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Aims The role of ¯avin containing monooxygenases (FMO) on the disposition of

many drugs has been insuf®ciently explored. In vitro and in vivo tests are required to

study FMO activity in humans. Benzydamine (BZD) N-oxidation was evaluated as an

index reaction for FMO as was the impact of genetic polymorphisms of FMO3 on

activity.

Methods BZD was incubated with human liver microsomes (HLM) and

recombinant enzymes. Human liver samples were genotyped using PCR-RFLP.

Results BZD N-oxide formation rates in HLM followed Michaelis-Menten kinetics

(mean Km=64.0 mM, mean Vmax = 6.9 nmol mgx1 protein minx1; n=35). N-

benzylimidazole, a nonspeci®c CYP inhibitor, and various CYP isoform selective

inhibitors did not affect BZD N-oxidation. In contrast, formation of BZD N-oxide

was almost abolished by heat treatment of microsomes in the absence of NADPH and

strongly inhibited by methimazole, a competitive FMO inhibitor. Recombinant

FMO3 and FMO1 (which is not expressed in human liver), but not FMO5, showed

BZD N-oxidase activity. Respective Km values for FMO3 and FMO1 were 40.4 mM

and 23.6 mM, and respective Vmax values for FMO3 and FMO1 were 29.1 and

40.8 nmol mgx1 protein minx1. Human liver samples (n=35) were analysed for six

known FMO3 polymorphisms. The variants I66M, P135L and E305X were not

detected. Samples homozygous for the K158 variant showed signi®cantly reduced

Vmax values (median 2.7 nmol mgx1 protein minx1) compared to the carriers of at

least one wild type allele (median 6.2 nmol mgx1 protein minx1) (P<0.05, Mann±

Whitney-U-test). The V257M and E308G substitutions had no effect on enzyme

activity.

Conclusions BZD N-oxidation in human liver is mainly catalysed by FMO3 and

enzyme activity is affected by FMO3 genotype. BZD may be used as a model substrate

for human liver FMO3 activity in vitro and may be further developed as an in vivo probe

re¯ecting FMO3 activity.

Keywords: ¯avin-containing monooxygenase, benzydamine N-oxidation, pheno-
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Introduction

Flavin-containing monooxygenases (FMO) contribute to

the biotransformation of many xenobiotics and display a

broad substrate spectrum. The mechanistic and kinetic

properties of these enzymes differ from those of the

cytochrome P-450 (CYP) family and enable FMO to

oxygenate most soft nucleophiles, i.e. compounds carrying

nitrogen or sulphur in functional groups [1, 2]. Substrates

include dietary compounds as well as drugs, such as

alkaloids, antihistamines, phenothiazines and tricyclic

antidepressants [3, 4]. The human FMO isoforms,

commonly denoted FMO1 through FMO5 [5, 6], differ

in tissue distribution and have different but often over-

lapping substrate speci®cities [3].

FMO3 appears to be the major isoform expressed in

human liver [7, 8]. Sequence analysis [9] of the FMO3Received 9 March 2000, accepted 12 September 2000.
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gene has revealed several polymorphisms. Three mutations

are known to cause the metabolic disorder trimethylami-

nuria (`®sh odour syndrome') [10±13], while other amino

acid variants cause less substantial alterations in enzyme

activity or have no effect [13]. Variability in drug response

and clearance may be in part related to interindividual

differences in FMO activity, similar to those described for

various CYP isoforms. Consequently, convenient and

reliable methods are required to determine FMO3 activity

in vitro and in vivo. The measurement of trimethylamine

metabolic parameters is a well established method for this

purpose [14]. However, since exposure to this compound

occurs from endogenous and exogenous sources, partial

metabolic clearances via FMO3 cannot be precisely

measured using trimethylamine-N-oxidation. Benzyda-

mine (BZD) is a nonsteroidal antiin¯ammatory drug

extensively metabolized to benzydamine N-oxide (BZD-

NO) (Figure 1), the major metabolite found in plasma and

urine of human subjects [15±17]. Previous studies

demonstrated that N-oxidation is the major pathway of

BZD biotransformation in various species in vitro and in

situ [18, 19]. In rat liver microsomes BZD N-oxidation

was shown to be catalysed by FMO whith a 2000-fold

higher Vmax and 50-fold lower Km values than those

reported for the CYP mediated formation of N-

desmethyl-BZD (Figure 1) [18].

The present study aimed to evaluate benzydamine-N-

oxidation as an index reaction for human FMO activity in

vitro. We employed human liver microsomes, chemical

inhibitors and recombinant enzymes to elucidate the role

of FMO in BZD N-oxidation and to investigate isoform

speci®city. Enzyme kinetic parameters were determined

and the impact of genetic polymorphism of FMO3 on

enzyme activity in vitro was assessed. The prospect of using

BZD as a phenotyping probe in humans is discussed.

Methods

Chemicals

Benzydamine (1-benzyl-(3[3-dimethylamino]±propoxy)-

1H-indazole) hydrochloride was kindly provided by

Solvay Pharma (Hannover, Germany). Benzydamine N-

oxide and N-desmethylbenzydamine were a generous gift

from Dr Takabatake (Setsunan University, Osaka, Japan).

Quinidine, sulphaphenazole, a-naphtho¯avone, methi-

mazole and diethyldithiocarbamate were purchased from

Sigma (Deisenhofen, Germany), as were NADP, isoci-

trate, isocitrate dehydrogenase and KH2PO4. Ketocona-

zole was obtained from RBI (Natick, MA, USA) and N-

benzylimidazole from Lancaster (MuÈhlheim, Germany).

MgCl2, Tris and all organic solvents (reagent grade) were

purchased from Merck (Darmstadt, Germany). Omepra-

zole was kindly provided by Astra (Wedel, Germany).

Liver samples and microsome preparation

Liver tissue from 35 Caucasian subjects was obtained from

the International Institute for the Advancement of

Medicine (Exton, PA, USA). The tissue was kept at

x80uC until time of microsome preparation. Microsomes

were prepared as described previously [20] and micro-

somal protein content was determined using the bicinch-

oninic acid protein assay (Pierce, Rockford, IL, USA) with

bovine serum albumin as a standard.

Recombinant enzymes

Microsomes from baculovirus infected insect cells expres-

sing FMO3, FMO1, FMO5, CYP3A4, CYP2C19,

CYP2C9, CYP2D6, CYP1A2, CYP1E2 and CYP2A6

(SUPERSOMES
TM) were obtained from Gentest Corp.

(Woburn, MA, USA).

Incubations

Enzyme kinetics and chemical inhibition. Methanolic solutions

of substrates (2.5±500 mM BZD) and inhibitors were

evaporated to dryness under mild vacuum at room

temperature prior to addition of buffer and cofactors.

Incubation mixtures contained 0.05 M KH2PO4 buffer

(pH 7.4 at 25uC), 0.5 mM NADP, 3.75 mM (t)-isocitric

acid, 1 U mlx1 of isocitrate dehydrogenase and 5 mM

Mg2+. Although in vitro studies on FMO activity are

commonly conducted at pH>8.0 to assure maximal FMO

activity [18, 21], we applied a pH of 7.4 to re¯ect the in
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Figure 1 Structure of benzydamine and pathways of

benzydamine metabolism. Benzydamine-N-demethylation is a

minor pathway compared with benzydamine-N-oxidation.
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vivo situation more closely. The ®nal volume was 250 ml,

with a microsomal protein concentration of 100 mg mlx1.

Inhibitors, substrate, incubation buffer and cofactor were

preincubated at 37uC for 5 min, and reactions were

initiated by addition of microsomes, except for incubations

with diethyldithiocarbamate, which was preincubated

with buffer, cofactors and microsomes for 20 min at

37uC before initiation of the reaction by addition of

substrate. Samples were incubated for 20 min at 37uC, and

reactions were terminated by addition of 100 ml acetoni-

trile and cooling on ice. Internal standard was added,

samples were spun at 16000 g for 5 min and supernatants

were analysed by h.p.l.c. Incubation mixtures with cDNA

expressed enzymes were prepared with protein concen-

trations of 10 mg mlx1 (FMO3, FMO1) or 100 mg mlx1

(FMO5).

Heat inactivation. To investigate FMO contribution to

metabolite formation, duplicate sets of samples containing

only buffer and microsomes were prepared. One set was

supplemented with the NADPH generating system and

both sets were incubated at 45uC for 5 min and then

placed on ice. The NADPH generating system was added

to that set of samples from which it was omitted

previously. Substrate was added and both sets of samples

were incubated under regular conditions. Control

incubations were not heat treated [21].

Incubations were performed in duplicate, except for

those using recombinant enzymes. Identity of metabolites

was veri®ed by comparing the retention times to those of

authentic standards. Substrates and inhibitors were soluble

in buffer over the concentration ranges used. Incubation

times and microsomal protein concentrations were within

the linear range of metabolite formation.

H.p.l.c. conditions

BZD, BZD-NO and N-desmethyl-BZD were separated

using a 4.0r125 mm 5 mm OptilabsphereTM ODS2

(C18) column (VDS Optilab) at 55uC. A Shimadzu RF

551 ¯uorimetric detecor (Kyoto, Japan) was set at 308/

350 nm (excitation/emmission). The eluent consisted of

32% acetonitrile and 68% 0.05 M KH2PO4, pH 7.0 and

was delivered at 1.4 ml minx1 which was increased to

1.8 ml minx1 after 7 min. Retention times were 2.5 min

for talinolol (internal standard), 4.4 min for BZD-NO,

7.1 min for N-desmethyl-BZD and 15.9 min for BZD

(Figure 2). Compounds were quanti®ed using the internal

standard method based on peak height. The detection

limit for BZD-NO was 0.02 ng injected. Inhibitors did

not interfere with the assay. The intra-assay coef®cient of

variation (CV) for BZD-NO formation rates at 5 mM BZD

was 5.5% (n=6), and the between day CV was 12.8%

(n=8). Samples were stable at room temperature for

7 days (CV 5.4%). The mean CV for duplicate incubations

with human liver microsomes was 6.9%.

FMO3 genotyping

For preparation of genomic DNA, 1 g of homogenized

liver tissue was digested with Proteinase K and subjected to

a three step phenol/chloroform extraction. DNA was

dissolved in 10 mM Tris, 1 mM EDTA, pH 8.0 and stored

at 4uC. Liver samples were analysed for six known

polymorphisms using PCR-RFLP methods described

previously [10, 22] (Table 1).

Data analysis

Enzyme kinetic parameters were determined by nonlinear

least square regression (SigmaPlot 4.01, SPSS Inc.,

Chicago, IL, USA) using the Michaelis-Menten equation.

Goodness of ®t was assessed by plots of residuals vs
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Figure 2 H.p.l.c. trace of an incubation of 50 mM benzydamine

with human liver microsomes using ¯uorimetric detection at

308/350 nm (excitation/emission). Peaks are identi®ed as follows:

1: Talinolol (internal standard),2: Benzydamine-N-oxide,3:

N-desmethylbenzydamine,4: Benzydamine.

Benzydamine as an FMO test substrate
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predicted values, plots of reaction velocity vs substrate

concentration and Eadie-Hofstee plots [23]. The impact of

genotype on enzyme activity was assessed using the

Mann±Whitney-U-test and the Kruskall-Wallis test (SPSS

8.01, SPSS Inc., Chicago, IL, USA).

Results

All 35 human liver samples catalysed extensive formation

of BZD-NO, and Km values showed a four fold variation

ranging from 28 to 102 mM (mean 64.0 mM, s.d. 17.0)

(Table 2 and Figure 3). Vmax values varied about 10-fold,

ranging from 1.5 to 17.6 nmol mgx1 protein minx1

(mean 6.9 nmol mgx1 protein minx1, s.d. 3.6) (Table 2

and Figure 3). Formation of BZD-NO from BZD by

human liver microsomes was consistent with a single

enzyme Michaelis-Menten model (Figure 4).

Various experiments were conducted to demonstrate

that BZD N-oxidation is an FMO3 mediated reaction and

to exclude a contribution of CYP enzymes. Heat

treatment of microsomes (5 min, 45uC) inhibited BZD

N-oxidation by more than 90% (mean activity 8.2% of

control t 2.3% s.d.). In the presence of NADPH, heat

inactivation was prevented (mean activity 97% of control

t 18.8% s.d.) (Figure 5). N-Benzylimidazole, a nonspe-

ci®c CYP inhibitor, did not affect BZD-NO formation.

Methimazole (500 mM), a competitive inhibitor of FMO

activity, decreased BZD-NO formation in a concentration

dependent manner by 88% at 10 mM BZD (mean of four

livers, s.d. 7.1%) and 74.2% (mean of four livers, s.d. 1.8%)

at 250 mM BZD (Figure 5). Quinidine, ketoconazole,

sulphaphenazole, omeprazole, a-naphtho¯avone and

diethyldithiocarbamate, CYP inhibitors with a higher

isoform selectivity than N-benzylimidazole, showed no

substantial effect on BZD N-oxidation (Figure 6).

To investigate the isoform speci®city of BZD N-

oxidation, we employed cDNA expressed FMO1, FMO3

and FMO5. Recombinant FMO3 and FMO1 showed

comparable BZD-N-oxidase activity while BZD-NO

formation by FMO5 was negligible (Table 2). Formation

rates were consistent with Michealis-Menten kinetics. Km

values were 40.4 mM for FMO3 and 23.6 mM for FMO1

with Vmax values of 29.1 and 40.8 nmol mgx1 protein -

minx1, respectively. Although the molar concentration of

the recombinant FMO was unavailable, the comparison of

its BZD-N-oxidase activity with that of human liver can

provide an estimate of FMO content. Based on a reported

Table 1 FMO3 polymorphisms: locations and methods of PCR-RFLP

analysis.

Amino acid change Point mutation a Location Detection PCR conditions

M66I 11192G>T exon 3 FokI Sachse et al. [22]

P153L 15153C>T exon 4 BamHI Dolphin et al. [10]

E158K 15167G>A exon 4 HinfI Dolphin et al. [10]

V257M 18281G>A exon 6 NlaIII Sachse et al. [22]

E305X 21433G>T exon 7 EcoRI Sachse et al. [22]

E308G 21443A>G exon 7 Bsp120I Sachse et al. [22]

a: nucleotide positions refer to GenBank sequence AL021026, the A of

the start codon ATG was counted as nucleotide 1

Table 2 Kinetic parameters for benzydamine-N-oxidation by human liver microsomes and cDNA expressed FMO3, FMO1 and FMO5; Impact of

genotype on enzyme activity in vitro.

HLM group n

Km
a Vmax

b

mean median 25 x75 percentile mean median 25 x75 percentile

Total 35 64.0 58.7 52.4±77.3 6.9 6.5 4.1±7.8

EE158 14 65.3 72.2 49.0±82.3 7.3 6.9 5.7±7.9

EK158 16 64.4 57.6 54.4±80.7 7.0 6.5 5.1±7.6

KK158 5 58.7 57.2 54.7±63.4 5.0 2.7 2.3±6.3*)

VV257 29 62.2 57.8 51.6±75.5 6.5 6.3 3.9±7.3

VM257 4 66.0 65.1 52.4±80.6 10.1 10.5 6.2±13.5

MM257 2 84.8 84.8 82.3±87.3 5.5 5.5 3.4±7.6

EE308 24 66.1 69.6 51.9±82.2 7.2 6.5 5.2±7.8

EG308 11 59.4 57.2 52.4±62.6 6.1 5.7 2.8±7.8

GG308 0

Recombinant

FMO3 40.0 29.0

FMO1 24.0 41.0

FMO5 no activity no activity

*) Vmax signi®cantly reduced in homozygous samples (KK158) compared with those carrying at least one wild type allele (EE158+EK158); P<0.05,

Mann±Whitney-U-test. (Kruskal±Wallis-test for all three groups: P=0.104, Chi square = 4.519, d.f.=2) a: Km [mM] ± Michaelis-Menten constant;

b: Vmax [nmol mgx1 protein minx1].
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human liver FMO3 content of 100 pmol mgx1 [8], the

4-fold higher Vmax of recombinant FMO3 suggests an

FMO3 concentration of approximately 400 pmol mgx1

protein in the recombinant enzyme preparation. Corre-

sponding Vmax values for FMO3 and FMO1 are 73 and

100 pmol BZD-NO pmolx1 FMO minx1, respectively.

Recombinant CYP 3A4, 2C19, 2D6, 1A2 and 2E1

showed low BZD-N-oxidase activity (<10 pmol

pmolx1 CYP minx1).

Formation rates for N-desmethyl-BZD by human liver

microsomes showed Vmax values one order of magnitude

lower than for BZD N-oxidation and were not in¯uenced

by methimazole or heat treatment of microsomes.

Formation of N-desmethyl-BZD was catalysed by

recombinant CYP 3A4, 2C19 and 2D6 (>9 pmol N-

desmethyl-BZD pmolx1 CYP minx1), while CYP 2E1

and 1A2 showed lower formation rates (<5 pmol N-

desmethyl-BZD pmolx1 CYP minx1). FMO1, FMO3

and FMO5 did not catalyse the reaction.

Human liver samples from 35 Caucasian subjects were

genotyped for six known polymorphisms by PCR-RFLP

analysis (Table 1). The mutations causing amino acid

changes I66M, P153L and E305X were not found, but the

variants M257, G308 and K158 were detected with allele

frequencies of 0.114, 0.143 and 0.347, respectively. The E

to K amino acid substitution at position 158 signi®cantly
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Figure 3 Histograms showing the distribution of kinetic

parameters for human liver microsomal benzydamine N-

oxidation. a) Km values (n=35, mean 64.0 mM, s.d. 17.0) and b)

Vmax values (n=35, mean 6.9 nmol mgx1 protein minx1, s.d.

3.6).
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altered FMO3 activity in vitro. Subjects homozygous for

K158 showed a signi®cant decrease in Vmax for

benzydamine N-oxidation compared with the subjects

carrying at least one wild type allele (EE158+EK158)

(P<0.05, Mann±Whitney-U-test) (Table 2). The respec-

tive Vmax values decreased from a median of

6.9 nmol mgx1 protein minx1 in wild type samples and

6.5 nmol mgx1 protein minx1 in heterozygous indivi-

duals to 2.7 nmol mgx1 protein minx1 in individuals

homozygous for the mutant allele. Km values were not

affected by this mutation (Table 2). No signi®cant changes

in enzyme kinetic parameters were evident in samples

expressing the M257 or G308 variant of the enzyme

compared to the wild type enzyme.

Discussion

As a ®rst step prior to the clinical development of an in vivo

test re¯ecting FMO3 activity, we evaluated the N-

oxidation of the antiphlogistic drug benzydamine

(Figure 1) as an index reaction for FMO3 activity in

human liver microsomes. In previous studies in various

animal species, Kawaji et al. [24] demonstrated that

benzydamine is N-oxidized by the FMO.

Our results provide evidence that hepatic BZD N-

oxidation is almost exclusively catalysed by FMO3 at

physiological pH and formation rates in human liver

microsomes follow single enzyme Michaelis-Menten

kinetics. Heat inactivation of human liver microsomes

and use of selective inhibitors for FMO (methimazole) and

cytochrome P-450 enzymes (N-benzylimidazole) are

commonly used to identify FMO mediated reactions in

human liver microsomes [3, 21]. Lack of BZD-NO

formation following heat treatment of microsomes and

concentration dependent inhibition of BZD N-oxidation

by methimazole both indicate a FMO mediated reaction.

N-Benzylimidazole and various CYP isoform speci®c

inhibitors had no substantial effect on BZD-NO forma-

tion at low (10 mM) or high (250 mM) BZD concentra-

tions. The Km value for recombinant FMO3 (40 mM) falls

within the range of Km values determined for human liver

microsomes (28±102 mM), as would be expected if BZD-

NO formation is mediated by FMO3 in human liver

microsomes. Formation rates by recombinant CYP 3A4,

2C19, 2D6, 1A2 and 2E1 were one order of magnitude

lower than those determined for recombinant FMO3.

Human liver contents of drug metabolizing enzymes have

been reported as 100 pmol mgx1 protein for FMO3 [8]

and range from 8 pmol mgx1 (CYP2D6) up to

120 pmol mgx1 (CYP3A4) for the various CYP enzymes

[25]. Considering the comparable amounts of FMO3 and

CYP3A4, the low formation rates for BZD-NO by

recombinant CYP con®rm the minor contribution of

CYP enzymes to BZD N-oxidation indicated by the

inhibition studies in human liver microsomes.

To elucidate FMO isoform speci®city, we employed

cDNA expressed FMO3, FMO5 and FMO1. While FMO3

and FMO1 showed highBZD-NO formation rates, activity

of FMO5 was negligible (Table 2). Studies on the tissue

distribution of FMO indicate that FMO3 and FMO5 are

expressed in adult human liver, but FMO3 is the most

abundant isoform with FMO3:FMO5 ratios ranging from 2

to 10 [6±8]. FMO1 is expressed in fetal human liver but is

con®ned tokidney in adults [6, 7].Theactivitypatternof the

FMO isoforms observed in this study is consistent with a

previous studyusinghuman liver, kidney, intestinal and fetal

intestinal microsomes [14]. The role of the kidney in the

metabolic clearance of systemically administered drugs is

considered to be small and consequently FMO1 is unlikely

to contribute substantially to the systemic clearance of BZD

in vivo. From these data we conclude that BZD N-oxidation

is predominantly, if not exclusively catalysed by FMO3 in

humans.

BZD N-demethylation is a second pathway of BZD

metabolism (Figure 1) that contibutes less than 10% to

overall BZD degradation in human liver microsomes [15,

16]. Our data allowed a qualitative estimate regarding the

enzymes involved in this pathway. Recombinant CYP

2D6, 3A4 and 2C19 were the major enzymes catalysing

BZD N-demethylation. Since relative liver abundance of

CYP 3A4 is about 10-fold higher compared to CYP 2D6

and CYP 2C19, this minor pathway of BZD clearance

appears to be mainly mediated by CYP 3A4.

In agreement with previous studies using trimethyla-
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mine as a substrate [13, 26], we found a signi®cantly

reduced Vmax in samples tested homozygous for the K158

variant compared with those carrying at least one wild type

allele (EE158+EK158) (P>0.05, Mann±Whitney-U-

test; Kruskal±Wallis-test for all three groups: P=0.104,

Chi square = 4.519, d.f.=2). Km values for BZD-N-

oxidation were not different between the K158 and E158

variant, while an in¯uence of this mutation on Km values

has been reported for other substrates [26]. Previous

studies with the E. coli expressed M257 variant of FMO3

were inconsistent [13, 26]; an effect of the E308G

mutation has not been investigated. In our study, amino

acid variants V257M and E308G had no signi®cant effect

on enzyme activity, but a larger sample size would be

required to exclude any functional signi®cance of these

mutations.

FMO generally catalyses N-and S-oxidations of various

compounds and both reactions have been used to study

kinetic properties of the enzyme [2, 3, 27]. However, it

has been shown [1] that sulphur, being a stronger

nucleophile than nitrogen, is oxidized at high rates by

synthetic, protein-free 4a-hydroperoxy¯avin, with the

FMO apoenzyme actually accelerating the reaction only

about 8000-fold. In contrast, N-oxidations apparently

involve a stronger interaction with the protein, leading to

a 6 million-fold increase in reaction velocity compared

with the rates achieved with hydroperoxy¯avin alone.

Therefore, N-oxygenated substrates seem more appro-

priate than S-oxygenated compounds for studies aimed to

investigate an impact of alterations in protein structure or

expression on enzyme activity.

A number of FMO substrates, such as thiourea and

derivatives, methimazole, N,N-dimethylaniline or phe-

nothiazine antipsychotics, are useful for in vitro studies but

60%40%20%0% 80% 100% 120%
% of control activity

Diethyldithiocarbamate
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a-naphthoflavone
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10µM

Figure 6 Effect of CYP isoform selective inhibiors on BZD-N-oxidation. Data represent formation rates relative to control activity

(without inhibitor) for HL012. Shaded bars: 250 mM BZD, open bars: 10 mM BZD.
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their toxicity or pronounced pharmacological effects

preclude them from application to human subjects.

Caffeine has recently been proposed as a phenotyping

probe for FMO3 [28], but the caffeine concentration used

in this in vitro study was 50 mM compared to in vivo

concentrations of <50 mM. The relative contribution of

FMO3 to caffeine demethylation remains unclear, while

other enzymes, namely NAT2, CYP1A2 and CYP2E1,

contribute substantially to xanthine metabolism [29, 30].

This might in part explain why independent studies failed

to demonstrate a correlation between caffeine metabolic

ratios and FMO3 genotype [22, 31].

In contrast, BZD N-oxidation is exclusively mediated

by FMO3 in human liver microsomes and an impact of

FMO3 genotype on enzyme activity could be demon-

strated even in a relatively small number of samples. Apart

from its excellent properties as an in vitro index substrate,

the nonsteroidal antiphlogistic BZD may be considered a

candidate substance for FMO3 phenotyping in vivo. BZD

is extensively metabolized, less than 1% of the parent drug

is eliminated unchanged in the urine [17]. BZD-NO is the

major metabolite in vivo with peak plasma concentrations

of approximately 200 ng mlx1 [16].

In the present study we established benzydamine N-

oxidation as an index reaction re¯ecting FMO3 activity in

human liver microsomes using an HPLC method with

¯uorimetric detection. Evidence is provided that FMO3 is

the major enzyme mediating BZD N-oxidation in human

liver. Homozygous carriers of the K158 variant of the

enzyme showed signi®cantly reduced Vmax values com-

pared to those possessing at least one wild type allele.

Benzydamine may become an interesting tool to

investigate population variability of FMO3 activity in

humans, to study drug interactions involving this enzyme,

and to assess the contribution of FMO3 to drug

metabolism by in vivo clearance correlation analyses.
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