. In humans the pharmacokinetics of 
nifedipine and M-O exhibit large interindividual 
variability after oral administration [lS-171. 

Recently, evidence was published for the involve- 
ment of cytochrome P-450 in the cleavage of the 
ester bond of some py~dine-carboxylic acid esters in 
uitra in rat liver microsomes and purified cytochrome 
P-450 isozymes [14,18]. Involvement of cytochrome 
P-450 in the in vitro cleavage of carboxyhc acid 
esters has only some precedent in cases where also 
extensive non-oxidative hydrolysis occurs [ 19,201. 
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Fig. 1. Structures of M-O, [2H6]M-0, M-l, M-2, and M-2,. 

We have studied the ph~aco~netics and metab- 
olism of M-O and its [*~~]~methylester analog 
]*HJM-0 (Fig. 1) in the rat and provide evidence for 
the involvement of cytochrome P-450 in the oxidative 
cleavage of carboxylic acid esters in vim. 

MATERIALS AND METHODS 

Compounds. M-O and [3H6]M-0 were synthesized 
via the Hantzsh method with subsequent oxidation, 
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hydrolysis and re-esterification [9,18]. The identity 
of the resulting compounds was confirmed by melting 
points, mass spectra (EI, CI), proton NMR spectra 
and UV spectra [9,18]. The compounds were ident- 
ical according to HPLC and GC data (coelution 
experiments). The purity of M-O and [2H6]M-0 as 
determined by HPLC, was >99% compared to the 
reference substance of Bayer AG (Wuppertal 
F.R.G.) (data not shown). Nitrendipine (internal 
standard for the assay of M-O), M-l (2,6-dimethyl- 
4-(2-nitrophenyl)-3,Spyridinecarboxylic acid mono- 
methylester, Bay o-2820), M-2i (2_hydroxymethyl- 
6-methyl-4-(2-nitrophenyl)-3,5-pyridinecarboxylic 
acid monomethylester lactone, Bay h-2228) and Bay 
o-4160 (2,6-diethyl-4-(2-nitrophenyl)-5-methoxy- 
carbonyl-pyridine-3-carboxylic acid; internal stand- 
ard for the assay of M-l and M-2) were gifts of Dr 
K.-D. RPmsch (Bayer AG, Wuppertal, F.R.G.). 
The structures of these compounds are shown in Fig. 
1. 

Animal experiments. Male Wistar rats (180-220 g) 
from laboratory breed were divided into two groups 
which received either M-O or [2H6]M-0. Twenty-four 
hours before the experiment the rats were cannulated 
in the right femoral artery under ether anaesthesia 
for blood sampling. The polyethylene canula was 
inserted and, to avoid destruction by the rat during 
the experiment, pulled s.c., emerging on the nape of 
the neck, thus allowing free movement of the rats 
during the experiment. The rats were fasted over- 
night in a metabolic cage and they had free access to 
water. Blank urine was collected until administration 
of the compounds. M-O and [2H6]M-0 were dissolved 
in a mixture of ethanol, polyethylene glycol400 and 
normal saline (1.25: 1:2.5) and a dose of 1.85 mg 
(250~1) was administered by bolus injection into 
the penis vein under light ether anaesthesia. After 
recovery (2-5 min) the rats were returned into their 
metabolic cage. Fourteen blood samples (100 ~1) 
were taken at regular intervals up to 150 min and 
immediately hemolysed with 0.5 ml of water. Half 
of the blood samples were used for the assay of 
M-O and the other half for the combined assay of 
M-l and M-2. Urine was collected up to 24 hr after 
administration. All samples were stored at -20” until 
analysis within one month. 

Assay of compounds. M-O in blood was measured 
by reversed-phase HPLC (modification of Ref. 1). 
Briefly, after addition of nitrendipine and 0.1 M 
phosphate buffer pH7.0, the compounds were 
extracted with a mixture of dichloromethane and 
pentane (3 : 7). After separation and evaporation of 
the organic layer and subsequent dissolving of the 
residue in mobile phase (methanol/water 53 :47, 
pH 4.3) the compounds were assayed on a 10 cm Cl8 
column with UV detection at 230 nm. The limit of 
determination was approximately 20 ng/ml. 

M-l and the sum of M-2,, and M-2, in blood and 
urine were measured by a reversed-phase ion-pair 
HPLC method (to be published elsewhere). Briefly, 
after addition of internal standard Bay o-4160, M-20 
was converted quantitatively to M-2i by heating in 
the presence of hydrochloric acid. Firstly, M-2i was 
extracted with a mixture of dichloromethane and 
pentane (3 : 7) and M-l was subsequently extracted 
with chloroform. The organic layers were evaporated 

to dryness separately, and after subsequent dis- 
solving of the residues in mobile phase [water with 
25 mM cetrimide/acetonitrile (72 : 38)] the com- 
pounds were assayed on a 1Ocm Cl8 column with 
UV detection at 275 nm. The limits of determination 
were approximately 80 and 40 ng/ml for M-l and M- 
2 respectively. No (sponaneous) hydrolysis of M-l 
to M-2 occurred during this assay procedure. 

Data analysis. The terminal elimination rate con- 
stant (k) was assessed by applying logarithmic 
regression analysis to the terminal part of the con- 
centration-time profile. The half-life (tl12) was cal- 
culated as t1i2 = 0.693/k. The area under the blood 
concentration-time curve (AUC) was calculated with 
the lin-log trapezoidal method and extrapolated to 
infinity using the terminal elimination rate constant. 
The systemic blood clearance (Cr) was calculated as 
Cl = D/AX, in which D is the dose. The volume 
of distribution at steady state (V,,) was calculated as 
V,,= D x AUMC/AVC2, in which AVMC was the 
area under the moment curve. The clearance of 
formation to a specific metabolite (Cl&) was cal- 
culated as Cl,,, = Umi X CZ, in which Lrmi is the 
fraction of the dose that was recovered in urine as 
the specific metabolite mi. Clearances and volume of 
distribution were normalized to body weight. Stat- 
istical analysis was done with two-tailed, two sample 
t-test. 

RESULTS 

Mean blood concentration-time profiles of M-O, 
M-l and M-2 after administration of 1.85 mg M-O 
and [2Hs M-O are shown in Fig. 2. Comparing 
M-O and 1 [ H6]M-0 treated animals, there were large 
differences in the AUC of M-l and its urinary recov- 
ery, resulting in a 5.8-fold difference in calculated 
formation clearance of M-l. The systemic clearances 
of M-O and [2H6]M-0 however were not significantly 
different. The AUC and urinary excretion of M-2 
were not significantly different for both treatments. 
The calculated formation clearance of M-2 was just 
significantly higher for [2H6]M-0 than for M-O. There 
were no differences in volume of distribution of 
M-O and [2H6]M-0. Also the half-lives of the parent 
compound and its metabolite M-2 were not different 
for both treatments. 

The results and statistical analysis are summarized 
in Table 1. 

DISCUSSION 

Large differences in AUC of M-l and in its urinary 
recovery were observed after administration of M-O 
and [2H6]M-0, resulting in a 5.8-fold difference in 
calculated formation clearance of M-l. After 
administration of [2H6]M-0, M-l concentrations in 
blood were only just above the limit of determination 
in some rats, indicating that the AUC of M-l did not 
exceed approximately 0.2 ,ug/hr/ml in any of the 
animals in this group. Although the interpretation 
of in vivo isotope effects in terms of the underlying 
mechanism should be done with caution, the large 
deuterium isotope effect reported here is strongly 
indicative for the previously proposed mechanism 
involving the abstraction of a hydrogen atom from 
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Table 1. Pharmacokinetic parameters of iv M-O and [3H,]M-0 in male rats 

Fig. 2. Mean blood concentration-time profiles of M-O (0) M-l (0) and M-2 (0) after administration 
of 1.85 mg M-O (left) and [ZH,]M-O (right). Values are mean 2 SE, N = 6. 

Administered compound 

M-O [ 3H6]M-0 P-value 

Body weight (g) 
A UC of M-O (ng/hr/ml) 
A UC of M-l (pg/hr/ml) 
A UC of M-2 (pg/hr/ml) 
Cl of M-O (ml/min/kg) 
V, of M-O (l/kg) 
tlj2 of M-O (min) 
t,lz of M-l (min) 
t,h of M-2 (min) 
Ue of M-l (% of dose) 
Ue of M-2 (% of dose) 
C&r (ml/min/kg) 
Cl,,., (ml/min/kg) 

206 f 20 212 +- 15 0.6 
1.52 2 0.39 1.16 f 0.07 0.05 
1.57 * 0.44 ND <O.OOl 
18.5 ” 8.2 18.4 t 2.7 0.9 
104 + 27 125 2 13 0.1 
3.9 rt 1.2 4.5 t 0.7 0.4 

40.7 2 5.0 44.0 r 5.5 0.3 
57.1 + 13.3 ND - 
57.5 f 8.8 59.0 + 7.5 0.8 
12.0 2 2.2 1.7 2 0.2 <O.OOl 
28.0 + 3.8 31.2 2 2.7 0.1 
12.4 + 3.2 2.16 2 0.40 <O.OOl 
29.0 2 8.2 39.1 2 6.0 0.03 

(Mean -+ SD), N = 6 in each group. ND = not detectable. 

the ester methyl group [14,18,21,22]. This is appar- 
ently the first experimental proof for oxidative ester 
cleavage in vivo. In vivo cleavage of M-O in male 
rats by non-oxidative pathways (esterases or 
nonemzymatically) seems to be negligible as indi- 
cated by the very low formation clearance of M-l 
from [*HJM-0. Preliminary in vitro studies with 
M-O (Male Wistar rat liver microsomes) indicate a 
kinetic deuterium isotope effect d(V) of about 3.* 
No data about oxidative ester cleavage of M-O by 
individual cytochrome P-450 families and isozymes 
have been published up to now. In vitro studies with 
structural analogues of M-O [14, 181 may indicate 
that the isozymes P-45Ora.a and P-450BNF_a are 
likely to be of major importance for the oxidative 
ester cleavage of M-O, whereas the isozymes which 
appear to be more proficient at oxidizing the 
dihydropyridine ring of nifedipine (P-450ur+, and 
P-450rcN_n) may be less adept at cleaving the ester 
bond. 

* R. Backer, Erlangen, F.R.G., personal communi- 
cation. 

No significant differences were observed in the 
half-lives and the systemic clearance of M-O and 
[*H6]M-0. Since these clearances were higher than 
the total liver blood blow that could be expected in 
these rats [23], extrahepatic metabolism should be 
anticipated. Since the systemic clearance is pre- 
sumably flow limited, it is therefore not a sensitive 
indicator of metabolic activity. As shown, the rate 
of formation of a specific metabolite is a more appro- 
priate indicator of isotope effects if the parent com- 
pound is highly cleared. It is very unlikely that these 
pharmacokinetic differences between the non-label- 
led and deuterated M-O arise from differences in 
distribution or protein binding because no dif- 
ferences in volume of distribution were observed. 

In pilot experiments the 24-hr urinary excretion of 
the metabolites M-l and M-2, after administration 
per se, was shown to amount to approximately 75% 
of the dose administered. Thereafter neither M-l 
nor M-2 was detected in blood and urine. Also in 
the present experimental design, neither M-l nor M- 
2 can be detected in urine and blood after 24 hr. 
Although not significant, the urinary excretion of M- 
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2 tended to be higher for the deuterated compound, 8. Guengerich FP, Martin MV, Beaune PH, Kremers P, 
but no differences in AUC of M-2 were observed. Wolff T and Waxman DJ, Characterization of rat and 

The calculated formation clearance of M-2 was 35% human liver microsomal cytochrome P-450 forms 

higher for [2H6]M-0 than for M-O (P = 0.03). The involved in nifedipine oxidation, a prototype for genetic 

increase in formation clearance of M-2 as a conse- 
polymorphism in oxidative drug metabolism. J Biol 

quence of deuterium labelling is compatible with the 
Chem 261: 5051-5060, 1986. 

observed “metabolic switching” in vitro with some 
9. Guengerich FP and Bdcker RH, Cytochrome P-450- 

other pyridine carboxylic esters [ 141. The half-life of 
catalyzed dehydrogenation of 1,4-dihydropyridines. J 
Biol Chem 263: 8168-8175, 1988. 

the metabolite M-2 was the same in both cases. 10. Hamann SR, Tan TG, Kaltemborn KE, Brouwer KLR, 
From our data it can be concluded that in vivo in Blouin RA, Chang SL, Vore M and McAllister RG, 

male rats the major metabolic pathway of this pyri- Effects of phenobarbital and SKF-525A on in vitro 

dine carboxylic ester is a direct conversion to the hepatic metabolism of verapamil and nifedipine. Phar- 

metabolite M-2, presumably by oxidation of the 2- macology 30: 121-128, 1985. 

methyl group and subsequent rapid conversion of 
11. Schellens JHM, Characterization of human drug oxi- 

the highly unstable 2-hydroxymethyl diemethylester 
dation in vivo. Thesis, Leiden, 1988. 

to M-2r [14]. This seems to be also the major in 
12. Smith SR, Kendall MJ, Lobo J, Beerahee A, Jack 

vitro metabolic pathway for the primary pyridine 
DB and Wilkins MR, Ranitidine and cimetidine; drug 
interactions with single dose and steady-state nifedipine 

metabolite of felodipine in some species [24]. The administration. BrJ Clin Pharmacol23: 311-315,1987. 
details of the metabolism of M-O in man remain to 13. Guengerich FP, Umbenhauer DR, Churchill PF, 
be elucidated. Beaune PH, Backer RH, Knodell RG, Martin MV and 

Since most oxidauve pathways are subject to gen- Lloyd RS, Polymorphism of human cytochrome P-450. 

etic and environmental influences [25], the involve- Xenobiotica 17: 311-316, 1987. 

ment of cytochrome P-450 in the cleavage of the 
14. Guengerich FP, Peterson LA and Bijcker RH, Cyto- 

ester bond of M-O may, besides variable formation 
chrome P-450catalyzed hydroxylation and carboxylic 

from NF, partially explain the large interindividual 
acid ester cleavage of Hantzsch pyridine esters. J Biol 
Chem 263: 81768183, 1988. 

variability in plasma kinetics of M-O as observed in 15. Kleinbloesem CH, van Brummelen P, Faber H, Danhof 
healthy volunteers [16, 171. M, Vermeulen NPE and Breimer DD, Variability in 

To summarize, using deuterium isotope effects, nifedipine pharmacokinetics and dynamics: a new oxi- 

evidence is presented for in vivo oxidative ester dation polymorphism in man. Biochem Pharmacol33: 

cleavage of a pyridine carboxylic acid ester metab- 3721-3724, 1984. 

olite (M-O) of nifedipine. For the metabolic elim- 
16. Schellens JHM, Soons PA and Breimer DD, Lack 

ination of M-O in male rats this pathway is of 
of bimodality in nifedipine plasma kinetics in a large 

secondary importance to the direct oxidation of the 
population of healthy subjects. Biochem Pharmacol37: 

2-methyl group M-O to form the lactone of M-2. Non- 
2507-2510, 1988. 

17. Renwick AG, Robertson DRC, MacKlin B, Challenor 
oxidative ester cleavage of M-O was negligible. V, Wailer DG and George CF, The pharmacokinetics 

of oral nifedipine-a population study. Br J Clin Phar- 
macol25: 701-708. 1988. 
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