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Introduction

Aims To predict the drug interactions of amiodarone and other drugs, the inhibitory
effects and inactivation potential for human cytochrome P450 (CYP) enzymes by
amiodarone and its N-dealkylated metabolite, desethylamiodarone were examined.
Methods The inhibition or inactivation potency of amiodarone and desethylamiodarone
for human CYP activities were investigated using microsomes from B-lymphoblastoid
cell lines expressing CYP1A1, CYP1A2, CYP2A6, CYP2B6, CYP2C9, CYP2C19,
CYP2D6, CYP2E1, and CYP3A4. The in vivo drug interactions of amiodarone and
desethylamiodarone were predicted in vitro using the 141,/K; values.

Results Amiodarone weakly inhibited CYP2C9, CYP2D6, and CYP3A4-mediated
activities with K; values of 45.1-271.6 pm. Desethylamiodarone competitively
inhibited the catalytic activities of CYP2D6 (K;=4.5 uMm) and noncompetitively
inhibited CYP2A6 (K;=13.5um), CYP2B6 (K;=5.4pm), and CYP3A4 (K=
12.1 uMm). The catalytic activities of CYP1Al (K;=1.5pMm, «=5.7), CYP1A2
(Ki=18.8 um, «=2.6), CYP2C9 (K;=2.3p™M, o=5.9), and CYP2C19 (K=
15.7 uM, a=4.5) were inhibited by desethylamiodarone with mixed type. The
1+4+1,/K; values of desethylamiodarone were higher than those of amiodarone.
Amiodarone inactivated CYP3A4, while desethylamiodarone inactivated CYP1A1,
CYP1A2, CYP2B6, and CYP2D6.

Conclusions The interactions between amiodarone and other drugs might occur via
the inhibition of CYP activities by its N-dealkylated metabolite, desethylamiodarone,
rather than by amiodarone itself. In addition, the inactivation of CYPs by
desethylamiodarone as well as by amiodarone would also contribute to the drug
interactions.

Keywords: amiodarone, cytochrome P450, desethylamiodarone, inactivation,
inhibition

often takes weeks to months to attain the desired
antiarrhythmic action without intravenous or oral loading

Amiodarone, a member of a new class of antiarrhythmic
drugs with predominantly Class III (Vaughan Williams’
classification) effects, is used for life-threatening supraven-
tricular and ventricular dysrhythmias, such as ventricular
fibrillation or haemodynamically unstable ventricular
tachycardia [1]. Amiodarone has been shown to have a
huge distribution and a correspondingly long serum
elimination half-life of 40-50 days [2—4]. Owing to the
slow onset caused by its cumulative property in tissues, it
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doses [2, 5]. It has been reported that amiodarone is mainly
metabolized to an active metabolite, desethylamiodarone
by cytochrome P450 (CYP) 3A in humans (Figure 1) [6,
7]. The blood concentration of desethylamiodarone has
been known to be comparable with that of amiodarone
[8, 9] with an elevating trough level during the first
6 months [10]. Although there are large interindividual
variations in mean values, the terminal elimination half-
life of desethylamiodarone is generally longer than that of
amiodarone after long-term oral treatment [4].

CYP consists of a superfamily of heme-containing
monooxygenases and is responsible for the oxidation of
many drugs, environmental chemicals, and endogenous
substances [11]. Three families (CYP1, CYP2, and CYP3)
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are currently thought to be responsible for most drug
metabolism. While pharmacokinetic drug interactions can
occur during the absorption, distribution, metabolism,
and elimination phases after initial administration, inter-
ference with drug metabolism by CYP appears to be the
predominant mechanism. Amiodarone has been reported
to interact with a number of other therapeutic agents
such as phenytoin [12], warfarin [13, 14], dextromethor-
phan [15], flecainide [16], and cyclosporin A [17, 18] in
some clinical situations. These drugs are substrates of
CYP2C9, CYP2D6, or CYP3A4 [19]. However, there
have been few in vitro studies in which the inhibitory
effects of amiodarone and desethylamiodarone on CYP
activities were determined [7, 20, 21].

It is well known that chemicals which possess several
common moieties such as a tertiary amine function [22,
23], turan ring [24, 25], and acetylene function [26, 27]
are metabolized by CYPs and bind to the same enzyme
covalently to form a CYP-metabolite complex and
thereby inactivate the enzyme. Since amiodarone contains
a tertiary amine and furan ring in its structure, its role as
a mechanism-based inhibitor has been postulated.
Therefore, in the current study, the inhibitory effects of
amiodarone and desethylamiodarone on each human
CYP activity was investigated. We also investigated the
possibility of an inactivation of each human CYP isoform
by amiodarone and desethylamiodarone. The purpose of
our study was to predict the in vivo drug interactions of
amiodarone from in vitro data and to understand the roles
of desethylamiodarone in the mechanism of the inhibitory
effects of amiodarone.

Methods
Chemicals

Amiodarone hydrochloride[2-butyl-3-benzofuranyl 4-[2-
(diethylamino)ethoxy]-3,5-diiodophenyl ketone hydro-
chloride] and desethylamiodarone[2-butyl-3-benzofuranyl
4-[2-(monoethylamino)ethoxy]-3,5-diiodophenyl ketone]
were kindly provided by Taisho Pharmaceutical (Tokyo,
Japan). 7-Ethoxyresorufin, 7-benzyloxyresorufin, resoru-
fin and chlorzoxazone were purchased from Sigma (St
Louis, MO). Phenacetin, acetaminophen, coumarin and
7-hydroxycoumarin were purchased from Wako Pure
Chemical Industries (Osaka, Japan). S-(—)-Warfarin,
7-hydroxywarfarin,  S-(4)-mephenytoin  (+/—)-4"-
hydroxymephenytoin (4 /—)-bufuralol hydrochloride,
1’-hydroxybufuralol =~ maleate, and  6-hydroxy-
chlorzoxazone from  Ultrafine-chemicals
(Manchester, UK). Testosterone, 68-hydroxytestosterone
and 11p-hydroxytestosterone from Steraloids
(Wilton, NH). NADP™, glucose-6-phosphate and
glucose-6-phosphate dehydrogenase were purchased from

were

were
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Figure 1 Chemical structures of amiodarone and
desethylamiodarone.

Oriental Yeast (Tokyo, Japan). Other chemicals were of
the highest grade commercially available.

Enzyme preparations

Microsomes from human B-lymphoblastoid cells express-
ing CYP1A1, CYP1A2, CYP2A6, CYP2B6, CYP2C9
(Arg), CYP2C19, CYP2D6 (Val), CYP2E1, and
CYP3A4 were obtained from Gentest (Woburn, MA).
Except for CYP1A2, CYP2B6 and CYP2C19, these
coexpressed with NADPH-cytochrome P450
reductase. The CYP contents of these microsomes were
provided in the data sheets by the manufacturer.

were

Enzyme assays

7-Ethoxyresorufin  O-dealkylase activity (EROD) in
microsomes from B-lymphoblastoid cells expressing
CYP1A1 were determined as described previously [28].
The substrate concentration was 2 uM for the determi-
nation of the ICs, values, and ranged from 100 to
1000 nm for the determination of K; values. Phenacetin
O-deethylase activity (POD) in microsomes from
B-lymphoblastoid cells expressing CYP1A2 was deter-
mined as described previously [29]. The substrate concen-
tration was 10 pm for the determination of the ICjsq
values, and ranged from 5 to 40 p.M for the determination
of the Kj values. Coumarin 7-hydroxylase activity (COH)
in microsomes from B-lymphoblastoid cells expressing
CYP2A6 was determined as described previously [30]
with slight modifications. The incubation mixture con-
tained 50 mM potassium phosphate buffer (pH 7.4), the
NADPH-generating system, 0.05 mg ml ™" microsomal
protein, with coumarin as a substrate. The substrate
concentration was 50 um for the determination of the
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IC50 values, and ranged from 1 to 10 pm for the
determination of the K; values. The reaction was initiated
by the addition of the NADPH-generating system,
following a 2 min preincubation at 37° C. After incu-
bation for 10 min, the reaction was terminated by adding
10 pl of ice-cold 60% perchloric acid. After removal of
protein by centrifugation at 10 000 rev min "~ for 5 min,
a 20 pl portion of the supernatant was injected into a
h.p.Lc. system. The mobile phase for COH was 45%
CH;CN, 20 mm NaClO4 (pH 2.5). The flow rate was
0.7 ml min~ ' and the column temperature was 35° C.
The formed product was detected fluorometrically (exci-
tation: 338 nm, emission: 458 nm), and the quantification
of 7-hydroxycoumarin was performed by comparing the
h.pl.c. peak heights with those of an authentic standard.
7-Benzyloxyresorufin O-dealkylase activity (BROD) in
microsomes from B-lymphoblastoid cells expressing
CYP2B6 was determined as described previously [28].
The substrate concentration was 2 uM for the determi-
nation of the I1Csq values, and ranged from 0.5 to 4 um
for the determination of the K, values. S-Warfarin
7-hydroxylase activity (S-WFOH) in microsomes from
B-lymphoblastoid cells expressing CYP2C9 was deter-
mined as described previously [31]. The substrate concen-
tration was 10 um for the determination of the I1Cs
values, and ranged from 1 to 10 pMm for the determination
of the K] values. S-Mephenytoin 4’-hydroxylase activity
(S-MPOH) in microsomes from B-lymphoblastoid cells
expressing CYP2C19 was determined as described pre-
viously [32]. The substrate concentration was 100 p.m for
the determination of the 1Cs, values, and ranged from
50 to 500 um for the determination of the K values.
Bufuralol 1'-hydroxylase activity (BFOH) in microsomes
from B-lymphoblastoid cells expressing CYP2D6 was
determined as described previously [28]. The substrate
concentration was 1 uM for the determination of the ICj
values, and ranged from 0.5 to 10 pm for the determi-
nation of the K; values. Chlorzoxazone 6-hydroxylase
activity (CZXOH) in microsomes from B-lymphoblastoid
cells expressing CYP2E1 was determined as described
previously [33]. The substrate concentration was 50 um
for the determination of the ICjs, values. Testosterone
6p-hydroxylase activity (TESOH) in microsomes from
B-lymphoblastoid cells expressing CYP3A4 was deter-
mined as described previously [34]. The substrate concen-
tration was 100 um for the determination of the 1Cjs,
values, and ranged from 25 to 200 pM for the determi-
nation of the Kj values. For the determination of the K;
values toward various CYP enzymes, the ranges of
amiodarone and desethylamiodarone concentrations were
0-200 pm and 0-30 uM, respectively.

With the exception of 7-ethoxyresorufin and
7-benzyloxyresorufin, which were dissolved in dimethyl
sulfoxide, the substrates and inhibitors were dissolved in
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methanol so that the final concentration of solvent in the
incubation mixture was < 1%.

H.p.l.c. analysis

H.p.l.c. analyses were performed using an L-7100 pump
(Hitachi), L-7400 UV detector (Hitachi), F-1080 fluo-
rescence detector, L-7200 autosampler (Hitachi), L-7500
integrator (Hitachi), and 865-CO column oven (Jasco,
Tokyo, Japan) equipped with a Capcell Pak C;g3 UG120
(4.6 x 250 mm; 4 pm) column (Shiseido, Tokyo, Japan).

Mechanism-based inactivation of human CYPs

Microsomes from B-lymphoblastoid cells expressing
human CYP were preincubated at 37° C for the
inactivation of CYP activities with various concentrations
of amiodarone or desethylamiodarone in the presence of
the NADPH-generating system (NADPH for CYP1A1
and CYP2B6). The preincubation time was 10, 20, and
30 min for EROD, BROD, POD and S-WFOH and 5,
10, 15, and 20 min for COH, S-MPOH, BFOH, and
2.5, 5, 7.5, and 10 min for TESOH, respectively. After
the preincubation, typical substrates were added and the
corresponding marker activities were measured according
to the method described in the previous section. The
incubation time was modified to 10 min for BROD,
15 min for POD, S-WFOH, and S-MPOH, 3 min for
BFOH, respectively.

Data analysis

The ICs5, values were determined by a nonlinear
regression analysis. For the determination of the type of
inhibition, the Lineweaver-Burk plot and Dixon plot
were adopted [35], and then the kinetic parameters were
determined by a nonlinear regression analysis using a
computer program (K.cat, BioMetallics, Princeton, NJ).

For the determination of Kj,,. values (maximum rate
constant for inactivation) and Kj values (dissociation
constant for the enzyme-inactivator), linear regression
analysis was used to determine the K, values (initial
rate constants of inactivation) [36]. The K, values were
obtained as slopes of an initial linear phase plotting
logarithm of the remaining activity against the preincu-
bation time. The Kj,,.. and Kj values were determined
by a nonlinear regression analysis using a computer
program of KaleidaGraph (Synergy Software, Reading,
PA). All data were analysed using the mean of duplicate
determinations.

Prediction of drug interactions at clinical doses from in vitro
data

If an enzyme reaction proceeds with a single enzyme and
it is inhibited competitively or noncompetitively by other
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Figure 2 Inhibitory effects of amiodarone (O) and desethylamiodarone (@) on human CYP activities. (a) EROD by recombinant
CYP1A1 was determined at a 7-ethoxyresorufin concentration of 2 um. The control activity was 10.8 pmol min~ ' pmor1 CYP. (b)
POD by recombinant CYP1A2 was determined at a phenacetin concentration of 10 um. The control activity was

0.5 pmol min ' pm0171 CYP. (c) COH by recombinant CYP2A6 was determined at a coumarin concentration of 50 um. The control
activity was 6.7 pmol min~' pm0171 CYP. (d) BROD by recombinant CYP2B6 was determined at a 7-benzyloxyresorufin
concentration of 2 um. The control activity was 0.4 pmol min ' pmoli1 CYP. (e) SSWFOH by recombinant CYP2C9 was
determined at a S-warfarin concentration of 10 um. The control activity was 0.05 pmol min ' pn10171 CYP. (f) S-MPOH by
recombinant CYP2C19 was determined at a S-mephenytoin concentration of 100 pum. The control activity was

1.3 pmol min ' pm0171 CYP. (g) BFOH by recombinant CYP2D6 was determined at a bufuralol concentration of 1 um. The control
activity was 1.3 pmol min ' pm0171 CYP. (h) CZXOH by recombinant CYP2E1 was determined at a chlorzoxazone concentration of
50 uM. The control activity was 2.0 pmol min ' pmor1 CYP. (I) TESOH by recombinant CYP3A4 was determined at a testosterone
concentration of 100 uM. The control activity was 13.5 pmol min~" pmor1 CYP. Each data point represents the mean of duplicate
determinations. The ICs, values of amiodarone (AMD) and desethylamiodarone (DEA) are shown as pM.

drugs, when the substrate concentration is much lower
the K,,, the change of the intrinsic clearance (CLj,) is
expressed by the following equation [37]:

CL;,¢ (+1inhibitor)/CL;,, (—inhibitor)=1/(1 +1,/K;)

where I, is the unbound concentrations of inhibitor
and K; is the inhibition constant. In the present study,
the changes of the CL;, caused by amiodarone or

© 2000 Blackwell Science Ltd Br | Clin Pharmacol, 49, 244-253

desethylamiodarone were predicted using the unbound
concentrations in plasma or unbound concentrations in
the liver estimated by plasma binding ratio of amiodarone
(96%) [38]. Since the tissue binding of amiodarone
and desethylamiodarone and the plasma binding of
desethylamiodarone have not been reported, we assumed
that these are the same as the plasma binding of
amiodarone.
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Results

Inhibition of human CYP activities by amiodarone and
desethylamiodarone

Using microsomes from human B-lymphoblastoid cells
expressing each CYP isoform, the inhibitory effects of
amiodarone and desethylamiodarone on human CYP
activities were examined. As shown in Figure 2, amioda-
rone showed weak inhibition against all CYP activities
examined in the present study. The ICs, values were
54 um for CYP2D6, 57 um for CYP2A6, 78 um for
CYP2C9, and >100 um for the other activities. In
contrast, the inhibitory effects of desethylamiodarone on
each CYP activity were stronger than amiodarone. The
IC5y values were 4.5um for CYP2D6, 4.9 um for
CYP2B6, 5.5 um for CYP2C9, 5.6 um for CYP1A1,
9.4 um for CYP2A6, 14 um for CYP1A2, 17 pm for
CYP3A4, and 19 um for CYP2C19. The inhibition of
CYP2E1 by desethylamiodarone was relatively weak
(IC50>100 um).

As the ICjs value varies with the substrate concen-
tration, we next determined the K; values, which is a
better parameter to define the interaction of an inhibitor
with a particular enzyme in an inhibition study. Since it
has been reported that amiodarone interacts with drugs
which are substrates for CYP2C9, CYP2D6, and
CYP3A4 such as phenytoin, S-warfarin, flecainide and
cyclosporin A [12—18], the K; values of amiodarone for
S-WFOH, BFOH, and TESOH were determined. S-
WFOH catalysed by CYP2C9 was noncompetitively
inhibited by amiodarone with the K values of 94.6 um
(Table 1). BFOH catalysed by CYP2D6 was inhibited
with the mixed type of competitive and noncompetitive
components (Table 1) and the K value was 45.1 pm (a=

1.8). TESOH catalysed by CYP3A4 was noncompeti-
tively inhibited by amiodarone (K;=271.6 um).

The K; values of desethylamiodarone for each CYP
isoform-specific activity except CYP2E1 were determined
(Table 1). The inhibitory pattern of desethylamiodarone
for EROD catalysed by CYP1A1 exhibited the mixed
type of competitive and noncompetitive components
with a K value of 1.5 pum (2=5.7). POD catalysed by
CYP1A2 was also inhibited by desethylamiodarone with
mixed type inhibition and a with K value of 18.8 um
(x=2.6). COH catalysed by CYP2A6 and BROD
catalysed by CYP2B6 showed noncompetitive inhibition
by desethylamiodarone, with K; values of 13.5 um and
5.4 pM, respectively. The inhibition of S-WFOH cata-
lysed by CYP2C9 and S-MPOH catalysed by CYP2C19
was of mixed type with K; values of 2.3 pm («=5.9) and
15.7 um  (2=4.5), respectively. BFOH catalysed by
CYP2D6 was competitively inhibited by desethylamioda-
rone (K value =4.5 um). TESOH catalysed by CYP3A4
was noncompetitively inhibited by desethylamiodarone
with K] value of 12.1 pm.

Mechanism-based inactivation of human CYP enzymes by
amiodarone and desethylamiodarone

Amiodarone inhibited TESOH catalysed by CYP3A4
with NADPH-, in a time-and concentration-dependent
manner (Table 2). The K, value was 0.06 minil, and
the Kj value was 13.4 pm. In contrast, amiodarone did
not inactivate BFOH catalysed by CYP2D6 (Table 2).
EROD catalysed by CYP1A1 was inactivated by desethyl-
amiodarone with a Kj,,. value of 0.03 min~ ', and a K;
value of 1.0 um (Table 2). Desethylamiodarone inactivated
CYP1A2 activity with a Ki,,. value of 0.03 min~ ', and

Table 1 Inhibitory types and kinetic constants of amiodarone and desethylamiodarone for human CYP activities.*.

K., K; Vs
Inhibitor] Lsoform Activity Inhibitory type (um) (um) (pmol min' pmol' CYP)
AMD CYP2C9 S-WFOH non-competitive 2.7+0.4 94.6 +15.4 0.084 +0.004
CYP2D6 BFOH mixed («f=1.8) 3.340.6 45.1+14.7 34402
CYP3A4 TESOH non-competitive 60.6 +15.1 271.6+72.1 143+1.8
DEA CYP1A1 EROD mixed («=5.7) 0.061 +0.005 1.54+0.2 28.940.5
CYP1A2 POD mixed (2=2.6) 29.9+4.6 18.8+4.3 2540.2
CYP2A6 COH non-competitive 09+0.1 13.5+2.6 43+0.1
CYP2B6 BROD non-competitive 1.34+0.04 5.4+0.3 0.5940.01
CYP2C9 S-WFOH mixed (2=5.9) 27403 2.340.5 0.061+0.002
CYP2C19 S-MPOH mixed (2=4.5) 429+4.2 15.7+4.6 2.540.1
CYP2D6 BFOH competitive 3.0+0.2 45+2.6 3.940.3
CYP3A4 TESOH non-competitive 33.7+18.9 12.1+3.2 16.4+2.8

*Data generated by non-linear regression analysis are expressed as mean +s.e.mean of duplicate determinations.
YAmiodarone (AMD) and desethylamiodarone (DEA) ranged from 0—200 pm and 0-30 pM, respectively.

Fo: The factor by which K,, changes when inhibitor occupies the enzyme.
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Figure 3 Mechanism-based inactivation of CYP2D6 by
desethylamiodarone. The recombinant CYP2D6 was
preincubated with 0 pm (O), 0.5 um (@), 1 pm (0J), and 2 um
(M) desethylamiodarone for 0, 5, 10, 15, and 20 min at 37 °C in
the presence of an NADPH-generating system. After
preincubation, bufuralol was added to the reaction mixture and
BFOH was determined.

a Ky value of 11.6 um. BROD catalysed by CYP2B6 was
inactivated by desethylamiodarone with a K, value of
0.02 min~ ', and a K; value of 0.6 um. Especially,
desethylamiodarone exhibited potent inactivation of
BFOH by CYP2D6 (Figure 3). The K, value was
0.12 minil, and the Kj value was 1.3 um. CYP2AS6,
CYP2C9, CYP2C19, and CYP3A4 activities were not
inactivated by desethylamiodarone.

Predicted changes of the clearance of the coadministered drugs
by amiodarone and desethylamiodarone from in vitro data

To predict the possibility of drug interactions via a
metabolic pathway between amiodarone and other drugs,

Table 2 Inactivation constants for amiodarone and
desethylamiodarone of human CYP activities.*.

Kirer Kli

Inactivator] Lsoform Activity (min~") (u™m)
AHD CYP3A4 TESOH 0.06 13.4
DEA CYP1A1 EROD 0.03 1.0
CYP1A2 POD 0.03 11.6

CYP2B6 BROD 0.02 0.6

CYP2D6 BFOH 0.12 1.3

*AMD did not inactivate BFOH by CYP2D6.

DEA did not inactivate COH by CYP2A6, S-WFOH by CYP2C9,
S-MPOH by CYP2C19, and TESOH by CYP3A4.

YAMD ranged from 0-150 pm for TESOH by CYP3A4.

DEA ranged from 0-5 pm for EROD by CYP1A1, 0-40 um for
POD by CYP1A2, 0-5 um for BROD by CYP2B6, and 0-2 pm for
BFOH by CYP2D6, respectively.

TKipace: Maximum rate constant for inactivation.

1K;: Dissociation constant for the enzyme-inactivator.

© 2000 Blackwell Science Ltd Br | Clin Pharmacol, 49, 244-253
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the values of 141,/K; were calculated using I, in plasma
or I, in liver estimated by plasma binding ratio and the
K; values shown in Table 1. The concentrations of
amiodarone and desethylamiodarone in plasma were
reported to range between 0.9-3.6 um (0.6—-2.3 mg 171)
and 0.6-5.7 um (0.4-3.5 mg 1~ "), respectively, in post-
mortem samples [39]. The plasma binding ratio of
amiodarone was reported to be 96% [38]. Therefore, the
I, values in plasma of amiodarone and desethylamiodarone
were calculated to be 0.04-0.14 um and 0.03—0.23 umMm,
respectively. As the K values of amiodarone for S-
WFOH catalysed by CYP2C9, BFOH catalysed by
CYP2D6, and TESOH catalysed by CYP3A4 were
determined to be 94.6 um, 45.1 pm, and 271.6 um,
respectively (Table 1), the 141,/K; values using [, in
plasma for CYP2C9, CYP2D6, and CYP3A4 were
calculated as 1.00 (Table 3). Similarly, the 1 +1,/K; values
were calculated using I, in plasma and the K; values of
desethylamiodarone as follows: CYP1A1 (1.02-1.15),
CYP1A2 (1.00-1.01), CYP2A6 (1.00-1.02), CYP2B6
(1.00-1.04), CYP2C9 (1.01-1.10), CYP2C19 (1.00—
1.01), CYP2D6 (1.01-1.05), and CYP3A4 (1.00-1.02).

The concentrations of amiodarone and desethylamioda-
rone in liver were reported to range between
7.1-1379.2 um (4.6-890 mg kg~ ') and 15.4-10530.2 um
(9.5-6500 mg kg '), respectively, in postmortem samples
[39]. In another study [40], the concentrations of
amiodarone and desethylamiodarone in liver were
reported to be 1580.6 um (1020 mg kgil) and 8181.2 um
(5050 mg kgil), respectively, with biopsy samples from
patients treated chronically with amiodarone. According
to the treatment duration and the maintenance dose, the
hepatic levels of amiodarone and desethylamiodarone
showed large interindividual difference. The unbound
drug concentrations in liver were estimated by plasma
binding ratio. Therefore, the I, values in liver of
amiodarone and desethylamiodarone were estimated to
range between 0.3—63.2 um and 0.6—421.2 pM, respect-
ively. The 1+1,/K; values using I, in liver and the K;
values of amiodarone for CYP2C9, CYP2D6, and
CYP3A4 were calculated as 1.00-1.67, 1.01-2.40, and
1.00—1.23, respectively (Table 3). Similarly, the 141,/K;
values were calculated using I, in plasma and the K
values of desethylamiodarone as follows: CYP1Al
(1.4-281), CYP1A2 (1.0-23.4), CYP2A6 (1.0-32.2),
CYP2B6 (1.1-79.0), CYP2C9 (1.3-184), CYP2C19
(1.0-27.9), CYP2D6 (1.1-94.6), and CYP3A4
(1.1-35.8).

Discussion

Amiodarone, a drug used clinically for the treatment
of life-threatening supraventricular and ventricular
dysrhythmias, is generally administered in combination
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Table 3 Predicted changes of the

Plasma Liver clearance of coadministered drugs by
amiodarone and desethylamiodarone
AMD (n=7) DEA (n=4) AMD mw=18) DEA (n=15) from in vitro data.
0.094+0.04 0.14+0.08 11.8+18.6 73.1+129
IL* (um) 0.04-0.14)  (0.03-0.23) (0.3-63.2) (0.6-420)
1+1/K CYP1A1 1.09+0.06 49.9+85.7
(1.02-1.15) (1.4-281)
CYP1A2 1.01+0.00 4.9+6.8
(1.00-1.01) (1.0-23.4)
CYP2A6 1.01+£0.01 6.4+9.5
(1.00~1.04) (1.0-32.2)
CYP2B6 1.03+0.02 14.6 +£23.8
(1.00-1.04) (1.1-79.0)
CYP2C9 1.00+0.00 1.06 +0.04 1.1240.20 329+559
(1.00) (1.01-1.10) (1.00-1.67) (1.3-184)
CYP2C19 1.01+£0.01 5.7+8.2
(1.00-1.01) (1.0-27.9)
CYP2D6 1.0040.00 1.03+0.02 1.26+0.41 17.3+28.6
(1.00) (1.01-1.05) (1.01-2.40) (1.1-94.6)
CYP3A4 1.004+0.00 1.01+0.01 1.04+0.07 71+7.1
(1.00) (1.00-1.02) (1.00-1.23) (1.1-35.8)

Data are expressed as mean +s.d. (range).

The concentrations of amiodarone and desethylamiodarone in the plasma or liver were quoted

from the reports by Berger ef al. [39] and Latini et al. [40].

I[,*: Unbound concentrations were estimated by plasma binding ratio (96%) [38] and the actual

concentrations in plasma or liver.

with other drugs. Coadministration of a number of drugs
often causes drug interactions leading to severe side-effects
[41]. One of the most important mechanisms of drug
interactions 1is the inhibition of hepatic metabolism
catalysed by CYP(s). Drug metabolism catalysed by CYP(s)
can be inhibited by any of the following three mechanisms.
The first is competitive inhibition caused by coadminis-
tration of drugs metabolized by the same CYP isoform.
The second is the inactivation of CYP by the metabolite
of a drug which covalently binds to the enzyme to form a
complex with CYP, leading to irreversible inhibition [36].
In this case, as a drug has to be metabolically activated by
an enzyme and covalently binds to the same enzyme,
inactivation affects only the CYP isoform that is involved
in the drug metabolism. The third is inhibition by the
binding of imidazole or a hydrazine group to the heme
portion of CYP and this causes mainly nonspecific
inhibition of many CYP isoforms [42]. In the present
study, the first two inhibitory mechanisms of amiodarone
and desethylamiodarone were investigated.

Owing to the high lipophilicity, amiodarone is
extensively distributed into tissues during long-term
therapy [39]. In humans, amiodarone 1is principally
metabolized to desethylamiodarone [7, 39]. Liver is
known as a tissue where amiodarone and desethylamioda-
rone are highly accumulated [39]. The concentration of
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desethylamiodarone in the liver is higher than that of
amiodarone in humans [39]. In addition, it has been
reported that the concentrations of amiodarone and
desethylamiodarone in the liver are two or three orders
of magnitude higher than those in plasma or blood [39].
Previous reports showed that amiodarone interacts with
a number of drugs metabolized by CYP2C9, CYP2D6,
and CYP3A4 [12-18]. Therefore, we investigated the
inhibitory effects of amiodarone and desethylamiodarone
on human CYP activities including these isoforms, since
the inhibition of CYP would be responsible for the
mechanism of the drug interactions.

The major metabolic pathway of amiodarone, N-
deethylation to desethylamiodarone, has been reported to
be catalysed by CYP3A with a K, value of
0.334+0.11 mm in human liver microsomes [7]. In the
previous report [7], it was shown that amiodarone
competitively inhibited nifedipine metabolism catalysed
by CYP3A4 with a K| value of ~0.57 mm in human
liver microsomes. However, we obtained the result that
amiodarone noncompetitively inhibited TESOH with a
K; value of 271.6 um in recombinant CYP3A4 from
human B-lymphoblastoid cells (Table 1). Although the
reason for the inconsistency in the inhibition manner of
amiodarone is unknown, it might be due to a difference
in the substrate, source of enzyme and/or CYP3A4
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properties. In another study [20], amiodarone was
reported to inhibit phenytoin hydroxylation (CYP2C9)
in human liver microsomes (IC50=25 pm), but
not bufuralol hydroxylation (CYP2D6) and felodipine
oxidation (CYP3A4)
(IC50>100 pm).  Furthermore, Jaruratanasirikul &
Hortiwakul [21] reported that dextromethorphan O-
demethylation (CYP2D6) was inhibited by amiodarone
and desethylamiodarone with K values of 52.7 um and
34.4 um, respectively. The results in our inhibition study
with amiodarone toward CYP2C9, CYP2D6, and
CYP3A4 were similar to those of these previous studies,
in terms of the weak inhibitory effects. It has been
suggested that desethylamiodarone exhibited a stronger
inhibition of CYP2D6 activity than did amiodarone [21].
In the present study, we showed that desethylamiodarone
inhibit other CYP activities such as CYP1A1, CYP1A2,
CYP2A6, CYP2B6, and CYP2C19 with more potent
effects than amiodarone.

in human liver microsomes

The possibility of amiodarone and desethylamiodarone
as mechanism-based inactivators of human CYP was
determined, since these contain structures of a tertiary
amine and a furan ring, which are reported to bind with
CYP covalently after metabolism by the CYP [22-27].
Previously, Larrey et al. [43] reported that amiodarone
administered to rats, mice, and hamsters formed an
inactive CYP Fe(Il)-metabolite complex in vivo, leading
to irreversible inactivation of the enzyme. However, it
was not determined whether the N-deethylated metab-
olites of amiodarone are further activated by CYP
enzymes to form active metabolites that inhibit CYP-
dependent drug oxidations in humans. Therefore, we
also examined the inactivation of each CYP isoform by
amiodarone and desethylamiodarone. The inactivation
kinetics of human CYP isoforms by typical mechanism-
based inactivators have been reported previously. For
example, L-754,394, an HIV-1 protease inhibitor, has
been reported to inactivate TESOH catalysed by CYP3A4
with a Kj,,. value of 1.62 min~ ' and Kj value of 7.5 um
[44]. It has been reported that furafylline inactivated R-
warfarin 6-hydroxylation catalysed by CYP1A2 with the
Kipaee value of 0.87 min~ ' and K; value of 23 um [45],
and that gestodene inactivated nifedipine oxidation
catalysed by CYP3A4 with a Kj,,. value of 0.39 min~ "
and K value of 46 um [26]. In addition, erythromycin
has also been reported to inactivate midazolam metabolism
via CYP3A4 with a Kj,,. value of 0.064 min~ " and K;
value of 19 pMm for a-hydroxylation pathway and K.,
value of 0.058 min~ ' and K; value of 22 um for
4-hydroxylation pathway [Sugiyama et al. unpublished
data]. The K, values of amiodarone and desethylamiod-
arone for several CYP activities obtained in this study
were comparable with those of previous reports.
Therefore, it was suggested that amiodarone and desethyl-
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amiodarone would be potent mechanism-based inacti-
vators of human CYPs. This type of interaction requires
more attention than the common type of inhibition,
because the inhibitory effects remain after the elimination
of the inhibitor from blood and tissue. The terminal
elimination half lives of amiodarone and desethylamioda-
rone after long-term oral treatment are approximately
40 days or longer [3, 4]. Therefore, the inactivation in
addition to the common inhibition might cause severe
drug interactions.

When we discuss drug interactions via the inhibition
of CYP activities using the value of 14+1,/K;, I, should
be the unbound concentration of the inhibitor around
the CYP enzyme in liver. However, it is impossible to
measure directly this in vivo. Many drugs are transported
into the liver by passive diftfusion, allowing one to assume
that the unbound concentration in liver equals that in
plasma. This means that the estimation using the unbound
concentration in plasma may be proper for some drugs,
although this assumption is not valid exactly. Firstly, the
unbound amiodarone and desethylamiodarone concen-
trations in plasma were adopted to calculate the 1 +1,/K;,
values in the present study. On the other hand, in the
case of drugs which are actively transported into the
liver, the unbound concentration in liver may be higher
than that in plasma. Since amiodarone and desethylamiod-
arone are highly accumulative in liver, the possibility that
these are actively transported into the liver would be
implied. Therefore, the unbound concentrations in liver
estimated using the plasma binding ratio (96%) were
adopted to calculate the 1+1,/K;, values. As expected,
the 1+1,/K;, values using I, in liver were higher than
those using I, in plasma.

In an in vivo study, it has been reported that cyclosporin
clearance was decreased by more than 2-fold after the
amiodarone therapy in a heart transplant patient [17]. In
addition, it has been also reported that the clearances of
phenytoin [12] and theophylline [46] were decreased by
approximately 1.3-fold and 1.2-1.9-fold, respectively,
with coadministration of amiodarone. These changes of
in vivo clearance are higher than the 141,/K;, values
using I, in plasma. Accordingly, it was suspected that the
unbound concentrations of amiodarone and desethylami-
odarone are higher than those in plasma. Furthermore,
the possibility of interactions of amiodarone with other
drugs metabolized by CYP2A6, CYP2B6, and CYP2C19
was also suggested from the inhibition data by dese-
thylamiodarone.

In conclusion, it was shown that desethylamiodarone,
a major metabolite of amiodarone, exhibited more potent
inhibitory effects on human CYP activities than did
amiodarone. Accordingly, it is suggested that the drug
interactions of amiodarone might be caused by inhibition
of the metabolic pathway via CYP by desethylamiodarone.
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