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Aims Theophylline is a model substrate of cytochrome P4501A2. The ability of the
proton pump inhibitors (PPI) omeprazole, lansoprazole and pantoprazole to induce
cytochrome P4501A2 has not yet been unequivocally resolved. The aim of this
comprehensive study was to compare directly the effect of the three PPI on the
absorption and disposition of theophylline.

Methods Twenty healthy, nonsmoking, male and female volunteers (extensive
metabolisers of cytochrome P4502C19 and Helicobacter pylori negative) participated
in a randomized, double-blind, four-period, placebo-controlled crossover study. In
each of the four periods they received either omeprazole (40 mg), lansoprazole
(60 mg), pantoprazole (80 mg) or placebo once daily for 10 days. Sustained release
theophylline (350 mg twice daily) was coadministered from day 8—10. Pharmacokinetics
of theophylline as well as of all three PPI were determined at steady-state (day 10).
Results In all periods, point estimates and 90% confidence intervals of the area
under the concentration-time curves (AUC), maximum steady-state concentrations
and peak-trough fluctuations of theophylline were not altered by PPI pretreatment
and met the required limits for bioequivalence. Point estimates (90% confidence
intervals) of the AUC ratios of theophylline plus PPI to theophylline alone were
0.92 (0.87—-0.97), 0.90 (0.85—0.95) and 1.00 (0.95—1.06) for omeprazole, lansoprazole
and pantoprazole, respectively.

Conclusions Concomitant intake of omeprazole, lansoprazole or pantoprazole at
high therapeutic doses does not affect the absorption and disposition of theophylline.
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Introduction

The H', K"-ATPase (proton pump) inhibitors (PPI)
omeprazole, lansoprazole and pantoprazole have been
proved effective as monotherapy for gastric or duodenal
ulcers and gastro-oesophageal reflux, and in combination
regimens for the eradication of Helicobacter pylori [1-3].
These drugs are structurally very similar and they are
mainly metabolized by the polymorphically expressed
cytochrome P4502C19 (CYP2C19), which means that
about 3% of Caucasians (poor metabolisers of CYP2C19)
eliminate the compounds more slowly than the majority
(extensive metabolisers of CYP2C19) of the Caucasian
population [4, 5]. As a class, benzimidazole derivatives
show high affinity for cytochrome P450 enzymes and
they may act either as inhibitors or inducers of several
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proton pump inhibitors,

isoenzymes of cytochrome P450 [6—11]. For example,
omeprazole and lansoprazole were shown to be inducers
of cytochrome P4501 A2 (CYP1A2) in human liver and
alimentary tract in vitro and in vivo [12—14]. The extent
of CYP1A2 induction by omeprazole was dependent
both on the dose and the CYP2C19 phenotype resulting
in a significant effect at lower doses of omeprazole in
the subset of poor metabolisers of CYP2C19 [15].
Pantoprazole has been claimed to have less potential than
omeprazole and lansoprazole to interact with other drugs
metabolized by cytochrome P450 enzymes [16, 17]. In
general, putative induction of CYP1A2 by PPI in vivo is
highly controversial as clinical studies have shown that
low therapeutic doses of PPI have little or no effect on
CYP1A2 activity [18-20].

Theophylline is commonly used in patients with
chronic obstructive lung diseases [21]. Its metabolism (IN-
demethylation and 8-hydroxylation) is catalysed primarily
by CYP1A2 [22-24] and it can be used as a probe drug
for this CYP isoenzyme [25, 26]. Other substrates of
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human CYP1A2 include caffeine, paracetamol, phen-
acetin, and tacrine [27]. As theophylline shows concen-
tration-dependent effects with a narrow therapeutic range,
induction of CYP1A2 by PPI may compromise clinical
efficacy [28].

To date no clinical study has compared directly the
effect of all three PPI on steady-state plasma concen-
trations of theophylline in the same individual. A number
of interaction studies have been perfomed between one
of the PPI and theophylline [29-35]. However, their
interpretation is limited because of several shortcomings
such as low dosage, single dose administration or
nonrandomization. For example, lack of effect of pantop-
razole on the disposition of theophylline is based upon
the data of a single study with intravenous drug
administration [31]. The most appropriate way to detect
interactions on the levels of absorption and disposition is
by means of oral drug administration under steady-state
conditions. If alterations of the catalytic activity of the
cytochrome P450 system are to be detected, dosage and
duration of drug administration should be at the upper
end of the range therapeutically recommended. Therefore,
we designed a comprehensive clinical study that compared
directly the effect of all three available PPI (omeprazole,
lansoprazole, pantoprazole) on absorption and disposition

of theophylline.

Methods
Subject population

Ten healthy females (age 33.0+5.6 years, body mass
index 21.94+2.5 kg mfz; mean +s.d.) and 10 healthy
males (age 32.0+3.3 years, body mass index 24.3+
0.7 kg m~ mean +s.d.) participated in the study. The
study was approved by the Ethics Committee of
the Landesirztekammer Baden-Wiirttemberg, Stuttgart,
Germany, according to the ethical guidelines of the 1996
Declaration of Helsinki. Written informed consent was
obtained from all volunteers. Before entering the study
each subject underwent a complete medical examination
including laboratory investigations, vital signs, ECG, and
[13C]—urea breath testing for exclusion of Helicobacter
pylori infection. The subjects were all Caucasian, nonsmo-
kers and phenotyped as extensive metabolisers of
CYP2C19 with the probe drug mephenytoin [36]. No
comedication was allowed for 3 weeks before and during
the treatment periods.

Study design

The study had a randomized, double-blind, double-
dummy, four-period, placebo-controlled crossover design
with wash-out periods of at least 11 days. In each of the
four periods the volunteers ingested either 40 mg omepra-
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zole (Antra® 20, Astra GmbH, Wedel, Germany, two
capsules) or 60 mg of lansoprazole (Agopton®, Takeda
Pharma GmbH, Aachen, Germany, two capsules) or
80 mg pantoprazole (Pantozol®, Byk Gulden Lomberg
Chemische Fabrik GmbH, Konstanz, Germany, two
tablets) or placebo once daily at 07.30 h before breakfast
for 10 consecutive days. A dose of 350 mg sustained
release theophylline (Bronchoretard® 350, Klinge Pharma
GmbH, Miinchen, Germany) was coadministered in an
open-labelled fashion at 07.30 h and 19.30 h on day 8
and day 9. After an overnight fast the last doses of study
medication were taken in the morning of day 10. Blood
samples (7.5 ml) for determination of theophylline,
omeprazole, lansoprazole and pantoprazole were drawn
via an indwelling cannula into tubes containing ethylendi-
aminetetraacetic acid (EDTA) before and at 0.5, 1, 2, 3,
4, 6, 8, 10, 12 and 24 h after drug administration. A
standardized breakfast consisting of two slices of toast,
20 g butter, 25 g jam and 100 ml orange juice, that has
been proved not to affect the pharmacokinetic profile of
sustained release theophylline [37], was served 2 h after
drug intake. For the first 4 h following drug adminis-
tration, the subjects remained supine. Urine was collected
from O to 12 h after the last dose of theophylline in each
period. Plasma and aliquots of urine were stored at
—20° C until analysis. Subjects were not allowed to
consume alcohol, methylxanthine-containing foods and
beverages (coffee, tea, cola, chocolate) and grapefruit
from day 8 through day 12. They were also told to avoid
charcoal-grilled meat and certain cruciferous vegetables
(broccoli, spinach, turnips, cabbage, cauliflower, brussels
sprouts) during the entire study because these factors
have been shown to alter CYP1A2 activity [38—40].
Compliance was assessed by daily telephone calls and also
directly by unannounced randomized withdrawals of
blood at two different occasions in each period.

Determination of theophylline

Theophylline plasma concentrations were assayed by
using a fluorescent polarization immunoassay technique
(AXSYM Theophylline II, Abbott GmbH, Wiesbaden,
Germany). This assay has a sensitivity range of
0.82—40.0 pg ml ™', The within-run coefficients of vari-
ation were 2.7% at 7.0 pg ml™', 2.5% at 12.0 ug ml™ ",
and 3.8% at 26.0 pg ml ™', The between-day coefficients
of wvariation were 1.2% at 7.0 pg ml~', 2.0% at
12.0 pg ml ™", and 3.8% at 26.0 ug ml ™', Urine analysis
for theophylline was carried out by the same technique
on one single day following a 5-10 fold dilution with
blank plasma before analysis. The within-run coeflicients
of wvariation were 4.0% at 7.0 pg ml~', 3.8% at
12.0 pgml ™', and 2.0% at 26.0 pgml ™~ .
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Determination of omeprazole, lansoprazole and pantoprazole

Omeprazole plasma levels were determined by h.p.l.c. as
decribed previously [41]. In brief, 0.5 ug of internal
standard (lansoprazole) and 10 pl of 0.5m sodium
carbonate were added to 1 ml of plasma and extracted
with 6 ml ethyl acetate. The upper organic phase was
vaporized under nitrogen and the residue was dissolved
in 100 pl of mobile phase (55% methanol + 1% triethyl-
amine, pH 7). Using a Hypersil ODS column (5 pm;
Shandon Southern Products Ltd, Chesire, U.K.) omepra-
zole and lansoprazole eluted at 4.7 min and 6.3 min,
respectively (flow rate 0.8 ml min~ ', wavelength of
UV-detection 302 nm). Peak height ratios were used for
quantification. Calibration curves ranged from 10 to
500 ng ml ™" Analysis of lansoprazole and pantoprazole
was performed by the same assay (calibration range 100
to 1000 ng ml~' and 10-8000 ng ml ™!, respectively)
using omeprazole and lansoprazole as internal standards,
and 280 nm or 290 nm as recording wavelength, respect-
ively. Based on quality control samples, coethicients of
variation for intra-and interassay variability ranged for
omeprazole, lansoprazole and pantoprazole between 3
and 6%, 7 and 8.5% and 3.8 and 11.4%, respectively.

Pharmacokinetic analysis

Pharmacokinetic analysis was based on plasma concen-
trations above the lower limit of quantification. Maximum
steady-state plasma concentration during a dosing interval
(Cs. max), time of Cy iy (fnax), and minimum (trough)
steady-state plasma concentration at the end of a dosing
interval (Cg, nin) Were taken directly from the plasma
concentration-time profiles. Area under the curve at
steady-state (AUC) was calculated by the trapezoidal
rule over the dosing interval (r) and apparent terminal
elimination half-life (#;,,) was determined after stopping
drug administration using standard noncompartmental
analysis of the TopFit 2.1 program [42]. Apparent oral
clearance (CL,) was derived from the equation CL,=
dose/AUC,,, average steady-state plasma concentration
(Cy, av) from Cg ,,=AUC/t, and percentage peak-
trough fluctuation (%PTF) as characteristics of rate
of absorption from percentagePTF=100[C nax— Cs,
min]/Css.av- Renal clearance (CLp) was derived from
CLp =Ae,/AUC, in which Ae is the amount of drug
excreted unchanged into urine during a dosing interval.

Statistical analysis

Data are presented as means with 95% confidence
intervals. To assess the effects of PPI on pharmacokinetics
of theophylline a repeated measures ANova with
Bonferroni correction (GraphPad Instad®) was per-
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formed. The level of significance was set at o=0.05.
Proving lack or existence of any clinically significant
pharmacokinetic interaction was then handled as an
equivalence problem [43]. 90% confidence intervals of
the log-transformed parameters AUC, Cgmax and
percentagePTF of theophylline during treatment with
PPI relative to coadministration of placebo were derived
from the residual variance in multifactor ANOVA
(STATGRAPHICS Plus®) with effects for treatment,
period, sequence and subject nested within sequence. No
interaction was concluded if the 90% confidence intervals
of the differences were in the equivalence range of
0.8-1.25 (AUC) and 0.7-1.43 (Cy max, %PTF), respect-
ively. Stratification by gender is not necessary for
pharmacokinetic investigations of substrates for CYP1 A2
since this is not a determinant of their disposition [44].

Results

All subjects were compliant since PPI could be detected
in all blood samples. One subject dropped out of the
study because of a sport accident. He was replaced by
another subject, who completed the study. Figure 1
shows the mean (#4s.d.) steady-state plasma concen-
tration-time profiles for theophylline when administered
with placebo, omeprazole, lansoprazole or pantoprazole,
respectively. When theophylline and pantoprazole were
coadministered the curve was superimposable on the
curve of theophylline given together with placebo.
Table 1 summarizes the pharmacokinetic parameters of
theophylline with results of repeated measures ANOVA.
Mean AUC of theophylline was reduced by 7% and
10% after coadministration with omeprazole and lansopra-
zole, respectively, and mean C ,;, of theophylline was

15 1

Plasma theophylline (ug ml*)
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Figure 1 Mean (+s.d.) plasma steady-state theophylline
concentration-time curves (350 mg twice daily) in 20 subjects
following coadministration of placebo (L), omeprazole

40 mg dayi1 (A), lansoprazole 60 mg (1213771 (V) or
pantoprazole 80 mg (1213771 [O]
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Table 1 Effect of PPI treatment on the

Proton pump inhibitors and theophylline

pharmacokinetics of theophylline Omeprazole Lansoprazole Pantoprazole
(350 mg twice daily) at steady-state in 20 Parameter Placebo (40 mg day™") (60 mg day™") (80 mg day™ ")
subjects. Values are given as means with
95% confidence intervals. AUC,, (ugml~ ' h) 125.2 115.9 112.8% 123.7
(109.6, 140.9)  (100.1, 131.6) (98.8, 126.9)  (109.4, 137.9)
CL, (ml min~ ") 49.7 547 55.8% 49.8
(43.8,55.6)  (47.0, 62.4) (47.7, 63.9) (4.3, 55.4)
Comae (sgml ™) 12.0 10.9 10.9% 11.7
106, 13.4) (9.5, 12.4) 9.5, 12.2) (10.5, 13.0)
Cmin (pgml ") 8.3 7.8 7.4% 8.3
(7.2, 9.4) (6.7, 8.9) (6.3, 8.4) (7.1, 9.4)
%PTF (%) 36.4 325 37.9 35.0
(1.6, 412) (292, 35.8) (33.2, 42.6) (30.1, 39.8)
o () 36 3.7 35 37
2.9, 4.3) (.1, 4.2) 2.9, 4.0) (3.0, 4.4)
t1» (h) 13.1 13.5 13.9 13.7
(117, 14.4)  (12.6, 14.4) (12.1, 15.7) (122, 15.3)
AUC. /1 9.7 8.7 8.6 9.4
(ugml™h) (8.8, 10.5) (7.4, 10.0) (7.1, 10.1) (8.0, 10.7)
CLy (mlmin~") 7.9 8.6 7.8 7.9
(7.1, 8.7) (7.7, 9.6) (7.0, 8.5) (7.0, 8.7)

*P<0.05 PPI vs placebo (repeated measures ANOvA with Bonferroni correction).

lower by 6% and 11%, respectively. CLy_of theophylline
was not affected by comedication with any of the PPIL
Table 2 summarizes equivalence assessment. The 90%
confidence intervals as well as the point estimates of
AUC, Cgmax and percentagePTF were within the
required limits for bioequivalence. Thus, a clinically
significant pharmacokinetic interaction on the levels of
absorption and disposition could be excluded between
theophylline and omeprazole, lansoprazole or pantopra-
zole, respectively.

Mean (+s.d.) plasma concentration-time profiles for
omeprazole, lansoprazole and pantoprazole following
multiple doses (last day of treatment concomitantly with
theophylline) are presented in Figure 2. Based on lag
time and plasma concentrations one hour after ingestion
lansoprazole appears to be absorbed more rapidly than
omeprazole or pantoprazole. There were no gender-
related differences in the pharmacokinetic parameters of
PPI listed in Table 3.

Table 2 Summary of equivalence

Discussion

In extensive metabolisers of CYP2C19 coadministration
of the PPI omeprazole (40 mg dayil), lansoprazole
(60 mg dayil), or pantoprazole (80 mg dayil) for
10 days did not alter the steady-state disposition of
theophylline administered as a sustained release formu-
lation. Clinical efficacy and toxicity of theophylline are
closely related to its plasma concentration and a range
between 10 and 20 pg ml ™ s generally accepted as the
therapeutic window in asthmatics [45]. However, some
have suggested a lower target range between 8 and
15 pg ml~' to avoid toxicity [46]. As a clinically
significant drug interaction could be exluded from our
data, coadministration of PPI in therapeutically rec-
ommended doses does not require additional therapeutic
drug monitoring of theophylline.

A drug interaction on the level of absorption, as
reported in the case of omeprazole plus itraconazole [47],

assessment in 20 subjects:
pharmacokinetic characteristics of
theophylline (350 mg twice daily) at

Parameter of
theophylline

Coadministration Coadministration Coadministration
of omeprazole

(40 mg day™")

of lansoprazole
(60 mg day™ ")

of pantoprazole
(80 mg day™")

steady-state. Data are point estimates
with 90% confidence intervals in
parentheses.

AUC (pg ml ™! h)
Css,m;\x (Ng ml— 1)

%PTF (%)

0.92 0.90 1.00
(0.87, 0.97) (0.85, 0.95) (0.95, 1.06)
0.91 0.90 0.99
(0.86, 0.96) (0.86, 0.95) (0.94, 1.05)
0.91 1.05 0.96
(0.81, 1.02) (0.94, 1.18) (0.86, 1.08)
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Figure 2 Mean (+s.d.) plasma concentration-time curves of
omeprazole 40 mg dayil, lansoprazole 60 mg d21}771 and
pantoprazole 80 mg d:{yi1 following multiple doses in 20 subjects
during treatment with theophylline (350 mg twice daily).

was considered a priori to be unlikely, because the
pharmacokinetics of the sustained release theophylline
dosage form was not sensitive to major changes in gastric
pH induced by ranitidine [48]. In agreement, the ratio
AUC/t, 5 of theophylline which characterizes the extent
of absorption [49] did not differ during treatment
with PPIL

As already mentioned drug interaction between PPI
and theophylline cannot be excluded definitely if the
drugs are administered intravenously. Therefore, some
studies with intravenous administration of pantoprazole
and omeprazole and/or intravenous administration of
theophylline claiming lack of interaction are of limited
value [29-31]. Since induction of CYP1A2 activity is
regarded as the most likely mechanism of possible
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interaction between PPI and theophylline, and since the
extent of induction depends on the dose of the inductive
compound previous studies with lower doses of omepra-
zole (20 mg dayfl) demonstrating no significant influ-
ence on the pharmacokinetics of theophylline are not
surprising in retrospect [32, 33].

The metabolic capacity of subjects with regard to
CYP2C19, that determines plasma concentrations of PPI
is another important factor of the extent of CYP1A2
induction. However, it was not taken into account in
any of the clinical studies with PPI and theophylline.
Especially, results from Asian populations with a high
proportion of poor metabolisers of CYP2C19 may differ
from others if the study populations had not been
phenotyped. A Japanese study without phenotyped
subjects and a lower dose of lansoprazole (30 mg day ')
given for 11 days found no significant alteration in the
metabolism of theophylline [34]. An investigation with
higher doses of lansoprazole (60 mg dayil) given for
10 days reported a pharmacokinetic interaction between
lansoprazole and theophylline, but the observed effect
(13% decrease in AUC of theophylline) was not
considered as clinically significant [35]. The 11%
reduction in mean AUC of theophylline after coadminis-
tration with lansoprazole observed in our study is in very
good agreement with this investigation.

Caffeine breath test and urinary caffeine metabolite
ratios are commonly used to determine CYP1A2 activity
in clinical studies. A recent clinical study concluded that
none of the three PPl (7-day treatment with low
therapeutic doses) is an inducer of caffeine metabolism,
neither in poor nor in extensive metabolisers of CYP2C19
[18]. However, it should be noted, that the results of
only two poor metabolisers were regarded as representa-
tive for this group of individuals. Two other investigations
using low therapeutic doses of omeprazole (20 mg day '),
lansoprazole (30 mg dayil) and pantoprazole (40 mg
dayil) also demonstrated lack of induction of CYP1A2
activity measured by means of urinary caffeine metabolite
ratios [19, 20].

As only very limited data could be found in the
literature on disposition of PPI following multiple higher
therapeutic oral doses we assessed also their pharmaco-
kinetic properties (see Table 3). Although interpretation
of the PPI pharmacokinetic data is difficult since
measurements were made in the presence of theophylline,
there appeared to be no effect of theophylline on
absorption and disposition of PPI. The pharmacokinetic
parameters of omeprazole, lansoprazole and pantoprazole
given together with theophylline were similar to those
values reported in some previous studies with PPI
[50-52].

In conclusion, even in therapeutically recommended
higher doses the CYP1A2 inductive potential of the PPI

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 48, 438-444
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Table 3 Pharmacokinetic parameters of PPI following multiple doses during treatment with theophylline (350 mg twice daily) in 20

subjects. Data are mean values +s.d. (95% confidence intervals). For comparison pharmacokinetic parameters of PPI without

comedication (reference data) are given in italics.

Omeprazole Lansoprazole Pantoprazole
Parameter (40 mg for 10 days) (60 mg for 10 days) (80 mg for 10 days)
AUC(0,00) (ngml ™' h) 301241632 5054 + 2260 8629 +3754
(2248, 3776) (3996, 6111) (6872, 10 386)
2598+ 4171 [50] 2074+ 1466 [51] 7520% [52]
CL, (ml min~ ") 2984181 2404108 188 +89
(213, 382) (189, 290) (146, 230)
319+ 601 [50] 333+267 [51]
Cymax (ngml ™ b 13344709 2105+ 626 4706 +2041

(1002, 1666)

tmax () 1.840.7
1.5, 2.1)

t1/2 (h) 1.0+0.3

0.9, 1.1)

1.3+ 0.1t [50]

(1812, 2398)
739+ 415 [51]
14405

(1.1, 1.6)

1.540.7 [51]
11403
0.9, 1.2)
1.440.6 [51]

(3750, 5661)
3880% [52]
24405
2.2, 2.6)
2.2+42.6[52]
12402
1.1, 1.3)
1.3¢ [52]

TMean values +s.e.mean; $Mean values.

[50] Caraco Y, et al. (40 mg omeprazole for 8 days, n=38).
[51] Hussein Z, et al. (30 mg lansoprazole for 7 days, n=12).
[52] Huber R, et al. (80 mg pantoprazole for 7 days, n=16).

omeprazole, lansoprazole and pantoprazole is too small to
influence significantly the pharmacokinetics of theophyl-
line in extensive metabolisers of CYP2C19.
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