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Aims The present study was conducted to evaluate metabolism of the enantiomers
of verapamil and norverapamil using a broad range of cytochrome P450 isoforms
and measure the kinetic parameters of these processes.
Methods Cytochrome P450 cDNA-expressed cells and microsomes from a
P450-expressed lymphoblastoid cell line were incubated with 40 mm concentrations
of R- or S-verapamil and R- or S-norverapamil and metabolite formation measured
by h.p.l.c. as an initial screening. Those isoforms exhibiting substantial activity were
then studied over a range of substrate concentrations (2.5–450 mm) to estimate the
kinetic parameters for metabolite formation.
Results P450s 3A4, 3A5, 2C8 and to a minor extent 2E1 were involved in the
metabolism of the enantiomers of verapamil. Estimated Km values for the production
of D-617 and norverapamil by P450 s 3A4 and 3A5 were similar (range=
60–127 mm) regardless of the enantiomer of verapamil studied while the Vmax

estimates were also similar (range=4–8 pmol min−1 pmol−1 P450). Only nominal
production of D-620 by these isoforms was noted. Interestingly, P450 2C8 readily
metabolized both S- and R-verapamil to D-617, norverapamil and PR-22 with only
slightly higher Km values than noted for P450s 3A4 and 3A5. However, the Vmax

estimates for P450 2C8 metabolism of S- and R-verapamil were in general greater
(range=8–15 pmol min−1 pmol−1 P450) than those noted for P450 s 3A4 and
3A5 with preference noted for metabolism of the S-enantiomer. Similarly, P450 s
3A4, 3A5 and 2C8 also mediated the metabolism of the enantiomers of norverapamil
with minor contributions by P450 s 2D6 and 2E1. P450s 3A4 and 3A5 readily
formed the D-620 metabolite with generally a lower Km and higher Vmax for S-
norverapamil than for the R-enantiomer. In contrast, P450 2C8 produced both the
D-620 and PR-22 metabolites from the enantiomers of norverapamil, again with
stereoselective preference seen for the S-enantiomer.
Conclusions These results confirm that P450s 3A4, 3A5 and 2C8 play a major role
in verapamil metabolism and demonstrate that norverapamil can also be further
metabolized by the P450s.
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disorders. Verapamil undergoes extensive hepatic first pass
Introduction

metabolism [1]. Furthermore, it has been well established
that the S-enantiomer of verapamil is stereoselectivelyVerapamil [2, 8-bis-(3, 4-dimethoxyphenyl)-6-methyl-

2-isopropyl-6-azaoctanitrile] is a calcium channel block- cleared during first pass metabolism at a much faster rate
than its antipode [2]. Verapamil is metabolized to twoing agent used in the treatment of various cardiovascular
initial metabolites, norverapamil and D-617, and these
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Figure 1 Structures of verapamil and its primary metabolites indicating the major routes of oxidative metabolism. *Also known as
D-715

(formation of norverapamil) of verapamil [3]. with wild type vaccinia virus. The cells were harvested
1 day after infection and stored frozen at −80° C. PriorFurthermore, it has recently been reported that enzymes

of the P450 2C subfamily were involved in verapamil to use, the cells were thawed at 4° C, spun to remove
the supernatant, and resuspended in 50 mm K2HPO4,O-demethylation [4]. Specifically, it was reported that

P450 2C9 and P450 2C18 are involved in formation of pH 7.4. The cells were then sonicated with two 5 s bursts
and then added to the incubation mixture. P450 contentthe O-demethylation products D-703 and D-702

whereas P450 2C8 selectively formed D-703 [4]. was measured by the method of Omura & Sato [6].
However, the enzymes involved in the subsequent
metabolism of norverapamil (formation of D-620 and

IncubationsPR-22, also known as D-715) have not been identified.
The purpose of this study was to extend the previous by

cDNA-expressed P450 s were incubated in the presence
identifying the enzymes involved in norverapamil

of 1 mm b-nicotinamide adenine dinucleotide diphosphate
metabolism.

(b-NADP), 10 mm glucose-6-phosphate, 0.5 U glucose-
6-phosphate dehydrogenase and 50 mm K2HPO4, pH 7.4

Methods in a total volume of 500 ml. Reactions were carried out
for 20 min at 37° C at a concentration of 40 mm for each

Expressed P450 s
of the substrates (R- or S-verapamil and R- or S-
norverapamil) which were incubated separately for theMicrosomal preparations from transfected human

B-lymphoblastoid cell lines coding for human P450 2 A6, isoform screening experiments. In experiments using
CYP2A6, a Tris buffer 50 mm pH 7.4 replaced the2C19, and 2D6 or expressing only reductase were

obtained from Gentest Co. (Woburn, MA). Vaccinia phosphate buffer, because the phosphate buffer inhibits
the activity of P450 2A6 in this microsomal preparationvirus-expressed P450 s were obtained by infecting human

HepG2 cells with a recombinant vaccinia virus containing (Gentest Co., product information). Kinetic experiments
for the estimation of Km and Vmax of metabolitecDNAs for P450s 1A2, 2B6, 2C8, 2C9, 2E1, 3A4 and

3A5. The details of construction of the viruses were production were conducted using concentrations of R-
or S-verapamil and R- or S-norverapamil between 2.5published previously [5]. Control cells were infected only
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and 450 mm. Preliminary experiments were conducted to and norverapamil were determined. Data on the formation
of each metabolite were analysed by nonlinear regressionassure that linear reaction conditions were present.
(Axum 5.0A, MathSoft, Inc.) of the substrate concen-
tration vs velocity plots according to the Michaelis-Assay of verapamil and norverapamil metabolites
Menten equation to generate estimates of Km and Vmax.

The metabolites R- and S-norverapamil, R- and S-D-617,
R- and S-D-620 and R- and S-PR-22 were measured
using an achiral h.p.l.c. assay. Briefly, following quenching Results
with 200 ml acetonitrile, the samples were mixed with an

Of the P450 s-tested, only P450 s 2C8, 3 A4 and 3 A5equal volume of the internal standard gallopamil
participated to any appreciable extent in the metabolism(0.5 mg ml−1). The sample was then centrifuged at
of R- and S-verapamil and R- and S-norverapamil. P45010 000 g for 30 min and extracted using a C18 solid phase
2E1 metabolized each of the substrates to a lesser degreeextraction column (Wennick Scientific) conditioned with
with velocities at least 20-fold lower than those observed2 ml methanol followed by 2 ml distilled water. After
with the other isoforms. P450 2D6 metabolized norvera-removal of the eluent under vacuum, the sample was
pamil to PR-22 but again these rates were 20-fold lowereluted from the column with 2 ml methanol (containing
than seen with P450 2C8.0.3% diethylamine) and evaporated to dryness. The

To estimate the reaction kinetics (Km and Vmax) forsamples were then reconstituted in 250 ml of 0.01n HCl
each of the relevant P450s, experiments were conductedprior to injection. The h.p.l.c. system consisted of a
using each of the substrates (R- or S-verapamil and R-Spectra-Physics P-2000 pump, a Spectra-Physics AS-3000
or S-norverapamil) at concentrations ranging from 2.5 toautosampler, a Spectra-Physics FL-2000 fluorescence
450 mm. The kinetic profiles for the metabolism of eachdetector and a Spectra-Physics integrator. The mobile
of the substrates by P450 3A4 are presented in Figure 2phase consisting of 0.3% diethylamine pH 4 in distilled
and the kinetic parameter estimates for these reactionswater: acetonitrile (69531, v/v) was pumped through the
are presented in Table 1. It is of note that at highercolumn at 1 ml min−1. A Regis 15 cm reversible ODS-II
concentrations of verapamil, the norverapamil formation5 mm column equipped with a C18 guard column was
predominated when S-verapamil was the substrate butused for analyte separation. Correlation coefficients for
D-617 was the predominant metabolite when R-verapa-this assay were r=0.99 or greater for all analytes measured.
mil was the substrate. The Km for these processes wasThe percentage recovery varied from 65 to 95% depending
similar for the two enantiomers. Only negligible amountson the analyte with a coefficient of variation of less than
of D-620 were formed when verapamil was the substrate14% in all cases. The intra- and interday assay coefficients
and insufficient amounts were formed from R-verapamilof variation were tested at three concentrations of each
to permit kinetic analysis. Furthermore, only D-620analyte (15, 66.7 and 108 ng ml−1 for each metabolite and
was formed from norverapamil by P450 3A4 and no75, 333.3 and 540 ng ml−1 for verapamil). Intra- and
appreciable enantioselectivity was observed. Interestinglyinterday coefficients of variation were less than 10 percentage
the Km for P450 3A4 metabolism of R-verapamil toin all cases except for the 15 ng ml−1 samples of PR-22,
D-620 was four-fold higher than observed for S-verapamilD-617 and D-620, which were less than 18 percentage.
and this isoform.The limit of detection for all analytes was 3 ng ml−1.

The reaction kinetics of the enantiomers of verapamil
and norverapamil were also studied with the P450 3A5Data analysis
isoform (Figure 3 and Table 2). P450 3A5 appeared to
metabolize both S- and R-verapamil equally well, withEstimates of Km and Vmax for the formation of the

respective metabolites of the enantiomers of verapamil norverapamil being the primary metabolite in both cases.

Table 1 Kinetic parameter estimates (±s.e. of the estimate) for the metabolism of S- and R-verapamil and S- and R-norverapamil to
their respective metabolites by cytochrome P450 3A4. Each enantiomer was incubated individually at substrate concentrations ranging
from 2.5 to 450 mm.

S-verapamil R-verapamil S-norverapamil R-norverapamil
Km (mm) Vmaxa Km (mm) Vmaxa Km (mm) Vmaxa Km (mm) Vmaxa

D-617 72±21 5.0±0.5 127±28 8.0±0.7
Norverapamil 117±25 7.9±0.6 127±32 6.9±0.7
D-620 5.4±1.9 0.3±0.0 NF NF 36±13 6.5±0.6 144±78 9.0±1.9

apmol min−1 pmol−1 P450. NF=not fitted due to insufficient data points.
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Figure 2 Metabolism of S-verapamil (a), R-verapamil (b), S-norverapamil (c) and R-norverapamil (d) to their respective metabolites
by vaccinia-expressed cytochrome P450 3A4 containing cells. Substrate concentrations ranged from 2.5 to 450 mm. # D-617,
$ norverapamil, % D-620.

The Km and Vmax for these processes were similar for the olized to D-620 by P450 3A5 at an #two-fold higher rate
than was R-verapamil. Likewise, the Km for this processtwo enantiomers. Small amounts of D-620 formation

from verapamil were noted but in both cases (R- and S-) with S-verapamil is two-fold lower than for R-verapamil.
Finally, the metabolism of the enantiomers of verapamilthe reaction appeared to saturate at very low concen-

trations of substrate and then diminish in velocity as the and norverapamil was studied using P450 2C8 as the
enzyme source. Results of these studies are presented insubstrate concentration was increased. P450 3A5 also

metabolized norverapamil but the only metabolite Figure 4 and Table 3. When verapamil was the substrate,
norverapamil was the predominant metabolite regardlessdetected to any extent was D-620. Pronounced stereo-

selectivity was observed with S-verapamil being metab- of the verapamil enantiomer used. Formation of both

Table 2 Kinetic parameter estimates (±s.e. of the estimate) for the metabolism of S- and R-verapamil and S- and R-norverapamil to
their respective metabolites by cytochrome P450 3A5. Each enantiomer was incubated individually at substrate concentrations ranging
from 2.5 to 450 mm.

S-verapamil R-verapamil S-norverapamil R-norverapamil
Km (mm) Vmaxa Km (mm) Vmaxa Km (mm) Vmaxa Km (mm) Vmaxa

D-617 60±9 3.7±0.2 86±8 5.2±0.2
Norverapamil 88±12 7.4±0.4 87±10 8.9±0.3
D-620 NF NF NF NF 13±3.7 4.9±0.3 26±7 2.1±0.1

apmol min−1 pmol−1 P450. NF=Not fitted.
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Figure 3 Metabolism of S-verapamil (a), R-verapamil (b), S-norverapamil (c) and R-norverapamil (d) to their respective metabolites
by vaccinia-expressed cytochrome P450 3A5 containing cells. Substrate concentrations ranged from 2.5 to 450 mm. # D-617,
$ norverapamil, % D-620.

D-617 and PR-22 were also noted with PR-22 formation Vmax were made using the velocities from substrate
concentrations up to and including 150 mm. P450 2C8being the lowest of the three metabolites. Estimates of

Km for these processes tended to be higher when S- was much more active toward the metabolism of
norverapamil than were either P450 3A4 or 3A5.verapamil was the substrate and for both enantiomers of

verapamil, the formation of PR-22 appeared to exhibit Formation of both D-620 and PR-22 were observed
from P450 2C8 incubations with norverapamil. Theresubstrate/product inhibition at higher substrate concen-

trations. For the PR-22 metabolite, estimates of Km and appears to be marked stereoselectivity in this process with

Table 3 Kinetic parameter estimates (±s.e. of the estimate) for the metabolism of S- and R-verapamil and S- and R-norverapamil to
their respective metabolites by cytochrome P450 2C8. Each enantiomer was incubated individually at substrate concentrations ranging
from 2.5 to 450 mm.

S-verapamil R-verapamil S-norverapamil R-norverapamil
Km (mm) Vmaxa Km (mm) Vmaxa Km (mm) Vmaxa Km (mm) Vmaxa

D-617 185±81 8.0±1.5 127±28 8.0±0.7
Norverapamil 154±58 15±2.2 127±32 6.9±0.7
D-620 80±52 14±3.0 56±23 5.3±0.7
PR-22b 141±36 1.6±0.2 33±6.6 2.2±0.2 80±18 12±1.3 38±7.1 29±1.7

apmol min−1 pmol−1 P450. bData only fit using velocities obtained from substrate concentrations up to and including 150 mm due to reduction
in velocities at higher substrate concentrations.
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Figure 4 Metabolism of S-verapamil (a), R-verapamil (b), S-norverapamil (c) and R-norverapamil (d) to their respective metabolites
by vaccinia-expressed cytochrome P450 2C8 containing cells. Substrate concentrations ranged from 2.5 to 450 mm. # D-617,
$ norverapamil, % D-620, & PR-22.

S-norverapamil being predominantly metabolized to the subsequent metabolism of norverapamil has not
been studied.D-620 whereas R-norverapamil was metabolized primar-

ily to PR-22. As with verapamil, formation of PR-22 Our findings of the substantial involvement of P450
3A4 in the formation of R- and S-D-617 and R- and S-from norverapamil appeared to diminish at higher than

150 mm substrate concentrations and thus kinetic param- norverapamil from verapamil are congruent with those
reported previously [3]. Additionally, we observed thateter estimates were made using data obtained at substrate

concentrations up to and including 150 mm. P450 3A5 participates in these verapamil metabolite
formation pathways. To our knowledge this is the first
formal report of P450 3A5 involvement in verapamil

Discussion
metabolism, though the results are not surprising given
the overlapping substrate specificities of the two P450 3AThe metabolism of verapamil in vivo is extensive, resulting

in substantial first pass metabolism. It is this first pass isoforms. It has been reported that P450 3A5 is present
in about 30% of human liver samples in quantitiesmetabolism, particularly of the S-enantiomer, that necessi-

tates the much lower intravenous doses of verapamil and approximately one-fourth to one-third that observed for
P450 3A4 [8]. Thus, at least with respect to liveraccounts for the antiarrhythmic effect when given

intravenously but not when given orally [7]. Previously, mediated metabolism, P450 3A5 will play a role in
verapamil metabolism in some individuals though prob-it has been suggested that P450s 3A4 and 1A2 are

responsible for verapamil N-dealkylation and that the ably to a lesser extent than P450 3A4. The gut also
possesses P450 3A isoforms and may produce a substantialP450 2C subfamily (especially 2C8, 2C9 and 2C18) are

responsible for verapamil O-dealkylation [3, 4]. However, contribution to the ‘first pass’ metabolism of cyclosporin

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 47, 545–552550
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and possibly other medications [9, 10]. In the gut, P450 clinically, our results suggest that at therapeutic concen-
trations, P450 1A2 and P450 2C9 are not involved in3A5 is expressed in #70% of patients in addition to

P450 3A4 [11]. Thus, this isoform may play an even verapamil metabolism to any significant extent.
We did not observe any appreciable metabolism ofmore significant role in intestinal metabolism of the

enantiomers of verapamil. This role of gut P450 3A4 either verapamil or norverapamil by cytochrome P450
2D6 (at least as compared with 3A4, 3A5 and 2C8). This(and 3A5) in verapamil metabolism has been demonstrated

by Fromm et al. [12] who studied the effect of the P450 is of note since Mautz et al. [17] found that racemic-
verapamil inhibited the in vitro cytochrome P450 2D63A inducer rifampicin on hepatic and prehepatic verapamil

metabolism. In this study, coadministration of rifampicin mediated O-demethylation and a-hydroxylation of meto-
prolol in a competitive fashion with Ki values ofproduced little change in the systemic clearance of S-

verapamil (1.3-fold increase) but caused a 32-fold increase 0.9–1.8 mm. Thus, though verapamil does not appear to
be substantially metabolized by P450 2D6 it does appearin the oral clearance of this verapamil enantiomer.

Lampen et al. [13] using in vitro techniques found that to be able to inhibit this P450 isoform, analogous to the
inhibition of P450 2D6 by quinidine [18].verapamil inhibited the metabolism of tacrolimus in liver

and intestinal preparations with Ki values similar to the To our knowledge, this is the first report of the
isoforms involved in the metabolism of the norverapamilKm values observed by us. Finally, Kantola et al. [14]

recently demonstrated that coadministration of verapamil enantiomers. Certainly, previous reports of verapamil
metabolism have mentioned the potential ‘degradation’with simvastatin (a P450 3A4 substrate) resulted in a

4.6-fold increase in simvastatin AUC and a 2.8-fold of norverapamil [suggesting further metabolism] [16] but
this phenomenon has not been studied. Two metabolitesincrease in simvastatin acid AUC. Again, demonstrating

the role of P450 3A4 in verapamil metabolism and drug [PR-22 and D-620] were measured following incubations
of the enantiomers of norverapamil with the P450s.interactions.

It also appears that P450 2C8 may play some role in P450s 3A4, 3A5 and 2C8 all formed the D-620
enantiomer metabolites though there did seem to be aforming most of the major metabolites of verapamil

(except D-620). In vitro, cytochrome P450 2C8 appears preference for formation of the S-D-620 metabolite
especially with P450s 3A5 and 2C8. The stereoselectiveto metabolize verapamil as effectively as 3A4 and 3A5.

However, this P450 isoform is probably of minor preference was reversed in the formation of the PR-22
metabolite by P450 2C8 (the only isoform producingimportance in potential in vivo drug interactions since

P450 2C8 is proposed to constitute a relatively small this norverapamil metabolite). P450 2C8 metabolized R-
norverapamil to R-PR-22 to a much greater extent thanfraction of the cytochrome P450 content of the liver

[15]. Data to date suggest that cytochrome P450 2C8 S-norverapamil. Thus, all three P450s (3A4, 3A5 and
2C8) were able to form D-620 from norverapamil butdoes not appear to be involved in the metabolism of

many xenobiotics but as further studies are conducted it only P450 2C8 also formed the PR-22 metabolite.
Norverapamil and its metabolites may account for up tois inevitable that more substrates for this isoform will be

uncovered. Though P450 2C8 certainly has sequence one-fourth of the verapamil metabolites recovered in the
urine [19] and thus norverapamil may also play a role inhomology to the clinically more important P450 2C9

which metabolizes warfarin and phenytoin, there appears cytochrome P450 mediated drug interactions when
verapamil is coadministered with other medications.to be little substrate overlap between the two isoforms.

We did not observe any involvement of P450 1A2 or The studies presented herein suggest that P450s 3A4,
3A5 and 2C8 are the predominant isoforms involved inP450 2C9 in the metabolism of verapamil as had been

reported previously [3, 4] nor did they participate in the metabolism of R- and S-verapamil as well as R- and
S-norverapamil. Stereoselectivity was noted in some ofnorverapamil metabolism. Fuhr et al. [16] have reported

that verapamil is an inhibitor of P450 1A2 but is not a the metabolite formation profiles but this appeared to be
substrate and isoform dependent. This work confirms thatsubstrate of this isoform to an extent likely to reach

clinical significance. It should be noted that previous compounds interfering with cytochromes P450 3A4 and
3A5 can potentially cause drug interactions when givenstudies of verapamil metabolism [3, 4] have used higher

concentrations of verapamil enantiomers as substrate with verapamil, particularly in light of the roles P450
3A4 and 3A5 play in both presystemic and hepatic drug(600–640 mm) compared with the 40 mm concentration

used in our screening studies. Peak plasma concentrations metabolism.
of the verapamil enantiomers following dosing to humans
are generally less than 1 mm [2]. This difference in This work was supported in part by a grant from the National
verapamil substrate concentrations may explain the Science Foundation (NSF #OSR-9450578. The authors would
disparate results of the studies. Though our concentrations like to thank Isabelle Anacleto for her excellent technical support

in conducting the metabolite assays.used for substrate screening are also higher than observed
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