Formation of omeprazole sulphone but not 5-hydroxyomeprazole is

inhibited by grapefruit juice
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Aims To determine the effect of grapefruit juice on omeprazole metabolism in vivo.
Methods This was a randomized crossover study with a 2 week washout period.
Omeprazole (20 mg) was taken orally by 13 healthy volunteers after an overnight
fast with either grapefruit juice or water. Serial blood samples were obtained over
12 h and standardized meals were served 3 and 10 h after the administration of
omeprazole. Plasma concentrations of omeprazole and its major metabolites,
5-hydroxyomeprazole and omeprazole sulphone, were determined by high perform-
ance liquid chromatography (h.p.l.c.).

Results Mean area under the plasma concentration vs time curve (AUC) between 0
and 12 h for omeprazole sulphone was approximately 20% lower (P<0.01) in the
group receiving grapefruit juice. There was no significant difference in the mean
AUC of 5-hydroxyomeprazole or omeprazole. The AUC ratio of omeprazole
sulphone to omeprazole, an index of CYP3A4 activity, was decreased by 33%
(P<0.001) after administration of grapefruit juice whereas the AUC ratio of
5-hydroxyomeprazole to omeprazole, an index of CYP2C19 activity, did not differ
between the two phases of the study. Although the time to peak concentration
(fmax) and terminal half-life (¢, ,) of omeprazole and its two main metabolites were
not altered, the peak concentration (C,,,) of omeprazole sulphone was significantly
reduced after administration of grapefruit juice.

Conclusion Administration of grapefruit juice decreased the formation of omeprazole
sulphone but not 5-hydroxyomeprazole. These results indicate that activities of
CYP3A4, but not of CYP2C19, are inhibited by the simultaneous administration
of grapefruit juice.
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Introduction

Omeprazole, is a selective benzimidazole inhibitor of the
H' /K" -ATPase proton pump in gastric parietal cells. It
has been used widely for treatment of duodenal ulcer,
refractory gastroesophageal reflux diseases, Zollinger—
Ellison syndrome and other related hypersecretory con-
ditions [1]. Omeprazole is oxidatively metabolized prior
to excretion and the major metabolites in blood are
omeprazole  sulphone and  5-hydroxyomeprazole
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(Figure 1) [2]. The major urinary metabolites identified
are 5-hydroxyomeprazole and its corresponding car-
boxylic acid. Neither omeprazole nor omeprazole sul-
phone are detected in urine. The metabolism of
omeprazole to 5-hydroxyomeprazole cosegregates with
4'-hydroxylation of S-mephenytoin [3], indicating a role
for the polymorphic CYP2C19 in this metabolic pathway.
The rate of omeprazole hydroxylation has been used as
an index for hepatic CYP2C19 activity in vivo [4, 5]. In
vitro studies suggest that CYP3A4 is mainly responsible
for omeprazole sulphoxidation [6]. Consistent with this,
in vivo studies have shown that the formation of
omeprazole sulphone was strongly inhibited by a CYP3A4
inhibitor, ketoconazole [7] and increased after prolonged
treatment with a CYP3A4 inducer, carbamazepine [8].
Approximately 3% of Caucasian and 15-20% of Oriental
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Figure 1 Oxidative metabolism of omeprazole in humans.

populations are poor metabolisers (PMs) of S-mepheny-
toin or omeprazole hydroxylations. Omeprazole
S-oxidation is thus the predominant metabolic path-
way in the poor metaboliser phenotype. Moreover,
5-hydroxyomeprazole and  omeprazole  sulphone
undergo further oxidation to a secondary metabolite,
5-hydroxyomeprazole sulphone, mediated by CYP3A4
and CYP2C19, respectively [9-11].

Co-intake of grapefruit juice has been shown to
increase the oral bioavailability of several CYP3A4-related
drugs including dihydropyridine-type calcium channel
blockers [12—14], ethinyloestradiol [15], cyclosporin [16],
midazolam [17], triazolam [18] and terfenadine [19].
These interactions are apparently caused by components
specific to grapefruit juice, because no such interactions
occur with other beverages. Among the components,
furanocoumarins, particularly the dimers GF-I-1 and
GF-I1-4, have been shown by us to be the most potent
inhibitors of CYP3A4 in grapefruit juice [20]. In addition,
these two furanocoumarin dimers as well as furano-
coumarin  monomers,  bergamottin  and = 6,7'-
dihydroxybergamottin inhibit CYP2C19-mediated ome-
prazole 5-hydroxylation in vitro (unpublished obser-
vations). Although the inhibitory effects of grapefruit
juice on CYP3A4 substrates are well documented, its
effect on other cytochromes P450 (P450s) in humans
remains unclear. Drugs affected by grapefruit juice share
some common features such as low oral bioavailability,
interaction occurring only with orally administered drugs
and no change in the elimination rates of the drug [21].
Previous in vivo studies showed that elimination half-lives
of caffeine and coumarin were extended by coingestion
of grapefruit juice. These reactions are considered to be
mediated mainly by CYP1A2 and CYP2A6, respectively
[22-24]. Since omeprazole undergoes two different
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metabolic pathways in vivo, i.e. CYP2C19-mediated
5-hydroxylation and CYP3A4-mediated S-oxidation, the
effect of grapefruit juice on the activities of these P450s
in vivo has been investigated in the present study.

Methods
Subjects

Thirteen healthy subjects (11 men and 2 women)
participated in this study. Subjects were healthy as defined
by medical history, physical examination and routine
laboratory analysis. Four of them were cigarette smokers.
All subjects were informed both verbally and in writing
about the experimental procedures and the purpose of
the study. Each subject gave written informed consent
before the study. The subjects were asked to refrain from
any medications, alcoholic beverages, citrus fruits and
citrus juices for at least one week before and throughout
the study period. The study was approved by the Ethics
Committee of KhonKaen University (KhonKaen,

Thailand).

Study protocol

After an overnight fast, the subjects took 20 mg omepra-
zole (Losec,® Astra-Hissle) with either 300 ml grapefruit
juice (Tropicana,® regular strength, Kirin, Tokyo, Japan)
or water in a randomized, crossover study (2 week
washout period). Blood samples (8—10 ml)were collected
through a venous catheter before and 1, 2, 3, 4, 6, 8, 10
and 12h after the drug administration. Plasma was
separated after centrifugation at 3000 ¢ for 15 min and
stored at —20° C until analysis. Meals were served 3 and
10 h after administration of omeprazole. Similar meals
were served throughout the two study periods.

Determination of omeprazole and its metabolites

Plasma concentrations of omeprazole and its major
metabolites, 5-hydroxyomeprazole and omeprazole sul-
phone, were determined by h.p.l.c. as described pre-
viously [25]. An internal standard (phenacetin, 4 pg),
sodium chloride (0.5¢g) and 0.5M sodium potassium
phosphate bufter (0.5 ml, pH 8.0) were added into a
screw-capped tube containing 1 ml plasma. Extraction
with dichloromethane/butanol mixture (99:1 v/v, 5 ml)
was performed by rotary-mixing for 30 min. The organic
phase after centrifugation at 3000 rev min~ ' for 10 min
was transferred to a glass tube and then evaporated to
dryness under nitrogen. Aliquots (50 pl) of the residue
dissolved in mobile phase (200 pl) were injected on to
the column. The metabolites were separated with a
CAPCELL PAK C18 SG 120 column (25 cm X 4.6 mm
i.d., 5 pm particle size; Shiseido, Tokyo, Japan) using a
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mixture of acetonitrile: 50 mm phosphate buffer (20: 80,
pH 8.5) at flow rate of 1.5 ml min~ . Metabolites were
detected by their absorbance at 302 nm. Under the
chromatographic  conditions,  5-hydroxyomeprazole,
phenacetin, omeprazole sulphone and omeprazole were
eluted at the retention time of 6.6, 9.1, 11.0 and
18.8 min, respectively. Amounts were calculated from
standard curves for omeprazole and its metabolites
constructed in the concentration range 25—1000 ng ml g

Pharmacokinetic calculations

The time to peak concentration (f,..) and the peak
concentration (C,,,,) of omeprazole and its two metab-
olites, 5-hydroxyomeprazole and omeprazole sulphone,
were noted directly. The area under the plasma concen-
tration vs time curve (AUC) from 0O to 12 h was calculated
by using the linear trapezoidal rule. The elimination rate
constant (2,) was estimated by least-squares regression
analysis of the terminal phase of the plasma concentration-
time curve. The half-life (¢,,,,) was calculated as follows:

t1/2,z == 0693/)\Z

Statistical analysis

Values for pharmacokinetic variables are reported as
mean +s.d.. Data were analysed by the nonparametric
Wilcoxon Rank Sum Test using SAS software (6.12).
Differences were regarded statistically significant when P
values were <0.05.

Results

The plasma concentration-time curves of omeprazole and
its metabolites in control and grapefruit juice experiments
are shown separated as EM and PM (Figure 2). Analyses
of the pharmacokinetic data for omeprazole indicate that
2 out of 13 subjects enrolled in the present study are
PMs of CYP2C19. The AUC ratio of omeprazole to
5-hydroxyomeprazole in the control phase for these two
PMs were 14.1 and 26.8 compared with 2.61+1.50
(range 0.7-5.8) for the extensive metabolisers. The mean
AUC of omeprazole in the control phase for these two
PMs (14233 nmol 1! h) were about 5 fold greater than
that observed with EMs (2873 nmol 1"'h, P< 0.05).
Half-lives for omeprazole, 5-hydroxyomeprazole and
omeprazole sulphone in the control phase were 0.940.2,
0.9+40.3 and 2.94+1.6 h for EMs and 2.54+0.4, 1.74+0.2
and 13.61+ 3.5 h for PMs, respectively. Since there were
no marked differences in the effect of grapefruit juice on
the pharmacokinetic parameters of omeprazole and its
metabolites between PMs and EMs, the data from all 13
subjects were combined.
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Selective CYP3A4 inhibition by grapefruit juice

Pharmacokinetic parameters of both phases of the
study are described in Table 1. Plasma C,,, and f,,,, of
omeprazole and 5-hydroxyomeprazole were not signifi-
cantly different whereas the C,,,, value for omeprazole
sulphone was significantly lower (P<0.01) in the
presence of grapefruit juice compared with the control.
The AUC of omeprazole sulphone was decreased
significantly(P<0.01) from 334842362 nmoll™ ' h in
the control group to 276541940 nmol1~'h in the
grapefruit juice-treated group. Therefore, the AUC ratio
of omeprazole sulphone to omeprazole was decreased
significantly (P<0.001) in the group receiving grapefruit
juice. There was no change in the AUC of omeprazole
or 5-hydroxyomeprazole or in the AUC ratio of
5-hydroxyomeprazole to omeprazole in the presence of
grapefruit juice.

Discussion

In the present study, grapefruit juice has been shown to
inhibit formation of omeprazole sulphone but not
5-hydroxyomeprazole. Additionally, half-lives of omepra-
zole sulphone and 5-hydroxyomeprazole were not
extended by intake of grapefruit juice. Since in preliminary
experiments, human microsomal CYP2C19 activity as
well as CYP3A4 activity was clearly inhibited by the
addition of a grapefruit extract or the major inhibitory
components, furanocoumarins, the present results suggest
that the inhibitory effect of grapefruit juice is likely
confined to gastrointestinal mucosa, therefore more
greatly affecting CYP3A4, but not liver-specific
CYP2C19.

Although the metabolic pathways of omeprazole in
vivo are rather complex, cytochrome P450 isoenzymes
responsible for these pathways are now well characterized
[2]. The polymorphic CYP2C19 is the major metabolic
enzyme responsible for the formation of 5-hydroxy-
omeprazole whereas the formation of omeprazole
sulphone 1is highly dependent on CYP3A4. Ome-
prazole sulphone and 5-hydroxyomeprazole undergo
turther metabolism to the common secondary metabolite,
5-hydroxyomeprazole sulphone. CYP2C19 is largely
responsible for the hydroxylation of omeprazole sulphone
whereas CYP3A4 is mainly involved in the sulphoxidation
of 5-hydroxyomeprazole [9-11]. The pharmacokinetic
data observed in our subjects are consistent with
previously reports that the mean half-life of omeprazole
in EMs was 0.940.2h (0.7-1.2 h) whereas the mean
half-life of this drug in PMs was 2.5+0.4 h (2.2-2.7 h)
[9, 11]. The primary metabolite, 5-hydroxyomeprazole
showed a longer apparent half-life in the PM than in the
EM group. The mean AUC ratios of omeprazole to
5-hydroxyomeprazole were markedly higher in PMs
compared with those calculated from EMs. Omeprazole
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Figure 2 Plasma concentration profiles of omeprazole and its metabolites in CYP2C19 extensive (EM) and poor metabolizers (PM).
The mean concentration in EM are shown in (a), and individual concentrations for PM are shown in (b). gf; grapefruit juice-treated. O

EM controls, @ EM gf, [] PMI control, B PMI gf, A PMR control, A PM2 gf.

sulphone was eliminated from plasma at a much lower
rate in the PM than in the EM group. The mean half-
life of omeprazole sulphone in the PM group was greater
than that calculated from the EM group (2.9+1.6 h for
EMs and 13.6+3.5h for PMs). These findings support
the idea that the metabolism of omeprazole sulphone is
mediated by the polymorphic CYP2C19.

Plasma AUC of omeprazole sulphone decreased by
approximately 20% after grapefruit juice intake without
changing the half-life of this metabolite, indicating that
the formation but not the elimination of omeprazole
sulphone 1is inhibited by grapefruit juice. These data
support the idea that CYP3A4, but not CYP2C19, is
inhibited by grapefruit juice. Consistently, the AUC ratio
of omeprazole sulphone to omeprazole, a proposed index
of in vivo CYP3A4 activity, was decreased by about 33%
in the grapefruit juice treatment group. The magnitude
of inhibition of grapefruit juice on the formation of
omeprazole sulphone observed in the present study was
less than that reported with multiple-doses of ketocona-
zole [7]. The greater increase in the AUC of omeprazole
after ketoconazole treatment was noted in PMs compared
with the EMs. Ketoconazole is a potent CYP3A4
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inhibitor, which acts in both liver and small intestine.
Although only two PMs were enrolled in the present
study, there was no significant difference in the effect of
grapefruit juice on of 5-hydroxy-
omeprazole and omeprazole sulphone between PMs and
EM:s.
monomers [26] and the dimers [20, unpublished obser-
vations] of furanocoumarins in grapefruit juice are potent
mechanism-based inhibitors of CYP3A4. These com-
pounds are likely to be trapped in intestine and not
released to the systemic circulation and thus affect only

the formations

Results from in vitro studies suggests that the

the first-pass metabolism of omeprazole in the gastro-
Furthermore, half-life  of
5-hydroxyomeprazole which is mainly mediated by
hepatic CYP3A4 was not significantly different between
the two phases of the study. Consistent with these

intestinal  tract. plasma

findings, intake of grapefruit juice has been shown to
alter bioavailability after oral but not intravenous adminis-
tration of several drugs including felodipine, midazolam
and cyclosporin [16, 17, 27]. Moreover, it has been
reported recently that ingestion of grapefruit juice for 6
days results in a marked decreased in enterocyte CYP3A4
immunoreactive protein concentration with no change
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Table 1 Pharmacokinetic parameters of

Selective CYP3A4 inhibition by grapefruit juice

omeprazole and its metabolites after Water Grapefruit juice Mean differencet

intake of 20 mg omeprazole together

with 300 ml of either water or grapefruit Omeprazole

Jjuice. AUC (nmol 1! h) 461044583 5117 +£4119 507 (—2203-3236)
t2, () 12407 124054 0 (—0.3-0.2)
Cox (nmol 171 161241017 1608+937 222 (—770-777)
e () 2.0 (1.0-4.0) 3.0 (2.0-4.0) —
5-Hydroxyomeprazole
AUC (nmol 1~ " h) 1107 4371 11384361 31 (—201-138)
t12, (h) 11404 15408 0.3 (—0.94-0.11)
Ciae (amol 171 4024210 3934196 9 (—81-98)
) 3.0 2.0-4.0) 3.0 2.0-40) —

Omeprazole sulphone
AUC (nmol 1! h)
ti/2.. (h)

Cinax (nmol 171)

fax (B)

Metabolic ratios
5-Hydroxyomeprazole

AUCmetabolite/AUComeprazole

Omeprazole sulphone

AUCmetabolite/AUComepr;\znle

343842362 2765+1940% 673 (198—1148)
47445 47446 0 (1.3-1.2)
5384203 437423% 101 (36-164)

3.0 (2.0-8.0) 4.0 (3.0-10.0) —

0.44+0.33 0.35+0.21 0.09 (—0.05-0.29)

0.91+£0.27 0.56+0.17** 0.35 (0.21-0.49)

Data represent the mean +s.d. (n=13) except for f,,,,, which is median (range). C,.x, Peak

concentration; t,,,,, time to reach C,,,; AUC, area under the plasma concentration vs time

‘max»

curve from 0 to 12 h. TWater minus grapefruit juice, 95% CI. *P<0.01 and **P<0.001

compared with the dose taken with water.

on hepatic CYP3A4 activity as determined by the
erythromycin breath test [28]. Reduction in intestinal
CYP3A4 concentration was rapid, since it occurred
within 4 h of after grapefruit juice intake [26].
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