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ABSTRACT:

Tolterodine, a new muscarinic receptor antagonist, is metabolized
via two pathways: oxidation of the 5-methyl group and dealkylation
of the nitrogen. In an attempt to identify the specific cytochrome
P450 enzymes involved in the metabolic pathway, tolterodine was
incubated with microsomes from 10 different human liver samples
where various cytochrome P450 activities had been rank ordered.
Strong correlation was found between the formation of the 5-hy-
droxymethyl metabolite of tolterodine (5-HM) and CYP2D6 activity
(%, 0.87), as well as between the formation of N-dealkylated
tolterodine and CYP3A activity (r?, 0.97). When tolterodine was
incubated with human liver microsomes in the presence of com-
pounds known to interact with different P450 isoforms, quinidine
was found to be the strongest inhibitor of the formation of 5-HM.

Ketoconazole and troleandomycin were found to be the strongest
inhibitors of the formation of N-dealkylated tolterodine. A weak
inhibitory effect on the formation of N-dealkylated tolterodine was
found with sulfaphenazole, whereas tranylcypromine did not inhibit
the formation of this metabolite. Microsomes from cells overex-
pressing CYP2D6 formed 5-HM, whereas N-dealkylated tolterod-
ine was formed by microsomes expressing CYP2C9, -2C19, and
-3A4. The K,,, for formation of N-dealkylated tolterodine by CYP3A4
was similar to that obtained in human liver microsomes and higher
for CYP2C9 and -2C19. We conclude from these studies that the
formation of 5-HM is catalyzed by CYP2D6 and that the formation
of N-dealkylated tolterodine is predominantly catalyzed by CYP3A
isoenzymes in human liver microsomes.

Tolterodine [(R)-N,N-diisopropyl-3-(2-hydroxy-5-methylphenyl)-
phenylpropanamine] is a new muscarinic receptor antagonist specif-
ically developed for the treatment of urinary urge incontinence and
other symptoms associated with overactive bladder (Nilveletat,
1997). Following oral administration, tolterodine is rapidly absorbed
from the gastrointestinal tract and exhibits extensive first-pass metab-
olism. Metabolites are formed via two pathways: oxidation of the

5-methyl group to a 5-hydroxymethyl derivative (5-F)M(PNU-

200577; labcode DD 01) and dealkylation of the nitrogen (fig. 1). In
humans, about 80% of an administered oral dose of tolterodine is
excreted in the urine, the main metabolites being the 5-carboxylic
acids of tolterodineN-dealkylated tolterodine, and their glucuronide

Tolterodine

CYP2D6 l l

conjugates. Less than 1% of the parent compound is excreted uns, s

changed (Brynnet al., 1997).

In a previous study in healthy volunteers, one subject showed
notably lower systemic clearance than the overall average. This dis-
similarity was probably due to differences in metabolic capacity
1997). However, the specific P450 enzymes involved

(Brynneet al.,

N-dealkylated 5-HM

5-HM

in the metabolism of tolterodine have not been identified. Such

and genetic variations in drug metabolism. In this study, we per-
formed experiments in which the formation of metabolites of tolter§l0S0mes. We also used inhibitors and isoenzymes expressed using

dine was correlated with marker P450 activities in human liver n{gcomblnant technology to determine the individual enzymes in-

' Abbreviations used are: P450, cytochrome P450; 5-HM, 5-hydroxymethyl
metabolite of tolterodine; HPLC, high pressure liquid chromatography; CI, intrin-
sic clearance (V,,.,/K,,); V, rate of metabolite formation.
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volved in the metabolism of tolterodine.

Materials and Methods

Chemicals.[*C]Tolterodine 4.2 and 0.85 MBg/mg, 5-HMR}-N,N-diiso-
propyl-3-(2-hydroxy-5-hydroxymethylphenyl)-phenylpropanamingyl-deal-

kylated tolterodine, antl-dealkylated 5-HM were synthesized at Pharmacia &

Upjohn AB (Uppsala, SwedenB-NADPH was obtained from Merck KGaA
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) . . . . .~ Fe. 1. Main metabolic pathways of tolterodine in human liver microsomes.
knowledge is of great importance to predict potential drug interactions
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tranylcypromine, and troleandomycin were obtained from Sigma. Ketocon- 8000-
azole was kindly provided by the Janssen Research Foundation (Beerse, Tolterodine
Belgium). All other chemicals were of high purity and were obtained from \
usual commercial sources.

Human Liver Microsomes. A HepatoScreen test kit with 10 different 6000+
human liver microsomal samples was obtained from Human Biologics, Incg
(Phoenix, AZ) and used in correlation experiments. Four of the samples Weé
from males. The microsomes had been characterized with respect to t&e 5-HM
following enzyme activities: 7-ethoxyresorufid-dealkylation (CYP1A), caf- 2 4000 \
feine 3-demethylation (CYP1A2), coumarin 7-hydroxylation (CYP2A6), tol-
butamide methyl-hydroxylation (CYP2C9%-mephenytoin 4-hydroxylation
(CYP2C19), dextromethorpha®-demethylation (CYP2D6), chlorzoxazone
6-hydroxylation (CYP2EL), testosterongg-8ydroxylation (CYP3A), lauric 2000+
acid 11-hydroxylation (CYP2E1) and lauric acid 12-hydroxylation (CYP4A),
benzphetaminé-demethylation (unknown), and total P450 content. Pooled
human liver microsomes were obtained from XenoTech LLC (Kansas City,

N-dealkylated
tolterodine

Radioact

N-dealkylated 5-HM
\

. L o ) 0
KS) and used in enzyme kinetic and_lnhlbmon experlmgnts. 0 5 10 15 20 25 30
Overexpressed P450 Isoenzymellicrosomes containing expressed P450 ) .
isoforms from human lymphoblast cells (CYP1A1 and -1A2) or insect cells Time (min)
(CYP2C8, -2C9-Arg, -2C19, -2D6, and -3A4) and nontransfected cells Wegg; 2. A representative radiochromatogram from incubation of tolterodine with
purchased from Gentest (Woburn, MA). human liver microsomes.

Incubation Conditions. All incubations with liver microsomes were car-
ried out at a protein concentration corresponding to 1 mg/ml in 100 mM i . d lati fficient ina i . d
potassium phosphate buffer (pH 7.4) and 1 BWADPH at 37°C. In the nonlinear regression and correlation coefficients using linear regression an

: . L . . GraphPad Prism software.
experiments measuring the enzyme kinetics, 5-2BDtolterodine was incu-
bated in a final volume of 25@l for 15 min. In correlation experiments, the
HepatoScreen test kit was incubated at @80 concentration in a final volume Results

of 1 ml for 30 min. Inhibition experiments were carried out at tolterodine . e . .
) . Metabolite Identification. Human liver microsomes converted
concentrations equal to the appardfy, for formation of 5-HM andN-

dealkylated tolterodine (7 and €M, respectively) in a final volume of 1 ml [1.4C]tolter0d|ne into several product§ in the presenc@MADRH.

for 15 min. The different inhibitors were dissolved in methanol and then addet§: 2 Shows a representative radiochromatogram containing four
in 10 1l (1% viv final concentration) to the microsomes (&0of methanol Major peaks at retention times of 11.5, 14, 23, and 26 min. The
was used in control experiments):Naphthoflavone, sulfaphenazole, tranylidentity of the metabolites was confirmed by comparison with the
cypromine, and troleandomycin were added at a final concentration of 1, i&tention times and product-ion mass spectra, obtained by collision-
and 50uM, quinidine at 0.1, 1, and 1@M (5-HM) or at 1, 10, and 5uM  induced dissociation of protonated molecular ions ([M¥MN]of
(N-dealkylated tolterodine), and ketoconazole at 0.01, 0.1, aubl.lincuba-  synthesized reference standards (data not shoWrpealkylated
tions containing troleandomycin were preincubated with microsomes and_14\ (retention time, 11.5 min) had a [MH]* ion atm/z300, 5-HM

mM B-NADPH for 15 min before addition of tolterodine. All other SUbStanceﬁetention time, 14 min) am/z 342, andN-dealkylated tolterodine

tESte.d for inhibition were added just before.tolterodlne. getention time, 23 min) an/z284. The peak at 26 min corresponded
Microsomes containing expressed P450 isoforms from human lymphoblast .
to Intact “Cltolterodine.

cells or insect cells (20 pmol, respectively) were incubated withuM A . .
tolterodine, 100 mM potassium phosphate buffer (pH 7.4) and 1 mM Enzyme Kinetics. Pooled human liver microsomes were used to
B-NADPH in a final volume of 25Qul at 37°C for 20 min. Microsomes from calculate the appareit,, Vi,,,, andCl; values, which are shown in
nontransfected cells were used as controls. In enzyme kinetic experimdiagle 1. Fig. 3 shows Eadie-Hofstee plots for the formation of 5-HM
incubations were performed as described above with 10+20@olterodine. andN-dealkylated tolterodine. Plots for both metabolites were linear,
Under the conditions used, the formation of tolterodine metabolites waglicating the involvement of single P450 isoforms in the reactions.
linear with respect to incubation time and protein concentrations. Correlation Experiment. Tolterodine was incubated with ten dif-

The reactions were terminated by addition of acetone (1:1 v/v) and storegidbnt human liver microsomal samples, where different P450 activ-

—20°C. Before analysis, the microsomal protein was precipitated by centﬁ'fés had been rank ordered (HepatoScreen test kit). The rate of
ugation at 3200 rpm, and the acetone in the collected supernatant evapo

ted .. . . .
with a stream of nitrogen. A 100—2Q@-aliquot of the remaining supernatant%%rmatl.On of 5-HM and N-dealkylatgd tolterodine (fig. 1) varl.ed
was used for HPLC analysis. approxmately 6- and 7-fold, respectlvely, among the s_amples (flg._ 4).

HPLC Analysis. The incubations were analyzed for the parent drug and frorrelations between the rate of formation of tolterodine metabolites
metabolites by HPLC using two LKB 2150 pumps, an LKB 2152 LC controRNd different P450 marker activities are shown in table 2. The for-
ler, Pharmacia UV-M monitor set at 280 nm, Beckman 171 radioisotop#ation of 5-HM correlated strongly with dextromethorphardem-
detector, a Supelco PKB 100 (2 cm) precolumn, and a Supelco PKB Hibylation (?, 0.87), a marker for CYP2D6 activity (Schmet al.,
(150X 4.5 mm) column. The mobile phase was 20 mM ammonium acetateli®85), whereas no correlation was obtained for other P450 activities.
methanol (pH 4.5). The solvent flow rate was 1 mi/min, and a gradient péstosterone B-hydroxylation, a marker for CYP3A activity (Wax-
decreasing polarity [time (min)/% methanol: 0/10, 5/20, 35/45, 40/100, $anet al., 1988), showed a strong correlation with the formation of

100) was used. _ N-dealkylated tolterodine 3r 0.97). A relatively strong correlation
Calculations. The amount of each metabolite was calculated from the . . .
; . as also obtained toward total P450 content and the formation of this

radiochromatogram as the (% area of the metabolite)/(% area of all metabolites

H 2
+ parent compound), and the results are expressed as in relation to miIIigFg%tabOH_te ¢ 076) . .
of microsomal protein or picomole of P450 per minute. The retention times ofCher’n'C""I Inhibition Experiments. The effect of various sub-

formed metabolites were compared with the retention times of synthesigé@nces, at different concentrations, on the formation of metabolites in
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TABLE 1 TABLE 2
Enzyme kinetics for the formation of the 5-hydroxymethyl and N-dealkylated Correlation between the rate of formation of tolterodine metabolites and total
metabolites of tolterodine in pooled human liver microsomes P450 content and different P450 marker activities in human liver samples
Metabolite Correlation (f)
Parameter : -
5-HM N-Dealkylated Tolterodine Metabolism P450 Isoenzyme 5-HM N-Dealkylated
( v - in) 317 687 Tolterodine
V, mol/mg proteinxX min
K:aZMFl\JA) 9P 7 52 Total P450 content — 0.76
Cl, (ul/min x mg protein) 47 13 7-EthoxyresorufinO-dealkylation 1A —2 —2
Caffeine 3-demethylation 1A2 —2 —2
Coumarin 7-hydroxylation 2A6 —2 —2
800 Tolbutamide methyl-hydroxylation 2C9 —2 0.64
B O N-dealkylated tolterodine S-Mephenytoin 4-hydroxylation 2C19 o —
a 5-HM Dextromethorphai®-demethylation 2D6 0.87 —2
Chlorzoxazone 6-hydroxylation 2E1 —2 0.22
= 600 Testosterone B-hydroxylation 3A —2 0.97
£ Lauric acid 11-hydroxylation 2E1 —2 0.29
X Lauric acid 12-hydroxylation 4A =2 0.43
-% Benzphetaminé-demethylation Unknown 2 0.27
% 400+ ap>0.2.
o ®p < 0.0001.
§ Zp < 0.001.
= p < 0.01.
= 200
=
A []0.01 uMm 10 uM
0 0.1uM [l 50pM

1207 @ 1uM

=
. ) =
V/[S] (pmol/mg protein x min) g 100
Fic. 3. Eadie-Hofstee plots for the formation of the 5-HM and N-dealkylated oo 80
tolterodine in human liver microsomes ([S], substrate concentration). 2
S 60-
1400~ £ and
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Fic. 4. Rate of formation of the 5-HM and N-dealkylated tolterodine in human
liver microsomes from different individuals.

Rate of formation (% of control)

0
(..0
al., 1993), did not significantly inhibit the metabolism of tolterodine @“o
at concentrations used in this study. Quinidine, which is regarded ¢ Qeﬂp
a specific inhibitor of CYP2D6 (Inabet al., 1985), almost completely &

inhibited the formation of 5-HM at 1QuM. High concentrations of

quinidine also produced slight inhibition of the formation Bf Fic. 5. Effect of various cytochrome P450 inhibitors on the rate of formation of
dealkylated tolterodine. The strongest inhibition of the formation 8t 5-HM (A) and\-dealkylated tolterodine (B) at a 7 and 3(M concentration
N-dealkylated tolterodine was observed with ketoconazole, which of tolterodine, respectively, in human fiver microsomes.

inhibited formation of this metabolite by70% at a concentration of

1 uM but did not affect the formation of 5-HM. A strong inhibitionno effect on the formation of 5-HM. Sulfaphenazole, a competitive
was also observed for the formationhfdealkylated tolterodine with inhibitor of CYP2C9 (Baldwiret al., 1995), was found to have a weak
troleandomycin, which is known to specifically interact with CYP3Anhlblt0ry effect on the formatlon oN- dealkylated tolterodlne ata
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TABLE 3 TABLE 4
Metabolism of tolterodine by microsomes from cells overexpressing P450 Enzyme kinetics for the formation of N-dealkylated tolterodine in microsomes
isoenzymes from cells overexpressing P450 2C9-Arg, -2C19, and -3A4
Rate of Formation (pmol/pmol P458 min) P450 Isoenzyme
P450 Isoenzyme Parameter
5-HM N-Dealkylated Tolterodine 2C9-Arg 2C19 3A4
1A1 ND ND Vinax (PMol/pmol P450X min) 1.86 12.3 1.48
1A2 ND ND Ko (M) 74 70 47
2C8 ND ND Cl; (ul/min X pmol P450) 0.025 0.176 0.031
2C9-Arg ND 0.25+ 0.05
2C19 ND 1.51+ 0.06
2D6 5.0+ 0.35 ND : : .
3A4 ND 023+ 0.03 in microsomes overexpressing not only CYP3A4 but also CYP2C9

and -2C19. TheK,, for formation of N-dealkylated tolterodine with
CYP3A4 was 47uM, similar to that obtained in human liver micro-
somes (52uM), wherea,, values for CYP2C9 and -2C19 was about
itor of CYP2C19 (Inabeet al., 1985; Wienkergt al., 1996), did not 70 uM. Estimates of the relativ€l; values per picomole of P450
affect the formation of this metabolite at concentrations used in thising these overexpressed enzymes indicated that formatidi of
study. dealkylated tolterodine was about 6- and 7-fold higher for CYP2C19,
Metabolism by Overexpressed P450 Isoenzymesdlicrosomes respectively, compared with CYP3A4 and -2C9. However, human
from cells overexpressing CYP1A1, -1A2, -2C8, -2C9-Arg, -2C1fver does not contain equimolar concentrations of the different P450
-2D6, or -3A4, together with microsomes from nontransfected celisoforms, and the levels oB-NADPH-P450 reductase may vary

Data are meart SD of two experiments. ND, not detectable.

were incubated with 1M tolterodine in the presence 8fNADPH. considerably among different cDNA-expressed preparations and also §
Microsomes from cells overexpressing CYP2D6 catalyzed the fornakffer from that found in human liver. Consequently, enzyme turnover 2
tion of 5-HM, whereasN-dealkylated tolterodine was formed imumbers may vary substantially not only between the different prep- &
microsomes overexpressing CYP2C9-Arg, -2C19, and -3A4 (table &ations but also in comparison to human liver. Thus, there is no firm &
The enzyme kinetic constants for the formation fdealkylated basis for extrapolation of relativEl; values obtained with cDNA- 3
tolterodine by microsomes are shown in table 4. No metabolites wes@ressed enzymes to human liver. CYP3A4 had the lowgst E_
formed in incubations with microsomes from nontransfected cetlsmpared with CYP2C9 and -2C19. As CYP3A4 is also the major g
(data not shown). P450 isoenzyme expressed in human liver, it is reasonable to assumeg
) ) that theV,,,, in human liver microsomes is higher for CYP3A4 than E

Discussion for CYP2C9 and -2C19. If this is the case, then the contribution of

The results presented in this study provide evidence for the invol@wer V..., higher K., enzymes,i.e. CYP2C9 and 2C19, will be g
ment of CYP2D6 in the formation of 5-HM and CYP3A as the majarompletely obscured. Taken together, the results of the present studyg

enzyme involved in the formation df-dealkylated tolterodine. Theindicate that the formation dfi-dealkylated tolterodine is predomi-
formation of 5-HM is dependent on CYP2D6, based on a higlantly catalyzed by CYP3A4 in human liver microsomes. Estimates
correlation with dextromethorpha@®-demethylation, inhibition by of the Cl; values from data obtained in pooled human liver micro-
quinidine, and formation of the metabolite only in cell microsome®mes also showed good agreement with the results of a study in
overexpressing CYP2D6. The formationdfdealkylated tolterodine healthy volunteers that reported that about 80% of tolterodine is
correlated strongly with testosteron@-Bydroxylation. A relatively predominantly metabolized via formation of 5-HM (Brynee al.,
strong correlation was also obtained toward total P450 content. The97).
is in accordance with immunochemical and inhibition studies indicat-Clinical studies have demonstrated that individuals with reduced o
ing that as much as 60% of the total P450 content in human liver n@yP2D6-mediated metabolism represent a high-risk group in the N
be CYP3A isoenzymes (Guengerich, 1990). population with a propensity to develop adverse drug effects (Smith, &
According to the results from the HepatoScreen test kit, the t886). The number of drugs identified as being affected by CYP2D6
volvement of CYP2C9 in the formation d&f-dealkylated tolterodine polymorphism has increased steadily over the years and includes
could be substantial. This was, however, not confirmed by expativerse classes such gsadrenoreceptor antagonists, tricyclic antide-
ments with sulfaphenazole, an inhibitor described as specific for thigssants, neuroleptics, and other miscellaneous drugs like dextro-
P450 isoenzyme (Baldwiet al., 1995). Only high concentrations (50nethorphan and codeine (Dayal., 1993; Murray, 1992). CYP3A is
uM) showed a weak inhibitory effect (<30%) on the formation adhe major P450 subfamily in human liver and is involved in the
N-dealkylated tolterodine. Furthermore, the activities of CYP2C9 amtabolism of>50% of pharmaceutical drugs on the market. In
-3A in the test kit were found to correlate with each oth&r 0.60). addition, CYP3A enzymes have been reported to be involved in
Tranylcypromine, which has been described as an inhibito6-of interactions with several drugs such as macrolides, ketoconazole,
mephenytoin 4-hydroxylation (CYP2C19) (Inabtal., 1985; Wien- cyclosporin, and others (Hongt al., 1993; Peritet al., 1992; Pichard
kers et al., 1996), did not inhibit the formation dfl-dealkylated et al., 1990; Wrighton and Stevens, 1992). The possibility of clinical
tolterodine at concentrations used in this study. Ketoconazole aindg interaction at the enzyme level thus exists, especially if toltero-
troleandomycin, both known to interact with CYP3A (Guengerich amtihe is administered at the same time as a compound that is prefer-
Shimada, 1991; Mauricet al,, 1992), were found to be the strongestntially metabolized by CYP2D6 or to individuals associated with the
inhibitors of the formation oN-dealkylated tolterodine. A marginalCYP2D6 poor metabolizer phenotype. However, the large amount of
inhibitory effect on the formation of this metabolite was also observ€¥P3A in the liver and the fact that tolterodine is predominantly
at high concentrations of quinidine. This is probably not an effect efiminated via oxidation by CYP2D6 makes it less likely that clini-
CYP2D6 but rather a result of nonspecific inhibition of CYP3A, asally significant drug-drug interactions would occur with CYP3A
qumldlne |s al known substrate for thls P450 |soenzyme (Guengemfbstrates in individuals with the CYP2D6 extensive metabolizer
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