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ABSTRACT

The aim of this study was to evaluate the (3S)-3-hydroxylation
and the N-oxidation of quinidine as biomarkers for cytochrome
P-450 (CYP)3A4 activity in human liver microsome prepara-
tions. An HPLC method was developed to assay the metabo-
lites (3S)-3-hydroxyquinidine (3-OH-Q) and quinidine N-oxide
(@-N-0OX) formed during incubation with microsomes from hu-
man liver and from Saccharomyces cerevisiae strains express-
ing 10 human CYPs. 3-OH-Q formation complied with Michae-
lis-Menten kinetics (mean values of V,,,, and K;: 74.4 nmol/
mg/h and 74.2 uM, respectively). Q-N-OX formation followed
two-site kinetics with mean values of V,, ., K., and V,,,../K., for
the low affinity isozyme of 15.9 nmol/mg/h, 76.1 M and 0.03
ml/mg/h, respectively. 3-OH-Q and Q-N-OX formations were
potently inhibited by ketoconazole, itraconazole, and tri-
acetyloleandomycin. Isozyme specific inhibitors of CYP1A2,
-2C9, -2C19, -2D6, and -2E1 did not inhibit 3-OH-Q or Q-N-OX

formation, with K; values comparable with previously reported
values. Statistically significant correlations were observed be-
tween CYP3A4 content and formations of 3-OH-Q and Q-
N-OX in 12 human liver microsome preparations. Studies with
yeast-expressed isozymes revealed that only CYP3A4 actively
catalyzed the (3S)-3-hydroxylation. CYP3A4 was the most ac-
tive enzyme in Q-N-OX formation, but CYP2C9 and 2E1 also
catalyzed minor proportions of the N-oxidation. In conclusion,
our studies demonstrate that only CYP3A4 is actively involved
in the formation of 3-OH-Q. Hence, the (3S)-3-hydroxylation of
quinidine is a specific probe for CYP3A4 activity in human liver
microsome preparations, whereas the N-oxidation of quinidine
is a somewhat less specific marker reaction for CYP3A4 activ-
ity, because the presence of a low affinity enzyme is demon-
strated by different approaches.

Hepatic biotransformation by the cytochrome P-450 (CYP)
enzymes is the most important pathway of drug elimination,
and CYP3A4 accounts for 30—-40% of the total amount of
identified drug-metabolizing cytochromes. Considerable vari-
ation in clearance of CYP3A4 substrates among relatively
homogenous groups of volunteers exists. Even larger are the
variations within heterogeneous populations (von Moltke et
al., 1995). The variation in presence and activity (due to
inhibition, induction, and, perhaps, activation) results in 10-
fold variations in dosing requirements for some CYP3A4-
metabolized drugs (Lown et al., 1994).

Quinidine has been used clinically for more than 200 years
and is still important for the treatment of atrial flutter and
fibrillation. Quinidine is metabolized to the main metabolite
(35)-3-hydroxy-quinidine (3-OH-Q), quinidine-N-oxide (Q-N-
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0X), and a few other quantitatively negligible metabolites.
The in vivo metabolic clearance is 15 times faster for the
3-OH-Q pathway than for the Q-N-OX pathway (Nielsen et
al., 1995). In vitro, an anti-CYP3A4 antibody has been shown
to inhibit more than 95% and 85% of the formations of
3-OH-Q and Q-N-OX, respectively (Guengerich et al., 1986).
Heterologously expressed CYP3A4 has been shown to ac-
tively metabolize quinidine, whereas CYP3A5 did not
(Wrighton et al., 1990). It is likely that quinidine is more
specific for CYP3A4 activity than drugs like nifedipine, cor-
tisol, and others, because these drugs were shown to be
substrates for both CYP3A4 and CYP3AS5 in the same study
(Wrighton et al., 1990). An in vivo pharmacokinetic interac-
tion between quinidine and the effective CYP3A4 inhibitor
erythromycin has been reported by Spinler et al. (1995).
The putative involvement of P-450s other than CYP2D6,
-3A4, and -3A5 in quinidine metabolism has not been inves-

ABBREVIATIONS: CYP, cytochrome P-450; HL, human liver; 3-OH-Q, (3S)-3-hydroxyquinidine; Q-N-OX, quinidine N-oxide; 4-CPBG, 4-chlo-
rophenylbiguanide; [S], concentration of substrate; [l], concentration of inhibitor; IC5,, inhibitor concentration causing a 50% reduction in velocity
of a reaction; n, Hill coefficient describing sigmoidicity of cooperative binding of an inhibitor; rg, correlation coefficient using Spearman’s rank
correlation.
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tigated so far. The present study takes CYP1A2, -2C8, -2C9,
-2C19, -2D6, -2E1, and -3A4 in human liver microsomes into
account, as well as CYP1A1, -2C18, and -3A5 expressed by
yeast cells. The aim of the study was to find further support
that quinidine metabolism may serve as a specific marker
reaction for CYP3A4 activity in vitro.

Materials and Methods

Chemicals. The following drugs and metabolites were kindly
donated by the following companies: erythromycin (Abbott Scandi-
navia, Stockholm, Sweden); felodipine and terfenadine (Astra A/S,
Copenhagen, Denmark); bifonazole, nifedipine, and nitrendipine
(Bayer A/S, Copenhagen, Denmark); nefazodone HCI and paclitaxel
(Bristol-Myers Squibb, Princeton, NJ); dapsone (Christian Friis &
Co., Copenhagen, Denmark); fluvoxamine maleate (Duphar B.V.,
Weesp, Holland); fluoxetine HC1 and norfluoxetine maleate (Eli Lilly
A/S, Copenhagen, Denmark); vinblastine H,SO, and vincristine
H,SO, (Eli Lilly Research Laboratories, Indianapolis, IN); astem-
izole, itraconazole and ketoconazole (Janssen Pharmaceuticals,
Beerse, Belgium); 3-OH-Q (Laboratoire Nativelle, Paris, France);
citalopram hydrogene bromide and desmethyl-citalopram HCI (Lund-
beck Pharma A/S, Copenhagen, Denmark); paroxetine (Novo-Nor-
disk Farmaka A/S, Copenhagen, Denmark); ethinyl-estradiol, 8-me-
thoxypsoralen, prednisolone, and prednisone (Nycomed DAK A/S,
Copenhagen, Denmark); sertraline (Pfizer A/S, Copenhagen, Den-
mark); methyl-prednisolone and triazolam (Pharmacia & Upjohn
A/S, Copenhagen, Denmark); flucytosine, midazolam, and moclobe-
mide (Roche A/S, Copenhagen, Denmark); bromocriptine mesilate,
cyclosporin A, and dihydroergotamine mesilate (Sandoz L'TD, Basel,
Switzerland); and gestodene and testosterone (Schering A/S, Copen-
hagen, Denmark). The following drugs and compounds were pur-
chased from: metronidazole, cocaine, and estradiol-hemihydrate
(FAS centralapoteket, Odense, Denmark); fluconazole (Pfizer A/S);
and a-naphtoflavone, cortisol, diethyldithiocarbamate, quinidine an-
hydrous, quinine HCI, naringenin, naringin, sulfaphenazole, and
triacetyloleandomycin: Sigma Chemical Co. (St. Louis, MO).
Q-N-OX was synthesized from purified quinidine (Nielsen et al.,
1994). Chemicals were of analytical grade, and solvents were of
HPLC grade. Quinidine anhydrous was dissolved in 0.1 M NaH,PO,
(pH, 7.4) and 2.5 mM HCI (not giving rise to changes in microsome
activity).

Human Liver Microsomes. Kinetic and inhibition studies were
carried out in one laboratory with microsomes from three human
livers (HL1, HL2, and HL3) prepared by a standard technique (Meier
et al., 1983). Protein concentrations were measured according to
Lowry et al. (1951). Approval was obtained from the regional ethics
committee. Correlation studies and immunoinhibition studies, as
well as studies with yeast-expressed isozymes, were carried out in a
second laboratory. Correlation studies were carried out with micro-
somes from 13 human livers prepared as previously described by
Kremers et al. (1981). Immunoinhibition studies were carried out
with microsomes from 2 of the above 13 livers selected because of
their high content of CYP3A4. Protein concentrations were deter-
mined by biscinchonic acid assay according to the supplier’s (Pierce,
Rockford, IL) procedure. The P-450 concentration of individual CYPs
in microsomes used for correlation studies and in yeast-expressed
isozymes were determined according to Omura and Sato (1964).

Immunochemical Determination and Immunoinhibition.
Microsomes from 13 preparations were separated by electrophoresis
and transferred to nitrocellulose sheets as previously described (Lae-
mmli, 1970; Towbin et al., 1979). Proteins were probed with poly-
clonal antibodies and the relative amounts of CYP1A2, -2C8, -2C9,
-2D6, -2E1, and -3A4 with reference to the contents in one prepara-
tion were quantified by densiometry as described by Belloc et al.
(1996). Anti-CYP3A4 antibodies were also used for immunoinhibi-
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tion studies and have previously been shown to reduce erythromycin-
N-demethylase activity by between 60 and 95% (Belloc et al., 1996).

Yeast-Expressing Human P-450s. Single-stranded cDNAs were
obtained by reverse transcription of human liver mRNAs from
CYPI1A1, -1A2, -2C8, -2C18, -2C19, -2D6, -2E1, -3A4, and -3A5 and
subjected to polymerase chain reaction amplification (Gautier et al.,
1996). Coding sequences of human CYP2C9 were amplified by poly-
merase chain reaction from plasmids described by Srivastava et al.
(1991). The sequences were inserted into the yeast expression vector
pYeDP60 using classical cloning procedures (Urban et al., 1990),
except for the CYP3A4 sequence, which was inserted by gap repair
(Peyronneau et al., 1992). The plasmids were transferred to the
Saccharomyces cerevisiae strain W(R), except for the plasmid-ex-
pressing CYP3A4, which was inserted into the S. cerevisiae strain
W(hR). The latter strain was specifically used for CYP3A4, because
it has been observed that with some substrates CYP3A4 was poorly
active in the W(R) strain (Pompon et al., 1996). This was usually not
observed with other CYPs expressed in W(R) yeast. By using this
system we usually have good correlation between results obtained
with human liver microsomes and results obtained with the yeast-
expressing systems (Lemoine et al., 1993; Nielsen et al., 1996; Gau-
tier et al., 1996). Expression of NADPH CYP-450 reductase was
galactose-inducible in both W(R) and W(hR) strains, the former
overexpressing the yeast reductase, whereas the latter expressed the
human reductase. Culture media, selection, growth, harvesting, and
preparation of microsomes have previously been described by Cullin
and Pompon (1988) and Urban et al. (1990).

Incubation Conditions. Microsomes were incubated in a final
volume of 200 ul in a NaH,PO, buffer (0.1 M, pH 7.4) using 100 ug
of microsomal protein. The reactions were initiated by adding 20 ul
of a NADPH-generating system (final concentrations: isocitrate de-
hydrogenase, 1 U/ml; NADP-Na,, 1 mM; DL-isocitrate-Nag, 5 mM,;
and MgCl,, 5 mM). Incubations were carried out at 37°C in a shaking
water bath in air. The reactions were terminated after 20 min by
adding 1 ml of K,CO5 (0.6 M) followed by 10 ul of an internal
standard (quinine, 250 uM). All incubations were run in duplicate
and less than 5% of the substrate was consumed during the incuba-
tions. A single-step, liquid-liquid extraction was carried out by ad-
dition of 3 ml of an extraction solution (heptane, 47.9%; tert butyl-
methyl ether, 47.9%; n-butanol, 4.2%) followed by shaking for 10 min
and centrifugation for another 10 min at 2,500 rpm. The tubes were
placed in —30°C for 1 to 2 min, and the organic phase then trans-
ferred into conical glass tubes and subsequently evaporated to dry-
ness under a nitrogen steam for 30 min at 55°C. Reconstitution and
analysis of metabolites formed during incubation were performed
according to a previously described HPLC method (Nielsen et al.,
1994). Linearity was observed between the formation rates of both
metabolites and increasing concentrations of protein in the incuba-
tions (up to 1.0 mg/ml), as well as between the formation rates of both
metabolites and increasing incubation time (up to 30 min).

Microsomes from HL1, HL.2, and HL3 and from yeasts expressing
CYP3A4 were incubated with quinidine solutions in 12 final concen-
trations of substrate ([S]) ranging from 10 to 500 uM. These incuba-
tions were performed six times. Equations describing both one- and
two-site models were fitted to the formations of 3-OH-Q and Q-N-OX
by means of an iterative curve-fitting program based on nonlinear
regression analysis (N. Holford; MK Model, version 4. Biosoft, Cam-
bridge, England, 1990):

i del: V Vinas X 15 1

one-site model: = m ( )

two-site model: V Vines X 5] L[S (2
- : =— —+ L X

‘WO0-S1te mode Km+[S] [ ] )

V nax 18 the maximal formation rate by a high-affinity enzyme, K,
is the Michaelis constant, and L is the ratio between V. and K, for

a low-affinity enzyme.
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Forty-six drugs in final concentrations of inhibitor ([I]) of 0, 1, 10
and 100 uM were screened for their ability to alter quinidine metab-
olism. Those able to reduce the formation of either 3-OH-Q or Q-
N-OX by more than 30% at [I] = 100 uM were incubated at 10
different inhibitor concentrations around their apparent K;. Except
for gestodene, this was performed three times at different quinidine
concentrations (50, 75, and 150 uM). For each of the three data sets,
the data were fitted by nonlinear regression analysis to equations
describing the inhibition by both one- and two-site models:

Voae X [S]
one-site model: V = (3)

[ST+ Km([KL] + 1)

V e X [S]

(1]
[S1+K,| 2 +1) +Lx[S] @

i

two-site model: V =

K, is the inhibitor constant for inhibition of the high- affinity site.
The K; values given in Results are the averages of the three K; values
obtained for each inhibitor. Inhibition by gestodene was analyzed
from the intersection of two Lineweaver-Burk plots obtained from
data from two sets of incubations: One set with increasing concen-
trations of quinidine ranging from 10 to 500 M and a similar set
after preincubation with 150 uM gestodene. The inhibition by keto-
conazole was also analyzed by nonlinear regression fitting data to
the Hill equation (eq. 5).

Hill equation: Y[I]= [IT/([I]" + IC,,") (5)

The equation describes the inhibition (Y) ranging from 0 (no inhi-
bition) to 1 (maximum inhibition) as a function of [I].The Hill coef-
ficient, n, describes the sigmoidicity of the cooperative binding of the
inhibitor.

Twenty picomoles of total P-450 enzyme was used for correlation
and immunoinhibition studies and for experiments with yeast-ex-
pressed P-450s. For these studies the NADPH-regenerating system
consisted of: glucose 6-phosphate dehydrogenase, 5 U/ml; NADP,
0.15 mM; glucose 6-phosphate, 2.5 mM; MgCl,, 5 mM; and glycerol,
10%. Yeast-expressed P-450s were incubated at 28°C and the activ-
ities were multiplied by the content (CYP1A1, 1 pmol; 1A2, 25 pmol,;
2C8, 10 pmol; 2C9, 100 pmol; 2C18, 10 pmol; 2C19, 10 pmol; 2D6, 25
pmol; 2E1, 100 pmol; 3A4, 250 pmol; and 3A5, 50 pmol) in pmoles of
the isozymes generally found per mg of microsomal protein (Iribarne
et al., 1996; P. Beaune, personal communication). The correlation
studies were tested with Spearman’s rank correlation considering a
p < 0.05 to be statistically significant.

Results

Enzyme Kinetics. 3-OH-Q was the dominant metabolite
formed during incubation with quinidine in liver microsomes
(Table 1) and its formation could be described according to
Michaelis-Menten kinetics. Eadie-Hofstee plots (Fig. 1) were
linear and the apparent K, values estimated from experi-
ments with human liver microsomes (74.0 uM) and yeast-
expressed CYP3A4 (70.9 uM) were in concordance. The for-
mation of Q-N-OX (Table 1) was ideally described by the
two-site model and Eadie-Hofstee plots were biphasic (Fig.
1).

Inhibition Studies. Inhibition of the (3S)-3-hydroxyla-
tion could be described with the one-site model. Noncompet-
itive inhibition of the (3S)-3-hydroxylation was observed
from Lineweaver-Burk plots following preincubation with
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(3S)-3-hydroxylation
Velocity 80 L
nmol/mg/h
60 1
40 1
20 L
0 ' ' :

0.00 0.25 0.50 0.75
V /{S]: (nm/mg/h) /uM

N-oxidation
Velocity 55 {_
nmol/mg/h
20 1
15 1
°
10 L
°
51
0 i : :
0.00 0.04 0.08 0.12

V /[S]: (nm/mg/h) /u M

Fig. 1. Eadie-Hofstee plots for (3S)-3-hydroxylation (top) using micro-
somes from HL1 and N-oxidation (bottom) using microsomes from HL3.

the mechanism-based CYP3A4-inactivator gestodene. Inhib-
itors with K, values of less than 5 uM (Table 2: ketoconazole,
bifonazole, itraconazole, bromocriptine, dihydroergotamine,
nefazodone, triacetyloleandomycin, cyclosporin A, midazo-
lam, and vinblastine) were able to reduce the formation of
3-OH-Q by 90 to 95%. The concomitant formation of Q-N-OX
was only reduced by 60 to 80%. Inhibition of the N-oxidation
was ideally described by the two-site model. Table 2 lists the
K, values for 22 compounds capable of inhibiting the forma-
tion of 3-OH-Q and Q-N-OX. The following 11 compounds
did not possess any inhibitory potential toward the two re-
actions when introduced in concentrations up to 100 uM:
prednisone, prednisolone, estradiol, citalopram, desmethyl-
citalopram, dapsone, flucytosine, cocaine, metronidazole, na-
ringin, and triazolam. None of the 10 following isozyme spe-
cific inhibitors were able to inhibit either reaction, with K;
values in a range suggesting involvement of the enzymes in
question: fluvoxamine and 8-methoxypsoralen (CYP1A2);
sulfaphenazole (CYP2C9); moclobemide (CYP2C19); parox-
etine, fluoxetine, norfluoxetine and sertraline (CYP2D6); and
ethanol and diethyldithiocarbamate (CYP2E1).

At quinidine concentrations of 50 and 75 uM, as well as
150 uM, log likelihood values computed by the regression
model indicated that the Hill equation described the inhibi-
tion of the (3S)-3-hydroxylation by ketoconazole 2 to 5 times
as well as the one- or two-site models (Fig. 2). The inhibitor
concentration causing a 50% reduction in velocity of a reac-
tion (IC;,) was estimated to 0.85 and n was estimated to 3.1.

A strong statistically significant correlation was observed
between the 10 lowest K; values for inhibition of 3-OH-Q
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TABLE 1
Kinetic parameters for quinidine metabolism
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Values are estimated by nonlinear regression analysis, using one-enzyme model for (3S)-3-hydroxylation and two-enzyme model for the N-oxidation. L is ratio V. ./K,, for

low-affinity enzyme involved in N-oxidation.

3.0H-Q Q-N-0X
Liver
Vinax K, Vinax/Km Vinax K, Vinax/Km L
nmol/mg/h uM ml/mg/lh nmol/mg/h uM ml/mg/h ml/mglh
HL1 85.5 77.6 1.1 23.9 131.6 0.2 0.009
HL2 41.1 75.1 0.5 9.2 69.2 0.1 0.024
HL3 70.9 69.3 1.0 14.9 77.9 0.2 0.036
Mean 65.8 74.0 0.9 16.0 92.9 0.2 0.023
S.D. 22.6 4.3 0.3 7.4 33.8 0.1 0.014
TABLE 2 (up to 200 uM), and testosterone (up to 250 uM) on quinidine

K, values for inhibition of (3S)-3-hydroxylation and N-oxidation

Values for inhibition by 22 drugs/compounds. Values represent mean of values from
three inhibition studies.

K;
Drug/compound
3-OH-Q Q-N-OX
wM nM
Ketoconazole 0.15 0.23
Bifonazole 0.48 0.59
Itraconazole 0.49 1.0¢
Fluconazole 14.9 19.8¢
Astemizole 5.7 33.9
Terfenadine 10.1 21.6
Bromocriptine 0.8 1.6
Dihydroergotamine 1.2 1.0
Vinblastine 4.7 5.9
Vincristine 24.8 27.2
Paclitaxel 58.5% 54.8*
Nitrendipine 20.2 14.1°
Nifedipine 28.2° ¢
Felodipine 83.8° ¢
Erythromycin 28.4 35.2
Triacetyloleandomycin 2.3 2.9
Ciclosporin A 2.3 3.2
Midazolam 4.3 7.2
Gestodene 33.4 73.5
Ethinylestradiol 107.6 ¢
Naringenin 109.8 103.2°
Nefazodone 1.9 1.9
¢ K; value is mean of K; values from two inhibition studies.
b K, value from one inhibition study.
¢ No inhibition with inhibitor concentrations up to 125 uM.
Velocity |
nmol/mg/h
0 ' ¥ ' | Y
0,0 1,0 20 30 40 50

ketoconazole concentration: yM

Fig. 2. Inhibition of the (3S)-3-hydroxylation by ketoconazole at a quin-
idine concentration of 150 uM quinidine. The same pattern evolved with
quinidine concentrations of 50 and 75 uM. Curves are fitted to data by
regression analysis using the Hill equation (sigmoid curve) and one-site
inhibition kinetics.

formation versus inhibition of Q-N-OX formation (r,=.948,
p < .002 using Spearman’s rank correlation). Screening of
the influence of methylprednisolone (up to 150 uM), cortisol

metabolism revealed activation rather than inhibition of the
N-oxidation. The formation of 3-OH-Q was not altered by
these three steroids. With the above concentrations, the N-
oxidation was increased to 200% with methylprednisolone,
170% with cortisol, and 150% with testosterone. This activa-
tion was concentration dependent (Fig. 3). The CYP3A4 in
vitro activator a-naphtoflavone (Shou et al., 1994) did not
increase the velocity of either reactions.

Correlation Studies. Statistically significant correla-
tions were observed between the immunoquantified content
of CYP3A4 versus formation of both 3-OH-Q (r,=.806, p <
.01) and Q-N-OX (r,=.698, p < .02) in 12 human liver mi-
crosome preparations when the quinidine concentration was
75 uM. At 5 uM quinidine, only the 3-OH-Q formation cor-
related with the immunoquantified content of CYP3A4
(rs=.722, p < .02). Upon inhibition with ketoconazole, the
formation of 3-OH-Q did not correlate with the immuno-
quantified content of CYP1A2, -2C8, -2C9, -2D6, -2E1, and
-3A4 or with proguanil metabolism. Q-N-OX formation, how-
ever, did correlate with formation of 4-chlorophenylbigu-
anide (4-CPBG) from proguanil when 0.75 uM ketoconazole
was present (r,=.860, p < .002).

Yeast-Expressed Enzymes. At a quinidine concentration
of 75 uM, studies with 10 yeast-expressed isozymes
(CYP1A1, -1A2, -2C8, -2C9, -2C18, -2C19, -2D6, -2E1, -3A4,
and -3A5) showed that the contribution of CYP3A4 to total
(35)-3-hydroxylation was 88% (Fig. 4). This percentage in-
creased to 97% when the quinidine concentration was low-
ered to 5 uM. An important finding was the negligible 1%
catalyzed by CYP3A5. CYP3A4 was also the most active
component in Q-N-OX formation: At a quinidine concentra-
tion of 75 uM, the CYP3A4 contribution to the N-oxidation
was approximately 65%, but CYP2C9 and CYP2E1 also cat-

Quinidine-N-oxide

% of control 54, |
formation
175 4

150 4

125 4

100 ¢

[ ; t ' t '
0 50 100 150 200 250
concentration of activator: yM

Fig. 3. Activation of N-oxidation by methylprednisolone (black circle),
cortisol (white circle), and testosterone (gray circle).
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(3S)-3-HYDROXYQUINIDINE

CYP3A4: 88%

%&

QUINIDINE-N-OXIDE

CYP3A5: 5%
CYP1AZ: 3%
CYP2C8: 1%
/ CYP2C9: 10%

CYP3A4: 65%

CYP2C18: 0%
S CYP2C19: 1%
CYP2D6: 2%

CYP2E1: 13%

alyzed approximately 10% and 13%, respectively (Fig. 4). upon addition of 2.5 pug anti-CYP3A4 antibody per pmole of

CYP3A5: 1%

CYP2C9: 6%

CYP2E1: 2%

In Vitro Metabolism of Quinidine 35

Fig. 4. Contribution of different yeast-ex-
pressed CYPs to (3S)-3-hydroxylation (top)
and N-oxidation (bottom) at a quinidine
concentration of 75 uM. Chart shows per-
centage that each isozyme contributed to
overall metabolism. Content of individual
isozymes in microsomal protein is taken
into account as is detailed in Materials and
Methods.

Other isozymes catalyzed minor proportions. P-450 enzyme. As a control, preimmune serum reduced the
Immunoinhibition. These studies demonstrated that the formation of 3-OH-Q by 40% when the same final concentra-
formation of 3-OH-Q was reduced by approximately 95% tion (2.5 pg/pmol) of immunoglobulin G from preimmune
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serum was present. Studies were carried out with a quinidine
concentration of 75 uM and the results were quite similar for
the N-oxidation, with reductions by 87% and 40% when add-
ing anti-CYP3A4 antibody (2.5 pg/pmol) and preimmune se-
rum (2.5 pg immunoglobulin G/pmol), respectively.

Discussion

The data obtained leave no doubt that the (3S)-3-hy-
droxylation of quinidine is catalyzed by CYP3A4. All other
P-450 isozymes (including CYP3A5) have very low activi-
ties toward catalyzing this reaction and the results are in
line with a previous study by Zhao et al. (1996) showing
that CYP3A4 catalyzed the 3-hydroxylation of quinine (the
enantiomer of quinidine). Enzyme kinetics and inhibition
kinetics reveal the existence of one and only one enzyme
catalyzing the reaction, both when analyzed with nonlin-
ear regression and when evaluated graphically from
Eadie-Hofstee plots. Additionally, the inhibition of the
(3S)-3-hydroxylation by 90 to 95% by potent CYP3A4 in-
hibitors like ketoconazole, triacetyloleandomycin, and
itraconazole have K; values comparable with previously
reported values. The K, values are out of range of previ-
ously reported values when using isozyme-specific inhibi-
tors of other enzymes. Thus participation of these isozymes
are ruled out. The noncompetitive inhibition by gestodene
is in concordance with the inhibition mode of this mecha-
nism-based inactivator of CYP3A4 (Guengerich, 1990).
The correlation studies and studies with yeast-expressed
isozymes are also strongly addressing the importance of
CYP3A4, both at quinidine concentrations of 5 uM, which
is close to the free unbound plasma concentration of quin-
idine when used as a therapeutic agent, and at a concen-
tration of 75 uM, which is close to the K, of the (35)-3-
hydroxylation in vitro. At the latter concentration, the
studies with yeast showed a 6% contribution from
CYP2C9, which apparently is too small to influence the
kinetic or inhibition studies in such a manner that two-site
kinetics evolves. All other isozymes contribute with per-
centages that can be considered negligible. At 5 uM, the
percentages from all isozymes but CYP3A4 were negligi-
ble. Finally, CYP3A4 involvement is depicted by the reduc-
tion in the formation of 3-OH-Q by 95% upon addition of
2.5 ng anti-CYP3A4 antibody per pmole of P-450 enzyme.
This must be compared with a reduction by 40% when
using preimmune serum in the same concentration. The
results from the immunoinhibition studies cannot stand
alone, because one would not expect significant inhibition
by preimmune serum.

Neither the one- nor the two-site model gave satisfactory
descriptions of ketoconazole inhibition of the (3S5)-3-hydroxy-
lation. Rather, the data were described by the Hill equation.
Previously, CYP3A4-mediated metabolism of diazepam, afla-
toxin B1, amitriptyline, 173-estradiol, and testosterone have
been shown to comply to the Hill equation, suggesting coop-
erativity in drug metabolism (Andersson et al., 1994; Gal-
lagher et al., 1996; Schmider et al., 1996; Ueng et al., 1997).
To our knowledge, this study for the first time describes
inhibition of metabolism as sigmoid.

The N-oxidation of quinidine is catalyzed mainly by
CYP3A4, but with the participation of one or more low-
affinity isozymes catalyzing approximately 30% of the N-

Vol. 289

oxidation. Enzyme kinetics, as well as inhibition kinetics,
reveal the existence of a high- and low- affinity enzyme
catalyzing the reaction, both when analyzed with nonlinear
regression and when evaluated graphically from Eadie-Hof-
stee plots. An 80% inhibition of the N-oxidation was observed
using potent CYP3A4 inhibitors like ketoconazole, tri-
acetyloleandomycin, and itraconazole, and the correspondent
K; values were in consonance with previously reported values
when two-site inhibition kinetics were applied. The strong
statistically significant correlation between the K; values for
the 10 most potent inhibitors of the (3S)-3-hydroxylation
versus the K, values for the concomitant inhibition of the
N-oxidation emphasizes the importance of CYP3A4 toward
the latter reaction. The activation of the N-oxidation by
methylprednisolone, cortisol, and testosterone is probably
due to activation of CYP3A4, because in vitro activation of
CYP3A4 by organic compounds with appropriately placed
ketones has previously been shown by Shou et al. (1994).
Methyl-prednisolone, cortisol, and testosterone all possess a
ketone functional group and testosterone has been shown to
activate CYP3A4-catalyzed reactions (Kerlan et al., 1992). To
our knowledge, in vitro activation has only been demon-
strated for CYP3A4 substrates. The correlation studies and
studies with yeast- expressed isozymes are again addressing
the importance of CYP3A4. The reduction in the formation of
Q-N-OX by 87% upon addition of 2.5 ug anti-CYP3A4 anti-
body per pmole of enzyme also suggests CYP3A4 involve-
ment, again when compared with a 40% reduction by preim-
mune serum in the same concentration. The correlation
between formation of Q-N-OX during ketoconazole inhibition
of CYP3A4 versus formation of 4-CPBG indicates that one
low-affinity enzyme could be CYP2C19, because the metab-
olism of proguanil to 4-CPBG is catalyzed by CYP2C19
(Jeppesen et al., 1997). This finding could not be confirmed
by the incubations with yeast-expressed enzymes, suggesting
that approximately 13% of the Q-N-OX formation is attrib-
utable to CYP2E1, 10% to CYP2C9, and smaller proportions
to other enzymes (Fig. 4). This study does not identify with
sufficient evidence the low-affinity enzyme or enzymes cata-
lyzing the N-oxidation.

CYP3A4 inhibition by ketoconazole is well established. A
recent placebo-controlled study confirmed an in vivo interac-
tion between quinidine and itraconazole (Kaukonen et al.,
1997). K; values observed in this study for drugs like nefaz-
odone, vinblastine, cyclosporin A, midazolam, and flucon-
azole suggest that these drugs could alter the in vivo bio-
transformation of drugs metabolized by CYP3A4. In fact, in
vivo interactions have already been demonstrated with inhi-
bition by nefazodone (Kroboth et al., 1995), vinblastine (Zhou
et al., 1993), and fluconazole (Back and Tjia, 1991; Varhe et
al., 1996). The ability of several drugs different in size and
type to alter the in vitro metabolism of quinidine underline
the immense importance of CYP3A4 in drug metabolism and
the necessity to gain further insight into isozyme-specific
drug metabolism to avoid harmful or even fatal drug combi-
nations. Extra care should especially be taken during polyp-
harmacy with antineoplastics, immunosuppressants, some
antibiotics and antimycotics, antiarythmics, calcium antago-
nists, some antihistamines, steroids, benzodiazepines, and
some anticonvulsants.

Being a specific marker reaction for CYP3A4 activity in
human liver microsomes, the (3S)-3-hydroxylation of quini-
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dine can serve as a method to screen new drugs for their
potential to inhibit CYP3A4-catalyzed biotransformation.
The reaction can also be used for correlation studies identi-
fying other CYP3A4 substrates. Finally, the reaction might
prove useful as an in vivo marker reaction for CYP3A4 ac-
tivity. However, the existence of CYP3A4 in the gastrointes-
tinal tract should be considered (Lown et al., 1994).
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