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1 The in vitro metabolism of omeprazole was studied in human liver microsomes in
order to define the metabolic pathways and identify the cytochrome P450 (CYP)
isoforms responsible for the formation of the major omeprazole metabolites.

2 The four major metabolites identified in vitro, in tentative order of importance, were
hydroxyomeprazole, omeprazole sulphone, 5-0-desmethylomeprazole, and an
unidentified compound termed metabolite X. Omeprazole pyridone was also detected
but could not be quantitated. Incubation of hydroxyomeprazole and omeprazole
sulphone with human microsomes resulted in both cases in formation of the hydroxy-
sulphone. The kinetics of formation of the four primary metabolites studied were
biphasic suggesting the involvement of multiple CYP isoforms in each case. Further
studies used substrate concentrations at which the high affinity activities predominated.

3 Formation of the major metabolite, hydroxyomeprazole, was significantly correlated
with S-mephenytoin hydroxylase and with benzo[a]pyrene metabolism and CYP3A
content. Inhibition studies with isoform selective inhibitors also indicated a dominant
role of S-mephenytoin hydroxylase with some CYP3A contribution in the formation
of hydroxyomeprazole. Correlation and inhibition data for the sulphone and metabolite
X were consistent with a predominant role of the CYP3A subfamily in formation of
these metabolites. Formation of 5-0-desmethylomeprazole was inhibited by both R,
S-mephenytoin and quinidine, indicating that both S-mephenytoin hydroxylase and
CYP2D6 may mediate this reaction in human liver microsomes and in vivo.

4 The Vmax/Km (indicator of intrinsic clearance in vivo) for hydroxyomeprazole was
four times greater than that for omeprazole sulphone. Consistent with findings in vivo,
the results predict that omeprazole clearance in vivo would be reduced in poor
metabolisers of mephenytoin due to reduction in the dominant partial metabolic
clearance to hydroxyomeprazole.
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Introduction

Omeprazole is a substituted benzimidazole that interacts Approximately half of an oral dose of omeprazole is
with the gastric proton pump H+, K+-ATPase in the systemically available as a result of a substantial first-
secretory membrane resulting in a potent long-acting pass elimination by the liver [7]. Plasma elimination
inhibition of gastric acid secretion [1-3]. Due to this half-life of omeprazole ranges between 0.5 and 1 h and
effective control of gastric acid secretion the healing rate total plasma clearance is about 600 ml min-1 [7].
of acid related diseases (i.e. peptic ulcers and reflux Omeprazole is extensively metabolised by the liver and
oesophagitis) obtained with omeprazole is more rapid the major metabolites found in plasma are hydroxy-
than that observed for histamine H2-receptor blockers omeprazole and omeprazole sulphone [7] neither of
[4-6]. which contributes to the pharmacodynamic effect
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(B. Wallmark, personal communication). Following
both intravenous and oral administration 80% of a given
dose is excreted as metabolites in urine and the residual
amount is found in faeces, primarily originating from
biliary secretion [8, 9]. The major metabolites found in
urine were hydroxyomeprazole and its corresponding
carboxylic acid [10]. Neither omeprazole nor omeprazole
sulphone were detected in significant amounts in urine
indicating that the sulphone is completely further
metabolised to secondary metabolites. Earlier studies
have shown that a few (<5%) individuals metabolise
omeprazole at a significantly slower rate, with half-lives
of 1.5-3 h, and the metabolism of omeprazole, parti-
cularly the formation of hydroxyomeprazole, has been
shown to cosegregate with the 4-hydroxylation of
S-mephenytoin [11-15]. S-mephenytoin 4-hydroxylation
is catalysed by a CYP2C isoform (possibly CYP2C18)
and this isoform is polymorphically expressed with -3%
of the Caucasian population being slow metabolisers.
So far the metabolism of omeprazole in humans has

only been studied in vivo and no in vitro experiments in
human liver microsomes have been reported.

This report presents the results of studies on the
formation kinetics of omeprazole metabolites with human
liver microsomes. Also, the CYP isoforms in human
liver responsible for formation of the various metabolites
of omeprazole were investigated by correlation studies
with isoform selective activities previously determined
in a range of livers, and by the effects of chemical
inhibitors selective for various CYP isoforms.

H 195/77 or hydroxysulphone (5-methoxy-2-[[(4-
methoxy-3-methyl-5-hydroxymethyl-2-pyridinyl)
methyl]sulphonyl]-lH-benzimidazole) (Figure 1),

H 1 95/69 or hydroxyomeprazole-sulphide (5-methoxy-
2-[[(4-methoxy-3-methyl-5-hydroxymethyl-2-pyridinyl)-
methyl]thio]-1H-benzimidazole)

H 182/68 or 5-O-desmethylomeprazole-sulphide (5-
hydroxy-2-[[(4-methoxy-3,5-dimethyl-2-pyridinyl)
methyl]thio]-1H-benzimidazole)

Internal standard (4,6-dimethyl-2-[[(4-methoxy-2-
pyridinyl)methyl]sulphinyl]-lH-benzimidazole)

These chemicals were obtained from Astra Hassle AB
(Molndal, Sweden). Coumarin, diethyldithiocarbamate
and troleandomycin were purchased from Sigma
Chemical Co (St Louis, MO). Other drugs were obtained
from the following sources: ox-naphthoflavone from
Aldrich Chemical Co (Milwaukee, WI), sulphaphenazole
from Ciba-Geigy Aust (Sydney, Australia), R, S-
mephenytoin from Sandoz Ltd (Basel, Switzerland) and
quinidine from Burroughs Wellcome Aust (Sydney,
Australia). Furafylline was a kind gift from Dr Rodolpho
Gasser, Hoffmann La Roche (Basel, Switzerland).
NADP+, glucose 6-phosphate and glucose 6-phosphate

dehydrogenase were purchased from Sigma Chemical Co
(St Louis, MO). All other reagents and solvents were of
analytical grade.

Liver samplesMethods

Chemicals

Omeprazole (5-methoxy-2[[(4-methoxy-3,5-dimethyl-
2-pyridinyl)-methyl]sulphinyl]-1H-benzimidazole)
(Figure 1),

Omeprazole sulphone (5-methoxy-2-[[(4-methoxy-3,
5-dimethyl-2-pyridinyl)methyl]sulphonyl]-1H-
benzimidazole) (Figure 1),

Hydroxyomeprazole (5-methoxy-2-[[(4-methoxy-3-
methyl-5-hydroxymethyl-2-pyridinyl)-methyl]sulphinyl]-
1H-benzimidazole) (Figure 1),

H 215/02 or 5-O-desmethylomeprazole (5-hydroxy-2-
[[(4-methoxy-3,5-dimethyl-2-pyridinyl)-methyl]
sulphinyl]-lH-benzimidazole) (Figure 1),

H 168/22 or omeprazole sulphide (5-methoxy-2-[[(4-
methoxy-3,5-dimethyl-2-pyridinyl)methyl]thio]-1H-
benzimidazole)

H 153195 or omeprazole pyridone (5-methoxy-2-[[(4-
hydroxy-3,5-dimethyl-2-pyridinyl)methyl]thio]-lH-
benzimidazole)

Footnote: For information on cytochrome P450
nomenclature, see Nebert et al. DNA 1993;
12: 1-51.

Human liver samples were obtained from renal transplant
donors, relevant details of the donors of livers used in the
present study (KDL 4, 5, 7, 9-11, 13, 17, 20, 21, 24, 26,
27, 35 and H5-15, 17-23) have been published elsewhere
[16, 17]. Liver samples were stored at -80° C until used.
Microsomes were prepared by differential centrifugation
as previously described [18] and microsomal protein
concentration was measured by the procedure of Lowry
et al. [19] using crystalline bovine serum albumin as
standard. Ethical approval was obtained to use these
livers for drug metabolism studies.

Measurement of omeprazole metabolites in human liver
microsomes

The method used for determination of omeprazole
sulphone and hydroxyomeprazole along with two other
minor metabolites concentrations in microsomal incuba-
tions have been described in detail elsewhere [20]. Briefly,
reaction mixtures contained human liver microsomal
protein (1 mg), omeprazole (2.5-500 FM) and NADPH-
generating system (consisting of 1 mm NADP+, 10 mM
glucose 6-phosphate, 2 units glucose 6-phosphate
dehydrogenase, and 5 mM MgCl2) in a final volume of
1.0 ml 0.1 M potassium dihydrogen phosphate buffer
(pH 7.4). Samples were incubated at 370 C for 15 min
and then extracted with dichloromethane:butanol (99:1).
The organic phase was evaporated to dryness under
nitrogen, and the residue was reconstituted in the h.p.l.c.
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Figure 1 Proposed scheme for omeprazole metabolism in humans. Structures: I = omeprazole, II = hydroxyomeprazole, III
= omeprazole sulphone, IV = 5-O-desmethylomeprazole (H 215/02), V = hydroxysulphone (H 195/77), and VI =

carboxyomeprazole (H 193/48) [S-MPH = S-mephenytoin hydroxylase].

mobile phase (dichloromethane:5%NH40H/MeOH:2-
propanol (191:8:1) at a flow rate of 1.5 ml min-1). Using
a Superspher SI-60 column (4 FIM particle size, 125 x 4
mm; E. Merck, Darmstadt, Germany) and an Aquapore
Silica guard column (7 FM particle size, 15 x 3 mm,
Brownlee Laboratories, CA) retention times for
omeprazole sulphone, omeprazole, hydroxyomeprazole
and internal standard (see chemicals) were 2.0, 2.5, 13.5
and 3.3 min respectively. Two minor metabolites, 5-0-
desmethylomeprazole (H 215/02) and an unknown
compound (termed metabolite X), eluted at 11 min and
3.8 min, respectively. Omeprazole sulphide, which eluted
at 1.3 min, was formed also in the samples with no

NADPH-generating system, indicating that a chemical
transformation during the preparation procedures
resulted in this peak. In addition, since omeprazole
pyridone (retention time 16 min) was formed in very
small amounts only, as indicated by the size of the peak,
this metabolite was not further evaluated. Hydroxy-
sulphone (H 195/7) was eluted at 9 min following
injection of a synthetic standard of this compound.

Kinetics of omeprazole metabolism

Eleven different concentrations of omeprazole, ranging
from 2.5 to 500 FIM, were used in the kinetic experiments.
Four different livers (H8, H9, H10 and H15) were studied

and apparent Km and Vmax values for the formation of
omeprazole sulphone and hydroxyomeprazole were
determined. The Michaelis-Menten parameters were

initially estimated from graphical analysis of Eadie-
Hofstee plots. These values were then used as first
estimates for MK Model, an extended least squares
modelling programme [21]. Also, the Km values for
formation of 5-0-desmethylomeprazole (H 215/02) and
metabolite X were estimated using peak height ratios as

an index of reaction velocity. However, as the assay
could not be fully validated for quantitation of these
metabolites, these parameter values should be regarded
as estimates only.

Correlation experiments

Formation rates of omeprazole sulphone and hydroxy-
omeprazole were also measured using microsomes from
14 kidney donor livers (KDL) from the Basel liver bank.
S- and R-mephenytoin hydroxylase activities have
previously been measured in these livers [17]. The
omeprazole concentration used for incubation in these
experiments and in the following correlation and in-
hibition experiments was 5 ,IM to assess mainly the high
affinity activities (see Results).

Eighteen different livers from the Flinders Medical
Centre liver bank (H-livers) were also tested for activity

IV

S-MPH
CYP2D6

-



524 T. Andersson et al.

as regards formation of different omeprazole metabolites.
These activities were then correlated with activities
towards the metabolism of other substrates using these
livers. The data for the CYP2C9/10 activity, tolbutamide
methylhydroxylation, the CYP3A activity, benzo[a]
pyrene metabolism and the CYP2E1 activity, chlorzoxa-
zone 6-hydroxylation, have been published previously
[16, 22, 23]. The CYP1A2 activity, phenacetin 0-
deethylation (high affinity component), was determined
by the method of Tassaneeyakul et al. [24]. Correlations
were also tested with regard to CYP2E1 and CYP3A
protein contents estimated by Western blot techniques
previously described [16, 23]. Duplicate sample deter-
minations were used in all correlation experiments.

Inhibition experiments

The effects of inhibitors or substrates (and therefore
competitive inhibitors) selective for various CYP
isoforms on omeprazole metabolic pathways were
studied. The isoform selective inhibitors or alternative
substrates were a-naphthoflavone (CYPlA inhibition
at low concentrations and normally CYP3A activation at
higher concentrations; [16]): furafylline (CYP1A2;
[25]): coumarin (CYP2A6; [26, 27]): sulphaphenazole
(CYP2C9/10; [28]): R, S-mephenytoin (S-mephenytoin
hydroxylase; [29]): quinidine (CYP2D6; [30, 31]):
diethyldithiocarbamate (CYP2E1; [32]): and troleando-
mycin (CYP3A; [33]). The putative inhibitors were
studied at two concentrations chosen to be selective for
the respective CYP isoforms on the basis of published
Ki or Km values. Except for diethyldithiocarbamate,
which was dissolved in water, inhibitors were dissolved
in DMSO with a volume of 5 RI added to the incubation
mixture (final concentration 0.5% DMSO). This
concentration of DMSO inhibited the formation of
omeprazole sulphone, hydroxyomeprazole, 5-0-des-
methylomeprazole (H 215/02) and metabolite X by
16%, 17%, 9% and 41%, respectively. At 1.0% and
1.5% concentrations ofDMSO, sulphone formation was
inhibited by 27% and 70%, respectively, and hydroxy-
omeprazole formation by 18% and 31%, respectively.
In all cases, inhibited activities were compared with
activities of control incubations containing 5 RI (0.5%)
DMSO or 5 RI water as appropriate. Troleandomycin
was preincubated with microsomes and NADPH
generating system for 10 min before the reaction was
started by addition of the substrate omeprazole, since a
metabolite formed during troleandomycin incubation
exerts the inhibitory effect on CYP3A enzymes [33].
Otherwise, there was no preincubation with inhibitor
and incubations were started by adding NADPH
generating system. Three different livers-H8, H9 and
H10-were investigated for all inhibitors and duplicate
samples were used in all inhibition experiments.

comparison of the means by the Student-Newman-Keuls
test. Values of P < 0.05 were regarded as statistically
significant.

Results

Microsomes from all livers studied converted omeprazole
to omeprazole sulphone, hydroxyomeprazole and to two
other minor metabolites. As discussed previously, one
of these metabolites (retention time 11 min) was tenta-
tively identified as the compound 0-demethylated at the
5 position on the benzimidazole moiety (5-O-desmethyl-
omeprazole or H 215/02). The other compound
chromatographed with a retention time of 3.8 min
(metabolite X) and did not correspond to any of the
omeprazole derivatives available as synthetic standards
(hydroxysulphone, and the sulphide from each of hydro-
xyomeprazole and 5-0-desmethylomeprazole). None of
the four metabolites was produced in the absence of the
NADPH generating system. Incubation of hydroxy-
omeprazole and omeprazole sulphone with microsomes
and NADPH generating system produced in both cases
a major peak with a retention time (9 min) corresponding
to that of the synthetic hydroxysulphone.

Figure 2 shows representative Eadie-Hofstee plots for
the formation of hydroxyomeprazole and omeprazole
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Analysis of results

All results are presented as mean ± s.d. Likelihood or
significance of correlations in the correlation experiments
was tested by 'Spearman Rank Correlation', and was
corrected for ties. The high affinity Km values for the
four metabolites were compared by ANOVA with
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Figure 2 Representative Eadie-Hofstee plots for formation
of a) omeprazole sulphone and b) hydroxyomeprazole by
microsomes from liver H8. Points are experimentally
determined values while solid lines are the computer generated
curves of best fit.
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sulphone. Plots for both metabolites were non-linear for
all four livers studied, indicating the involvement of
multiple CYP isoforms in these reactions. In each case,
the data were able to be fitted to the Michaelis-Menten
expression for a two-enzyme system. The derived Km
and Vmax values are shown in Table 1. For 5-0-
desmethylomeprazole sufficient synthetic standard was
not available for formal quantitation. However, Km
values for both 5-0-desmethylomeprazole and metabolite
X were derived using peak height ratio as an index of
reaction velocity. The data were fitted with a two enzyme

model and the derived Km values are shown in Table 2.
The high affinity Km values for hydroxyomeprazole and
5-0-desmethylomeprazole were not significantly differ-
ent, but in each case were significantly different from those
for the sulphone and metabolite X. The high affinity Km
value for the sulphone was not significantly different
from that for metabolite X (F = 11.68, P = 0.0007; least
significant difference of the means = 20.43).
The low affinity Km values for the four pathways

ranged from 139 ± 56 FLM for 5-0-desmethylomeprazole
formation to 484 ± 190 FLM for sulphone formation.
The Michaelis-Menten expression for a two enzyme

system was used with the mean Km and Vmax values in
Table 1 to derive an omeprazole substrate concentration
(5 FiM) that would result in approximately 80% con-

tribution of the high affinity activity to total reaction
velocity in further experiments. However, the individually
calculated contributions were 82%, 78% and 68% (H8,
H9 and H10) for the formation of omeprazole sulphone,
and 82%, 94% and 57% for the formation of hydroxy-
omeprazole. For metabolite X the corresponding figures
were 82%, 71% and 75%, and for 5-0-desmethyl-
omeprazole they were 78%, 81% and 8%. Given the
very low contribution of the high affinity form to the
formation of 5-0-desmethylomeprazole in liver H10,
inhibition data for this pathway in this liver were not
analysed.

Correlation experiments

The only significant correlations between the omeprazole
metabolic pathways were between sulphone formation
and formation of metabolite X (r = 0.95) and between
the hydroxyomeprazole formation and formation of
metabolite X (r = 0.53) (Table 3). There were also weak
correlations, however not significant, between the
hydroxyomeprazole formation and formation of 5-0-

desmethylomeprazole (r = 0.44) and between hydroxy-
omeprazole and sulphone formations (r = 0.42) (Table
3). None of the four omeprazole metabolic pathways
(formation of sulphone, hydroxyomeprazole, 5-0-
desmethylomeprazole and metabolite X) was significantly
correlated with high affinity phenacetin 0-deethylase
(CYP1A2), tolbutamide methylhydroxylase (CYP2C9/
10), or chlorzoxazone 6-hydroxylase (CYP2E1) (Table
3). Consistent with this latter observation, none of the
omeprazole activities was correlated significantly with
CYP2E1 protein content (Table 3).
Omeprazole sulphone formation was strongly cor-

related with the CYP3A mediated benzo[a]pyrene
metabolism and with CYP3A protein content (Table 3).
Hydroxyomeprazole formation was strongly correlated
with S-mephenytoin hydroxylase activity (Table 3).
Formation of metabolite X similarly correlated with
both benzo[a]pyrene metabolism and with CYP3A
protein content.
There were significant but weaker correlations

between hydroxyomeprazole formation and both benzo-
[a]pyrene metabolism and CYP3A protein content and
between sulphone formation and R-mephenytoin
hydroxylase activity.

Inhibition experiments

The effects of various inhibitors/substrates on the forma-
tion of omeprazole metabolites are shown in Figures 3
and 4. Inhibitors selective for CYP1A2 (ot-naphtho-
flavone, furafylline), CYP2A6 (coumarin), CYP2C9/10
(sulphaphenazole) and CYP2E1 (diethyldithiocarbamate)
had essentially no effect on any of the omeprazole
metabolic pathways. R, S-mephenytoin inhibited

Table 2 Computer derived apparent Kms for formation of
5-O-desmethylomeprazole (H 215/02) and metabolite X in human
liver microsomes from four livers

Liver H215/02formation Metabolite Xformation
number Km, Km2 Km, Km2

H8 2.9 174 42 477
H9 9.1 190 70 243
H10 9.3 64 35 238
H15 33 129 60 326

Mean 13.6 139 52 321
+ s.d. 13.3 56 16 112

Note: Km expressed as F±M

Table 1 Computer derived Michaelis-Menten parameters for formation of
omeprazole sulphone and hydroxyomeprazole in human liver microsomes from
four livers

Liver Sulphone formation Hydroxyomeprazole formation
number Km, Km2 Vmaxl Vmax2 Km, Km2 Vmaxl Vmax2

H8 45 692 0.12 0.36 3.4 139 0.057 0.22
H9 52 579 0.16 0.45 9.9 354 0.19 0.32
H10 30 264 0.10 0.36 5.2 81 0.038 0.24
H15 67 400 0.36 0.41 16 126 0.11 0.38

Mean 49 484 0.19 0.40 8.6 175 0.099 0.29
± s.d. 15 190 0.12 0.04 5.6 122 0.068 0.07

Note: Km expressed as pLm and Vmax expressed as nmol mg-' min-'.
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Table 3 Spearman rank correlations (r) between the formation velocity of omeprazole metabolites
and specific CYP activities or isoform contents

Omeprazole Hydroxy-
Activity or isoform content Isoform sulphone omeprazole H 215102 MetaboliteX

Flinders liver bank n = 18a)
Omeprazole sulphone - - 0.42 0.21 0.95*

Hydroxyomeprazole - - - 0.44 0.53*

H 215/02b) - - - - 0.25

Phenacetin O-deethylase 1A2 -0.10 0.39 0.02 -0.06
(high affinity)

Tolbutamide hydroxylase 2C9/10 -0.09 0.12 0.09 0.05

Chlorzoxazone hydroxylase 2E1 -0.14 -0.18 -0.10 -0.24

Benzo[a]pyrene metabolism 3A 0.80* 0.64* -0.18 0.90*

CYP2E1 protein 2E1 -0.23 0.01 0.10 -0.30

CYP3A protein 3A 0.89* 0.69* -0.22 0.93*

Basel liver bank n = 14C)
S-mephenytoin hydroxylase 2C18 -0.38 0.75* -

R-mephenytoin hydroxylase ? 0.55* 0.47

a)for r > 0.468, P < 0.05.
b)5-0odesmethylomeprazole.
c)for r > 0.532, P < 0.05.
*P < 0.05.

a-Naphthoflavone 2 FLM
a-Naphthoflavone 10 fLM

Furafylline 1 JLM
Furafylline 5 fLM
Coumarin 2.5 FLM
Coumarin 25 FLM

Sulphaphenazole 2.5 p.M
Sulphaphenazole 25 p.M

Mephenytoin 100 p.M
Mephenytoin 500 pM

Quinidine 2.5 pM
Quinidine 25 .M

Diethyidithiocarbamate 5 pM
Diethyldithiocarbamate 50 pM

Troleandomycin 10 p.M
Troleandomycin 50 p.M
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Figure 3 Effects of various specific CYP inhibitors andlor substrates on the formation of a) omeprazole sulphone and b)
hydroxyomeprazole in human liver microsomes. Each bar represents the mean ± s.d. of three different livers (H8, H9 and H10)
and each liver was studied in duplicate samples.

hydroxyomeprazole formation by 58% at the higher
inhibitor concentration, and also inhibited 5-0-des-
methylomeprazole formation by 57%. The higher
concentration of mephenytoin had weaker inhibitory
effects on sulphone formation (30% inhibition) and on
metabolite X formation (34% inhibition). Troleando-

mycin (CYP3A) essentially abolished sulphone and
metabolite X formation (>90% inhibition), but also
exerted a weak inhibitory effect on hydroxyomeprazole
formation (30% inhibition). Consistent with this, ot-
naphthoflavone 10 ,UM (which normally activates
isoforms of the CYP3A subfamily) activated sulphone
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a
ax-Naphthoflavone 2 FMm

ac-Naphthoflavone 10 Lm0
Furafylline 1 ILM
Furafylline 5 pM
Coumarin 2.5 FMm
Coumarin 25 FM

Sulphaphenazole 2.5 FM
Sulphaphenazole 25 FM

Mephenytoin 100 FM
Mephenytoin 500 FM

Quinidine 2.5 FM
Quinidine 25 pM

Diethyidithiocarbamate 5 FM
Diethyidithiocarbamate 50 F.M

Troleandomycin 10 pM
Troleandomycin 50 pM

-100-80-60-40-20 0 20 40 60 80 100

b
a-Naphthoflavone 2 p.M s.d. 61

a-Naphthoflavone 10 p.M
Furafylline 1 pLM
Furafylline 5 FM
Coumarin 2.5 FM
Coumarin 25 F.M

Sulphaphenazole 2.5 FM
Sulphaphenazole 25 p.M

Mephenytoin 100 FM
Mephenytoin 500 FM

Quinidine 2.5 FM
Quinidine 25 FM

Diethyidithiocarbamate 5 FM s
Diethyidithiocarbamate 50 FM

Troleandomycin 10 F.M
Troleandomycin 50 FM
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% Inhibition % Activation

Figure 4 Effects of various specific CYP inhibitors and/or substrates on the formation of a) 5-O-desmethylomeprazole (H 215/
02) and b) metabolite X in human liver microsomes. Each bar represents the mean ± s.d. of two different livers (H8 and H9)
for 5-O-desmethylomeprazole and of three different livers (H8, H9 and H10) for metabolite X. Each liver was studied in duplicate
samples.

formation by 26% and metabolite X formation by 78%
but did not activate formation of 5-0-desmethyl-
omeprazole or hydroxyomeprazole. The use of higher
concentrations of ao-naphthoflavone to demonstrate
further the activation of the formation of omeprazole
sulphone was not possible since there were potential
interfering peaks which precluded quantitation of this
metabolite. Quinidine (CYP2D6) at the higher concen-
tration had a substantial inhibitory effect on 5-0-des-
methylomeprazole formation (86%) but also had minor
inhibitory effects on the formation of the other ome-
prazole metabolites.

Discussion

On the basis of the results of the present studies and
previously reported in vivo findings, a proposed scheme
for omeprazole metabolism in humans is presented in
Figure 1.
The major metabolites produced from omeprazole by

microsomes from thirty-two human livers were ome-
prazole sulphone and hydroxyomeprazole (Figure 1).
This is in agreement with these two compounds being
the major metabolites detected in vivo in human plasma
[7]. In vivo, the sulphone metabolite is apparently
completely further biotransformed as it does not appear
in urine to any appreciable extent [10]. The analytical
method used here has been validated fully for quantita-
tion of these two compounds [20].

Two further peaks were found in the chromatograms
after incubation of omeprazole with human liver micro-
somes. One of these was tentatively identified by
comparison with authentic synthetic standards as 5-0-
desmethylomeprazole (H 215/02; demethylated in the
benzimidazole moiety) [Figure 1], while the other still
remains unidentified (metabolite X). Although sufficient
analytical standard was not available to validate fully
the quantitation of 5-0-desmethylomeprazole, peak
height ratios for this metabolite and for metabolite X
could be used to estimate their relative rates of formation
from omeprazole by microsomes from different livers,
for both inhibition studies and to estimate kinetic
parameters. Omeprazole pyridone seemed to be formed
in very small amounts only, and was therefore not
evaluated in this work. Moreover, omeprazole sulphide
was formed during the preparation procedures and
could therefore not be evaluated as a metabolite.

After incubation of human liver microsomes with
omeprazole, hydroxyomeprazole or omeprazole
sulphone, no peaks were seen corresponding to
hydroxyomeprazole-sulphide (H 195/69) or 5-0-des-
methylomeprazole-sulphide (H 182/68) indicating that
these are unlikely to be significant, hepatically formed
metabolites of omeprazole in vivo. Incubation of
omeprazole sulphone and hydroxyomeprazole with
human liver microsomes gave, in each case, a major
peak corresponding to the hydroxysulphone (H 195/77;
Figure 1) indicating that this is likely to be an important
in vivo pathway for secondary biotransformation of
these primary metabolites. In vivo, hydroxyomeprazole
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is also, at least in part, converted to carboxyomeprazole
(H 193/48; Figure 1) which is found as a major metabolite,
together with hydroxyomeprazole, in urine [10]. This
pathway is likely to be catalyzed by alcohol and aldehyde
dehydrogenases which are cytosolic enzymes, the activity
of which would not have been detected in the current
work using microsomal systems.
The kinetics of sulphone formation were biphasic

suggesting that at least two CYP isoforms can catalyse
sulphone formation. Only the high affinity form is likely
to be involved at concentrations achieved in vivo, so
correlation and inhibition studies were performed at low
omeprazole concentrations where the high affinity
activity predominated. Similar biphasic kinetics were
observed for formation of hydroxyomeprazole, 5-0-
desmethylomeprazole and metabolite X. The high affinity
Km values for the four pathways indicated that the
formation of hydroxyomeprazole and 5-0-desmethyl-
omeprazole might be performed by the same CYP
isoform, and the formation of the sulphone and metabolite
X seemed to be dependent on the activity of the same
CYP isoform, however different from that for hydroxy-
omeprazole and 5-0-desmethylomeprazole.
The rate of sulphone formation with human liver

microsomes was correlated significantly with benzo[a]-
pyrene metabolism (CYP3A) and with CYP3A protein
content but not with phenacetin O-deethylation
(CYP1A2) tolbutamide hydroxylation (CYP2C9/10),
S-mephenytoin hydroxylation (possibly CYP2C18),
chlorzoxazone hydroxylation (CYP2E1), or with
CYP2E1 protein content. Consistent with this, sulphone
formation was potently inhibited by the CYP3A selective
inhibitor troleandomycin and activated by a-naphtho-
flavone. Selective inhibitors of CYP1A2 (ot-naphtho-
flavone, furafylline), CYP2A6 (coumarin), CYP2C9/10
(sulphaphenazole) and CYP2E1 (diethyldithiocarbamate)
had no effect on microsomal omeprazole sulphone
formation excluding a role for these CYP isoforms in the
formation of this metabolite. The marginal inhibition
obtained by the high concentration of quinidine is
probably not an effect on CYP2D6 but is rather a result
of non-specific inhibition of CYP3A since quinidine is a
known substrate for CYP3A [30]. R, S-mephenytoin at
a concentration of 500 FM caused some inhibition
(-30%) of sulphone formation. This could be due to
a minor role of the polymorphic S-mephenytoin
hydroxylase in sulphone formation or to non-selective
inhibition of the CYP3A subfamily by R, S-mephenytoin.
Overall the data are fully consistent with a predominant
role of the CYP3A subfamily in omeprazole sulphone
formation. This is in agreement with in vivo data showing
that sulphone formation is not linked to S-mephenytoin
hydroxylase activity [7, 13, 14].
By contrast with sulphone formation, microsomal

omeprazole hydroxylation was strongly correlated with
S-mephenytoin hydroxylation. As with sulphone forma-
tion, there was no correlation with activities or protein
content representing CYP1A2, CYP2C9/10 or CYP2E1.
There was also a significant correlation with benzo[a]-
pyrene metabolism and CYP3A protein content indicat-
ing that the CYP3A subfamily may mediate part of the
hydroxylation activity. In agreement with the correlation
experiments, R, S-mephenytoin caused substantial

inhibition of the hydroxylation reaction while troleando-
mycin (CYP3A) was only a weak inhibitor of this reaction.
ox-Naphthoflavone activated hydroxyomeprazole for-
mation with microsomes from one of three livers only
(H1O). These microsomes also exhibited the greatest
inhibition of hydroxyomeprazole formation by tro-
leandomycin in the inhibition experiments. Since CYP3A
activity might be involved in the low affinity component
of hydroxyomeprazole formation, the indication of a
higher CYP3A contribution to the formation of hydro-
xyomeprazole in this liver may be explained by the
relatively high contribution (43%) of the low affinity
component in this liver compared with the others (18%
and 6%). Nevertheless, the in vitro studies indicate
a dominant role of the S-mephenytoin hydroxylase
isoform in omeprazole hydroxylation in agreement with
in vivo data showing that this biotransformation pathway
is strongly linked with the S-mephenytoin polymorphism.
The in vitro data suggest further that isoforms of the
CYP3A subfamily may possibly also be involved in
omeprazole hydroxylation in vivo, particularly if induc-
tion of the CYP3A isoforms has occurred.
The two minor metabolites, one tentatively identified

as 5-0-desmethylomeprazole (the product of demethyla-
tion on the benzimidazole moiety) and the other
unidentified as yet (metabolite X), were quantitated by
peak height ratios. The formation of 5-0-desmethyl-
omeprazole as measured by peak height was weakly, but
not significantly, correlated with that of hydroxy-
omeprazole but not with any of the other activities or
protein contents studied. Formation of 5-0-desmethyl-
omeprazole was significantly inhibited by R, S-
mephenytoin and also by quinidine. These data suggest
that the formation of 5-0-desmethylomeprazole could
be mediated by S-mephenytoin hydroxylase and by
CYP2D6. Formation of the other minor metabolite,
metabolite X, behaved in a very similar manner to
sulphone formation. It was highly correlated with
omeprazole sulphone formation, benzo[a]pyrene
metabolism and CYP3A protein content, but not with
any of the other activities or protein contents studied. It
was inhibited completely by low concentrations of
troleandomycin and weakly by R, S-mephenytoin and
quinidine but not substantially affected by inhibitors
selective for other isoforms. It was strongly activated by
ot-naphthoflavone. Taken together, these results indicate
a major role for isoforms of the CYP3A subfamily in
formation of this unknown metabolite.
The in vitro studies reported here show excellent

concordance with in vivo results and demonstrate the
potential for in vitro metabolism studies to predict genetic,
environmental and drug interaction effects on drug
metabolism in vivo. The major in vivo metabolic pathways
(sulphone formation and hydroxylation) could be identi-
fied from the in vitro data and minor metabolic pathways
have been detected. Likely secondary biotransformations
of the major primary metabolites have been identified.
Correlation and inhibition studies indicate that the
polymorphic S-mephenytoin hydroxylase is dominant in
hydroxyomeprazole formation whereas CYP3A isoforms
are dominant in sulphone and metabolite X formation.

Estimates of relative intrinsic clearance, based on
VmaxlKm calculations, indicate that at low concentrations,
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i.e. comparable with those obtained in a clinical situation,
hydroxyomeprazole formation is four times greater than
sulphone formation. The formation of hydroxyomepra-
zole is shown here to be mediated by S-mephenytoin
hydroxylase which is consistent with the major defect
in omeprazole plasma clearance observed in poor
S-mephenytoin hydroxylators in vivo [11-14]. The in
vitro data presented here further suggest that agents
inducing (e.g. dexamethasone) or inhibiting (e.g. erythro-
mycin) the CYP3A isoforms would alter omeprazole

sulphone formation in vivo. These interactions would
not have major effects on total plasma omeprazole
clearance, however, as the in vitro results suggest that
this pathway is relatively less important than hydroxyo-
meprazole formation.
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