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Catherine Litalien,1,2,3 Yves Théorêt3  and Christophe Faure1,4 

1 Department of Pediatrics, University of Montreal, Montreal, Canada
2 Division of Pediatric Critical Care, University of Montreal, Montreal, Canada
3 Department of Pharmacology, University of Montreal, Montreal, Canada
4 Division of Gastroenterology, University of Montreal, Montreal, Canada

Contents
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 441
1. Mechanism of Action . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 443
2. Overview of Therapeutic Use . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 445

2.1 Gastro-Oesophageal Reflux Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 445
2.1.1 Peptic Oesophagitis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 445
2.1.2 Extra-Digestive Manifestations of Gastro-Oesophageal Reflux . . . . . . . . . . . . . . . . . . . . . . 446

2.2 Peptic Ulcers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 446
2.3 Helicobacter pylori Infection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 446
2.4 Others . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 446

3. The Pharmacokinetic/Pharmacodynamic Relationship . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 447
4. Pharmacokinetic Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 447

4.1 Absorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 450
4.2 Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 452
4.3 Metabolism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 452

4.3.1 General Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 452
4.3.2 Effects of Dose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 452
4.3.3 Effects of Age . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 453
4.3.4 Effects of Cytochrome P450 (CYP) 2C19 Polymorphism . . . . . . . . . . . . . . . . . . . . . . . . . . . . 454
4.3.5 Effects of Intestinal CYP3A4 and P-glycoprotein . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 455
4.3.6 Effects of Hepatic Impairment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 456
4.3.7 Effects of Renal Impairment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 456
4.3.8 Effects of Concomitant Diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 456
4.3.9 Stereoselective Metabolism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 456

4.4 Excretion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 458
5. Drug Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 458
6. Dosage and Administration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 459
7. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 460

The use of proton pump inhibitors (PPIs) has become widespread in childrenAbstract
and infants for the management of paediatric acid-related disease. Pharmacokinet-
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ic profiles of only omeprazole and lansoprazole have been well characterised in
children over 2 years of age with acid-related diseases. Few data have been
recently published regarding the pharmacokinetics of pantoprazole in children,
and none are available for rabeprazole or esomeprazole. The metabolism of PPI
enantiomers has never been studied in the paediatric population.

A one-compartment model best describes the pharmacokinetic behaviour of
omeprazole, lansoprazole and pantoprazole in children, with important inter-
individual variability for each pharmacokinetic parameter. Like adults, PPIs are
rapidly absorbed in children following oral administration; the mean time to reach
maximum plasma concentration varies from 1 to 3 hours. Since these agents are
acid labile, their oral formulations consist of capsules containing enteric-coated
granules. No liquid formulation is available for any of the PPIs. Thus, for those
patients unable to swallow capsules, extemporaneous liquid preparations for
omeprazole and lansoprazole have been reported; however, neither the absolute
nor the relative bioavailabilities of these oral formulations have been studied in
children. Intravenous formulations are available for omeprazole (in Europe),
lansoprazole and pantoprazole.

PPIs are rapidly metabolised in children, with short elimination half-lives of
around 1 hour, similar to that reported for adults. All PPIs are extensively
metabolised by the liver, primarily by cytochrome P450 (CYP) isoforms
CYP2C19 and CYP3A4, to inactive metabolites, with little unchanged drug
excreted in the urine. Similar to that seen in adults, the absolute bioavailability of
omeprazole increases with repeated dosing in children; this phenomenon is
thought to be due to a combination of decreased first-pass elimination and reduced
systemic clearance. The apparent clearance (CL/F) of omeprazole, lansoprazole
and pantoprazole appears to be faster for children than for adults. A higher
metabolic capacity in children as well as differences in the extent of PPI bioavai-
lability are most likely responsible for this finding. This may partly account for the
need in children for variable and sometimes considerably greater doses of PPIs, on
a per kilogram basis, than for adults to achieve similar plasma concentrations.
Furthermore, no studies have been able to demonstrate a statistically significant
correlation between age and pharmacokinetic parameters among children. Despite
the small number of very young infants studied, there is some evidence for
reduced PPI metabolism in newborns. The limited paediatric data regarding the
impact of CYP2C19 genetic polymorphism on PPI metabolism are similar to
those reported for adults, with poor metabolisers having 6- to 10-fold higher area
under the concentration-time curve values compared with extensive metabolisers.

Finally, because a pharmacokinetic/pharmacodynamic relationship exists for
PPIs, the significant interindividual variability in their disposition may partly
explain the wide range of therapeutic doses used in children. Further studies are
needed to better define the pharmacokinetics of PPIs in children <2 years of age.
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Fig. 1. General chemical structure and mechanism of action of proton pump inhibitors (PPIs). ATPase = adenosine triphosphatase; CYP =
cytochrome P450; P-gp = P-glycoprotein; pKa = negative logarithm of the acid ionisation constant.

Proton pump inhibitors (PPIs) consist of a group tance, since systemic drug exposure correlates with
the degree of gastric acid inhibitory effect.[3-5] Thisof chemically related compounds (omeprazole, lan-
review focuses on available data regarding thesoprazole, pantoprazole, rabeprazole and esomepra-
pharmacokinetics of PPIs in children, and the im-zole) that inhibit the final common pathway of acid
pact of developmental changes, genetic constitutionproduction of gastric parietal cells.[1] Over the past
and disease on their disposition. Potential drug inter-20 years, these potent and well tolerated gastric acid
actions of PPIs are also discussed.suppressing drugs have revolutionised the manage-

ment of acid-related disorders in adults.[2] In the last
decade, PPIs have also dramatically influenced the 1. Mechanism of Action
management of paediatric acid-related disease, and
their use has become widespread in infants and PPIs are all substituted benzimidazole deriva-
children. A thorough understanding of the pharma- tives with a similar mechanism of action (figure
cokinetic profile of PPIs is of paramount impor- 1).[1,6] Being weakly basic compounds (negative

© 2005 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2005; 44 (5)
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logarithm of the acid ionisation constant [pKa] of the mostly through de novo synthesis of the H+/K+-
pyridine nitrogen is close to 4.0, with the exception ATPase, which has a half-life (t1/2) of about 50 hours
of rabeprazole, which has a pKa of 5), PPIs are not in the rat.[9] The exact human t1/2 is unknown. This
protonated at neutral pH (e.g. in the blood) and accounts for the long duration of antisecretory effect
become increasingly protonated upon entering an of PPIs (more than 24 hours), which is much longer
acidic compartment with a pH lower than their pKa. than expected based on their short plasma elimina-
After oral administration, these prodrugs are ab- tion half-life (t1/2β) [about 1 hour], and supports the
sorbed from the small intestine into the systemic once-daily administration of these agents.[2] This is
circulation and then enter the gastric parietal cell also why the restoration of acid secretion upon PPI
where they diffuse to the extracellular canaliculus. removal is about 48 hours in humans.[10]

Under the acidic conditions of the canaliculus, Whether infants and children have an H+/K+-
protonated PPIs become trapped in this compart- ATPase turnover similar to that seen in adults re-
ment, and are rapidly transformed by an acid-in- mains to be elucidated. Maturational differences
duced, intramolecular rearrangement into the phar- resulting in either faster or slower pump turnover
macologically active entity, a cyclic sulphenamide. could have important therapeutic consequences,
The cyclic sulphenamide opens and then binds cova- with the need to administer PPIs more or less fre-
lently to one or more cysteine thiol groups (-SH) on quently, respectively. Furthermore, developmental
the luminal surface of the H+/K+-adenosine triphos- changes in the expression of the human gastric H+/
phatase (ATPase) [the proton pump], which leads to K+-ATPase could also influence the dose of PPIs
irreversible inhibition of this enzyme. Because the required in children. One study has demonstrated
H+/K+-ATPase represents the final step of gastric that H+/K+-ATPase is present from week 25 of
acid production by parietal cells, inhibition of this gestation, and its expression increases with gesta-
enzyme by PPIs suppresses gastric acid secretion tional age, continuing on through the first 82 days
regardless of the primary stimulus.[7]

after birth.[11] This is in agreement with data show-
The requirement for an acidic environment for ing that premature infants of 24 weeks gestational

PPI accumulation and activation provides the basis age are able to maintain a basal gastric pH below 4
for selective action against the gastric H+/K+- from the first day of life[12-14] and that by 6 months of
ATPase; such an acidic milieu is found exclusively age, maximal acid output is at about the same level
in the extracellular canaliculi of actively secreting as in older children and adults.[15]

parietal cells and within the stomach cavity. The pH- In nonstimulated parietal cells, the H+/K+-
dependent nature of PPI accumulation and activa- ATPase is found to be inactive in the cytoplasm as
tion is also a possible reason for the significantly part of a tubulovesicular membrane. Upon stimula-
shorter period of intragastric pH elevation achieved tion, the H+/K+-ATPase is translocated to the cana-
when a PPI is concomitantly administered with a licular membrane where it becomes active. Only
histamine H2-receptor antagonist, compared with actively secreting pumps are inhibited when effec-
that obtained with a PPI alone.[8] Elevation of pH in tive plasma concentrations of PPIs are reached,
the canaliculus by the H2-receptor antagonist is sparing the inactive pumps. It is assumed that: (i)
thought to prevent accumulation and activation of about 75% of H+/K+-ATPase are active (i.e. on the
the PPI in a certain portion of parietal cells. canalicular membrane) during the time period of

Due to the covalent nature of the H+/K+-ATPase systemic bioavailability of PPIs; (ii) full (100%)
inhibition, restoration of acid production occurs inhibition of active pumps by PPIs occurs; (iii) the

© 2005 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2005; 44 (5)
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half-life of the human proton pump is 50 hours; and patients included in these studies were older than 1
(iv) de novo synthesis is the main mechanism by year of age. Only four randomised controlled studies
which restoration of acid secretion occurs. Accord- have been published and they are further dis-
ing to these assumptions, significant gastric acid cussed.[23-26]

inhibition is expected after the first dose of PPI, Lansoprazole is the only PPI with a US FDA
while a steady-state gastric inhibitory effect of PPIs labelled paediatric indication (GORD) for infants
should be reached after a few days with a single- aged 1 year or older, while in Europe omeprazole is
daily dose regimen.[1,16] For circumstances such as the only PPI approved for use in children.
active upper gastrointestinal bleeding, for which

2.1 Gastro-Oesophageal Reflux Diseasehigher sustained pH is warranted, a greater systemic
bioavailability is needed.[7] This is best achieved

2.1.1 Peptic Oesophagitiswith a continuous intravenous infusion of PPI, since
Most paediatric studies have been performed tothe plasma t1/2β is very short (about 1 hour).[17]

determine the efficacy of omeprazole and lansopra-A meal is considered the strongest physiological
zole for healing peptic oesophagitis. Ten case seriesevent inducing the translocation of the H+/K+-
have been published to date with omeprazole[27-36]

ATPase from the cytoplasm to the membrane of the
and four with lansoprazole.[4,37-39] For both PPIs,secretory canaliculus,[16] emphasising the recom-
current available data show that in children withmendation that PPIs be administered just before
adequate acid suppression (i.e. receiving appropriatemeals.[18]

dosage), the endoscopic healing rate of pepticFinally, although PPIs share the same general
oesophagitis is more than 75% after 4–8 weeks ofmechanism of action, they also differ, with distinct
treatment, with parallel improvement in clinicalpatterns of binding to the H+/K+-ATPase and slight
symptoms. However, considering only the initialvariation of pKa, implying different rates of ac-
dose used in these trials (i.e. 0.7–1 mg/kg), thecumulation and chemical activation.[1,6] However,
response rate is lower, around 50%.[4,36] Further-whether these differences have any pharmacological
more, these studies revealed a significant variabilityand/or clinical significance remains to be prov-
in the therapeutic dosage regimen of PPIs in chil-en.[19,20]

dren, with the required dose for omeprazole
varying between 0.3 mg/kg[35] and 3.5 mg/kg,[36]

2. Overview of Therapeutic Use
and for lansoprazole between 0.5 mg/kg and 1.8
mg/kg.[4,38,39]The therapeutic use of PPIs in children has been

Only one trial has compared the efficacy of PPIssummarised recently,[21,22] and is therefore only
and H2-receptor antagonists in the paediatric popu-briefly reviewed here. Gastro-oesophageal reflux
lation. An 8-week therapeutic trial in 25 childrendisease (GORD) and related oesophageal disorders,
with severe reflux oesophagitis revealed thatpeptic ulcer disease and Helicobacter pylori infec-
omeprazole (40 mg/1.73m2/day) was comparable totion are the most common conditions for which PPIs
high dose ranitidine (20 mg/kg/day) for the healingare given in children. So far, published paediatric
of oesophagitis and relief of symptoms.[23]studies that have evaluated the efficacy of PPIs in

the management of these gastric acid-related disor- In a recent study, oral pantoprazole 20mg daily
ders have not been comparative and were limited to given to 15 paediatric patients aged 6–13 years with
omeprazole or lansoprazole, with the exception of reflux oesophagitis provided healing of the oe-
one recent report on pantoprazole. In addition, most sophagitis in 52% of patients.[40]

© 2005 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2005; 44 (5)
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2.1.2 Extra-Digestive Manifestations of sisting of metronidazole, amoxicillin and either pro-
Gastro-Oesophageal Reflux prietary omeprazole, generic omeprazole or rani-
Gastro-oesophageal reflux may account for mul- tidine were compared in an open-label randomised

tiple nondigestive respiratory, laryngeal and neuro- trial.[25] All three regimens produced effective eradi-
logical manifestations in children.[41-43] In adults, cation of H. pylori and ulcer healing in children with
although some open-label studies have suggested a peptic ulcer disease, with proprietary omeprazole
benefit of PPI therapy for the management of laryn- being more effective than the two other antise-
geal symptoms,[44] a recent meta-analysis of 11 cretory agents studied. In a prospective, randomised,
randomised controlled trials (six of them with PPIs) double-blind, multicentre study, Gottrand et al.[24]

did not find any improvement in asthma following compared the efficacy of the combination of
treatment for GORD.[45] In children, with the excep- omeprazole, amoxicillin and clarithromycin with
tion of one open-label study,[46] there are no data that of amoxicillin and clarithromycin for the treat-
available on the efficacy of PPIs for asthma or ment of H. pylori gastritis in 73 children (mean age
laryngeal symptoms. One randomised, double- 10.8 years; range 3.3–15.4 years). In an intent-to-
blind, placebo-controlled, crossover trial evaluated treat analysis (n = 63), eradication rates were 74.2%
the efficacy of omeprazole in irritable infants with (95% CI 58.7, 89.6) in the omeprazole, amoxicillin
gastro-oesophageal reflux, defined as oesophageal and clarithromycin group and 9.4% (95% CI 0, 19.5)
acid exposure (pH <4 for over 5% of the time in the amoxicillin and clarithromycin group. Guide-
monitoring 24-hour pH) and/or abnormal oe- lines for the treatment of H. pylori infection in
sophageal histology.[26] Compared with placebo, children have been published recently by paediatric
omeprazole significantly reduced acid exposure but gastroenterology societies.[57,58] These recommen-
did not improve irritability, as measured by diary or dations are summarised as follows.
a visual analogue scale. • Eradication treatment is recommended for chil-

dren who have a duodenal ulcer or gastric ulcer
2.2 Peptic Ulcers

identified at endoscopy, and H. pylori document-
ed by histopathology. Eradication is also clearlyOmeprazole has been used in children and ado-
recommended in children with mucosa-associat-lescents (n = 10) for the treatment of gastric and
ed lymphoid tissue lymphoma associated with H.duodenal ulcers refractory to H2-receptor antago-
pylori infection.nists.[29,47] Daily doses of 0.3–0.7 mg/kg have pro-

• Eradication therapy is not recommended for chil-duced complete healing after 4–8 weeks of treat-
dren with H. pylori infection and either nonulcerment.
dyspepsia or functional recurrent abdominal
pain.2.3 Helicobacter pylori Infection

• Finally, eradication treatment should be offered
Omeprazole and lansoprazole have been widely if a child undergoes endoscopy and H. pylori is

used in the treatment of H. pylori infection in chil- identified.
dren. Noncomparative trials – conducted with chil-
dren – evaluating the efficacy of triple therapy that 2.4 Others
associates two antimicrobials (amoxicillin, me-
tronidazole or clarithromycin) with omeprazole[48-53] PPIs are sometimes used as adjuvant therapy in
or lansoprazole[54-56] have shown an eradication rate cystic fibrosis to improve the efficacy of pancreatic
between 54% and 93%. Combination therapies con- enzymes and fat absorption. A few studies have

© 2005 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2005; 44 (5)
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evaluated the efficacy of PPIs for this indication, study was performed.[65] A recent trial challenges
these results. It showed that omeprazole 1 mg/kgwith controversial results. One case series[59] and
(maximum 20mg) given orally as a suspension inone crossover trial[60] found a positive effect of PPIs
sodium bicarbonate (8.4%), failed to achieve anon fat absorption while no such improvement could
adequate rise in gastric pH for stress ulcer prophy-be demonstrated in a double-blind, placebo-con-
laxis in 50% of the 18 critically ill children studiedtrolled, crossover study.[61] PPIs are also used as
(aged 1–16 years).[66] Again, no pharmacokineticpremedication for general anaesthesia, since both
parameters were measured.lansoprazole[62] and omeprazole[63] have been shown

to reduce preoperative gastric acidity and volume in
children. 3. The Pharmacokinetic/

Pharmacodynamic RelationshipThere is very limited data regarding the use of
PPIs for the prevention of stress ulceration in criti-

In adults, the efficacy of PPIs appears to correlate
cally ill patients. For this indication, the goal is to

with the AUC.[3,67,68] This pharmacokinetic/pharma-
maintain gastric pH >4 for >80% of the time, the

codynamic relationship appears to be best described
threshold shown to prevent stress-induced gastroin-

by the maximum effect (Emax) model, with an upper
testinal haemorrhage in adult intensive care unit

AUC limit above which no further increase in intra-
patients. To date, three paediatric studies have eval-

gastric pH can be expected.[69,70] Recently, the exis-
uated the efficacy of omeprazole in achieving such a

tence of such systemic exposure-response relation-
level of gastric acid suppression in this setting.

ships for PPIs have been further supported by recog-
Two studies[64,65] were performed in paediatric nition that individuals with slower PPI clearance

recipients of liver and intestinal transplantation re- (cytochrome P450 [CYP] 2C19 poor metabolisers
ceiving omeprazole 0.5 mg/kg given orally every 12 [see section 4.3.4]) and higher plasma drug concen-
hours as a suspension in sodium bicarbonate (8.4%). trations experience superior acid suppression.[71-76]

One study[64] showed that omeprazole was able to Although controversial results have been published,
maintain gastric pH >4 for 78.8% (range there is also some evidence for a correlation be-
43.2–99.6%) and 97.8% (range 85.6–100%) of the tween PPI AUC and gastric acid inhibition in
first and multiple dosage intervals (48 hours), re- paediatric patients;[4,5,64,77,78] however, the therapeu-
spectively. Omeprazole disposition was also as- tic target AUC is not known.
sessed and showed that such level of efficacy was
achieved with a higher drug exposure, as reflected 4. Pharmacokinetic Properties
by the area under the plasma concentration-time
curve (AUC), and a longer t1/2β in this specific popu- While the disposition of PPIs has been extensive-
lation compared with noncritically ill children re- ly studied in healthy adult volunteers and adults with
ceiving omeprazole at similar dosages (table I). acid-related disorders,[7,79-94] only the pharmacoki-
Similarly, in the second study[65] the time that gastric netic profiles of omeprazole and lansoprazole have
pH exceeded 4 was 86% ± 7% in liver allograft been well characterised in children over 2 years of
recipients and 81% ± 8% in intestinal allograft re- age with acid-related diseases.[4,5,29,39,47,64,77,78,95-100]

cipients after 2 days of therapy. Among the 22 Little recent information has been published regard-
patients studied, the dosing interval had to be short- ing the pharmacokinetics of pantoprazole in chil-
ened to every 8 hours in two patients and to every 6 dren, and none is available for rabeprazole and
hours in two other patients. No pharmacokinetic esomeprazole.[101-103]

© 2005 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2005; 44 (5)
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Table I.  Pharmacokinetic parametersa of omeprazole, lansoprazole and pantoprazole in children

Study No. of Ageb Study Dose (mg/kg)c, route Cmax (µg/mL) tmax (h) AUC (µg • h/mL) CL/F (L/h/kg) Vd/F (L/kg) t1/2β (h)
subjects design of administration

Omeprazole
Kato et al.[47] 2 4/10 SD 0.5/0.7, POd 0.37/1.85 1.5/1.5 0.56/3.16 NR NR 1.0/1.4

4/10 MDe 0.5/0.7,POd 0.36/1.82 1.5/1.5 0.92/3.67 NR NR 1.1/1.1
Jacqz- 4 4–20 SD 59.4 [55.0–62.5]f, IV NR NA 3.81 [1.08–8.28] 0.59 0.5 [0.4–0.7] 1.1 [0.4–2.7]
Aigrain et [0.16–1.39]
al.[95]

9 0.3–15 MD 53.1 [36.9–138.8]f,g, IV NR NA 6.78 [1.48–21.43] 0.26 0.4 [0.2–0.7] 1.4 [0.6–2.8]
[0.11–0.58]

Kato et al.[29] 7 3–13 MDe 0.6 [0.5–0.7], POd 0.85 [0.07–1.94] 1.5 [1.0–2.0] 1.87 [0.11–5.30] NR NR 0.9 [0.5–1.4]
Andersson 7 1.6–6.1 MDe 1.6 [0.6–3.6], POd 1.01 [0.04–1.90] 2.4 [0.5–6.0] 1.93 [0.10–4.15] NR NR 0.9 [0.7- 1.2]h

et al.[96]

9 6.7–12.5 MDe 1.4 [0.6–3.3], POd 1.09 [0.07–1.59] 2.3 [0.5–6.0] 2.96 [0.10–6.91] NR NR 1.6 [0.6–2.6]i

9 12.6–16.2 MDe 1.1 [0.7–1.5], POd 1.32 [0.31–2.76] 2.6 [1.0–4.2] 4.05 [0.45–7.60] NR NR 1.5 [0.6–2.2]j

Faure et 4 0.5–2.3 MD 0.56 [0.52–0.61], IV NR NA 0.94 [0.55–1.64] 0.68 NR NR
al.[5] [0.37–1.01]

5 0.4–1.3 MD 1.17 [1.09–1.3], IV NR NA 3.94 [1.43–7.71] 0.42 [0.16–0.8] NR NR
Olsen et 11k 0.35–14 SD 0.5 q12h, POl 0.81 (0.41) 1.2 (0.8) 4.96 (3.31) NR NR 4.9 (3.5)
al.[64]

MD 0.5 q12h, POl 1.26 (0.29) 1.3 (0.5) 7.62 (2.74) NR NR 5.1 (2.4)
Andersson 24 0–2 SD 1.0, PO 0.45 <1 0.66 NR NR 1
et al.[97]

1.5, PO 0.35 <1 0.58 NR NR 1
Andersson 3 <10 days MD [0.4–1.2] bid, IV NR NA NR [0.12–0.20] NR [1.6–2.1]
et al.[98]

Kearns et 23 2–16 SD 0.41 [0.16–0.91], POd 0.45 [0.04–1.45]m 2.2 [1.0–6.0] 0.81 [0.24–1.33] 1.76 [0.29–5.8] 2.6 1.0 [0.7–1.5]
al.[99] [0.4–12.2]
Marier et 12 0.5–13 MDe 0.69 [0.56–0.83], POd NR NR NR 0.51 (0.34) 0.7 (0.3) 1.1 (0.4)
al.[100]

Stedman et Adults 20mg, PO [0.08–8.00] [1–3] [0.2–1.2] 0.45 [0.31–0.34] [0.6–1.0]
al.[68]

Omeprazole sulphone
Jacqz- 3 12–20 SD 58.4 [55.0–60.2]f, IV 0.7 [0.23–1.03] 2.4 [1.4–4.4] 6.12 [0.92–12.28] NR NR 4.0 [2.1–6.9]
Aigrain et
al.[95]

8 0.3–15 MD 52.2 [36.9–138.8]f,g, IV 0.7 [0.39–1.66] 1.8 [1.0–2.2] 8.67 [1.20–39.46] NR NR 5.4 [2.0–13.9]
Andersson 3 <10 days MD [0.4–1.2] bid, IV NR NA NR NR NR [11-25]
et al.[98]

5 0.4–1.4 MD [0.4–1.2] bid, IV NR NA NR NR NR [2.1–3.5]

Continued next page
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Table I. Contd

Study No. of Ageb Study Dose (mg/kg)c, route Cmax (µg/mL) tmax (h) AUC (µg • h/mL) CL/F (L/h/kg) Vd/F (L/kg) t1/2β (h)
subjects design of administration

5′-Hydroxyomeprazole
Andersson 3 <10 days MD [0.4–1.2] bid, IV NR NA NR NR NR [3–10]
et al.[98]

5 0.4–1.4 MD [0.4–1.2] bid, IV NR NA NR NR NR [0.75–1.2]

Lansoprazole
Tran et al.[77] 18 0.2–13.5 SD 30.8 [21.1–37.5]f, POd 1.02 1.83 3.50 0.57 0.6 1.5

[0.018–3.44]n [0.97–3.93] [0.45–25.49]n [0.03–1.79] [0.3–1.7] [0.4–8.9]
22 0.05–14.1 MDe 30.3 [20.1–41.2]f, POd 0.75 1.84 2.35 0.71 0.9 1.2

[0.08–1.77]n [0.88–4.02] [0.40–14.92]n [0.08–1.76] [0.2–3.6] [0.4–4.8]
Gremse et 28 1–9 MD 0.95 [0.51–1.77], POd 0.79 (0.44) 1.5 (0.7) 1.71 (1.69) NR NR 0.7 (0.2)
al.[78]

31 5–12 MD 0.79 [0.43–0.99], POd 0.90 (0.44) 1.7 (0.7) 1.88 (1.16) NR NR 0.7 (0.2)
Gunasekaran 30 11–17 MD 15mg, POd 0.41 (0.22) 1.6 (0.7) 1.02 (1.74) NR NR 0.8 (0.3)
et al.[39]

29 12–17 MD 30mg, POd 1.01 (0.60) 1.7 (0.7) 2.49 (2.52) NR NR 1.0 (0.3)
Faure et 23 0.3–13.3 MDe 0.73 [0.54–0.91], POd 0.46 (0.36) NR 1.18 (1.30) 1.85 (2.33) NR 0.8 (0.4)
al.[4]

Stedman Adults 30mg, PO [0.6–1.2] [1.3–2.2] [1.7–5.0] [0.20–0.28] [0.39–0.46] [0.9–1.6]
and
Barclay[68]

Pantoprazole
Kearns et 21 EMs 6–16 SD 20 or 40mg, PO 3.6 (1.5)o NR 4.29 (2.08)o 0.30 (0.19) 0.2 (0.1) 0.6 (0.2)
al.[101]

3 PMs 6–16 SD 20 or 40mg, PO 7.0 (4.0)o NR 45.5 (19.25)o 0.03 (0.01) 0.2 (0.1) 5.8 (0.7)
Ferron et 14p 2–16 SD 0.8 or 1.6, IV NR NA NR NR NR 1.1 (0.5)
al.[102]

Litalien et 4 no 3.4–14.6 MD 1.08 [0.47–1.88], IV NR NA 2.36 (1.09)q 0.34 (0.27) NR 0.9 (0.3)
al.[103] SIRS

4 SIRS 2.4–16.4 MD 0.98 [0.82–1.25], IV NR NA 29.48 (19.43)q 0.03 (0.02) NR 8.2 (4.0)
Stedman Adults 40mg, PO [1.1–3.3] [2–4] [2–5] [0.08–0.13] [0.13–0.17] [0.9–1.9]
and
Barclay[68]

a Mean values (standard deviation) or [range] are given.
b Age range (y), unless specified otherwise.
c PPIs were given once daily unless specified otherwise.
d PPI was administered as intact capsules or enteric-coated granules with fruit juice, soft food (yoghurt or apple sauce) or water.
e Pharmacokinetics were assessed after at least 7 days of PPI therapy.

Continued next page
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The pharmacokinetic behaviour of omeprazole,
lansoprazole and pantoprazole in children is best
described by a one-compartment model. Studies that
have evaluated their disposition after oral and intra-
venous administration of single or repeated doses in
infants and children are summarised in table I. Two
facts are striking: (i) the paucity of data in infants
under 2 years of age; and (ii) the important inter-
individual variability for each pharmacokinetic pa-
rameter, also seen in adults. The pharmacokinetics
of PPI metabolites in the paediatric population have
been evaluated for omeprazole only (table I).[95,98]

Comparison of the results of paediatric studies with
each other and with studies in adults should be made
with caution, since pharmacokinetic studies in chil-
dren have been performed at different weight-
normalised doses administered both orally (using
different oral formulations) and intravenously for a
variable number of days, and in single and multiple
doses.

4.1 Absorption

In adults as well as in children, PPIs are rapidly
absorbed in the gastrointestinal tract following oral
administration. The mean time to reach maximum
plasma concentration for omeprazole and lan-
soprazole in infants and children varies between 1
and 3 hours, similar to that observed in adults.[68]

The effect of food on PPI absorption in children has
not been evaluated, but food intake delays the ab-
sorption of omeprazole, lansoprazole and pantopra-
zole in adults. Although it does not affect the
amount of omeprazole and pantoprazole absorbed, it
decreases by 50% the extent of lansoprazole absorp-
tion.[104-106]

Since these agents are acid labile,[107] their oral
formulations are designed to avoid contact with acid
in the stomach. Their enteric coating dissolves only
at a pH higher than 6, allowing release of PPIs in the
alkaline duodenum, where they are mostly ab-
sorbed. Unfortunately, no liquid formulation is

© 2005 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2005; 44 (5)
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Table II.  Absolute and relative bioavailabilities of the oral formulations of omeprazole, lansoprazole and pantoprazole in adults

Drug/formulation Absolute bioavailability Relative bioavailability

Omeprazole

Available oral formulations

Hard gelatin capsule containing enteric-coated granules SD: 30–40%

MD: 65%[109]

Capsule containing 1000 acid-protected micropellets Unknown Bioequivalent to capsule[110]

(Losec® MUPS®)a

Extemporaneous oral liquid formulations

Enteric-coated granules suspended in a slightly acidic medium Unknown Unknownb

(pH 4) such as apple, orange or cranberry juice, yoghurt or apple
sauce

Enteric-coated granules mixed in 8.4% sodium bicarbonate Unknown MD: 58.4% of that of the capsule[112]

Lansoprazole

Available oral formulations

Hard gelatin capsule containing enteric-coated granules SD: 81–91%[88]

Disintegrating tablet Unknown SD: bioequivalent to capsule[113]

Extemporaneous oral liquid formulations

Enteric-coated granules suspended in a slightly acidic medium Unknown SD: bioequivalent to capsulec[114]

(pH 4) such as apple, orange or cranberry juice, yoghurt or apple
sauce

Enteric-coated granules mixed in 8.4% sodium bicarbonate Unknown MD: 84.7% of that of the capsule[112]

Pantoprazole

Available oral formulation

Enteric-coated tablet SD: 77%[91]

Extemporaneous oral liquid formulation

Crushed tablet mixed in 8.4% sodium bicarbonate Unknown SD: 75% of that of the tablet[108]

a The use of trade names is for product identification purposes only and does not imply endorsement.

b One pharmacodynamic study involving 11 healthy adult volunteers has shown that enteric-coated granules mixed with orange juice,
water with aspirin-free Alka-Seltzer® antacid tablets dissolved in it, or apple sauce achieve gastric acid suppression comparable to
that of omeprazole capsules.[111]

c Enteric-coated granules in either orange juice, tomato juice or strained pears was bioequivalent to an intact capsule.

MD = multiple doses; MUPS = multiple unit pellet system; SD = single dose.

available for any of the PPIs. For those unable to and relative bioavailability of these different formu-
lations are summarised in table II.[88,91,109-114]swallow capsules or tablets, such as infants and

young children, neurologically impaired patients or Two important issues need to be addressed re-
garding PPI bioavailability. First, the absolutethose with swallowing disorders, extemporaneous
bioavailability of omeprazole (capsule) increasesoral liquid preparations for omeprazole, lan-
with repeated dosing. As shown in table I, this issoprazole and pantoprazole[108] have been reported
also observed in children after multiple doses of(table II). These consist of suspensions of the enter-
omeprazole, with AUC values increasing by be-

ic-coated granules removed from the capsule in me-
tween 16% and 64% compared with those obtained

dia that prevent the dissolution of the protective after a single dose.[47,64] The reason for such beha-
coating. Neither the absolute nor the relative viour is discussed in section 4.3.2. Thus, for
bioavailability of any of these oral formulations or omeprazole, studies performed after repeated doses
extemporaneous liquid formulations have been stud- (at least 7 days) provide the most accurate pharma-
ied in children. Adult data regarding the absolute cokinetic data, while results from single oral dose

© 2005 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2005; 44 (5)
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studies are difficult to interpret. This may explain soprazole in children is somewhat larger than that
some of the variability observed between paediatric reported in adults (0.6–0.9 L/kg vs 0.39–0.46 L/
studies evaluating the disposition of omeprazole. kg).[77] Finally, the Vd of pantoprazole in children is

comparable to that of adults (0.13–0.17 L/kg).[101]Second, the relative bioavailability of the two
extemporaneous oral liquid formulations of omepra-

4.3 Metabolismzole is either unknown (enteric-coated granules sus-
pended in a slightly acid medium) or poor (enteric-
coated granules mixed with 8.4% sodium bicarbo- 4.3.1 General Considerations
nate).[112] This certainly contributes to the wide in- Like adults, children rapidly metabolise PPIs,
terindividual variability observed between studies with a short t1/2β of around 1 hour. The main meta-
evaluating the disposition of omeprazole in children, bolic pathways of PPIs are shown in figure 2. All
since these formulations were often used. In con- PPIs are extensively metabolised by the liver –
trast, the relative bioavailability of the two extempo- primarily by CYP isoforms CYP2C19 and CYP3A4
raneous oral liquid formulations of lansoprazole and – to inactive metabolites, with little unchanged drug
pantoprazole is higher.[112,114] excreted in the urine.[83,94,115] Also, a non-enzymatic

An intravenous formulation is only available for pathway seems to be involved in rabeprazole metab-
omeprazole (Europe), lansoprazole and pantopra- olism. Although some investigators have advocated
zole. Also, very recently, lansoprazole has been that the latter was the main metabolic route of this
available in the US as delayed-release orally disinte- PPI,[116] the decreased clearance of rabeprazole in
grating tablets and microganules for delayed-release cirrhotic patients (38% of that in healthy volunteers)
oral suspension. To date, no data regarding the indicates that hepatic metabolism contributes signif-
bioavailability of this new formulation are available icantly to rabeprazole disposition.[117] Also, the de-
in children. gree to which PPIs rely on CYP2C19 compared with

CYP3A4 varies from one PPI to another (figure
4.2 Distribution 2).[118-121]

Since all PPIs depend significantly on CYP2C19
PPIs are highly bound to plasma proteins for their elimination, changes in the level of

(>95%), primarily albumin. Two paediatric studies CYP2C19 activity will affect their clearance and
have evaluated the apparent volume of distribution systemic drug exposure. The pharmacokinetic con-
(Vd) of omeprazole in children. In one study involv- sequences of factors known to modify CYP2C19
ing nine very sick children in whom a activity are discussed below in sections 4.3.2, 4.3.3
pharmacokinetic analysis was performed after mul- and 4.3.4.
tiple doses of omeprazole given intravenously, the

4.3.2 Effects of Dosemean Vd was 0.4 L/kg, similar to that of adults
(0.31–0.34 L/kg).[95] In contrast, after a single oral For lansoprazole,[86] pantoprazole[122] and
dose of omeprazole given to 23 children, the mean rabeprazole,[123] there is a linear relationship be-
Vd was much larger (2.6 L/kg) in the other study.[99] tween dose and plasma concentration. In contrast,
As explained in section 4.1, the bioavailability of the pharmacokinetics of omeprazole are dose depen-
omeprazole is at its lowest after a single oral admin- dent, with nonlinear increases in plasma concentra-
istration, and the Vd reported by Kearns et al.[99] is tion with increasing doses. One possible reason for
most likely an overestimation of the true Vd of this behaviour is the saturation of CYP2C19 metab-
omeprazole in children. The mean Vd of lan- olism with high doses.[124] Interestingly, the lowest

© 2005 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2005; 44 (5)
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Fig. 2. The metabolic pathways of the proton pump inhibitors (PPIs) and the major cytochrome P450 (CYP) isoenzymes involved. The
thicker the arrow, the larger the contribution of the CYP isoforms to the metabolic pathway.[121]

omeprazole clearance reported in children (0.11 L/h/ tion of CYP2C19 by omeprazole.[83,94,115] This is
consistent with the known inhibition of this enzymekg) was observed in a 15-year-old adolescent who
by omeprazole.[125-128] This phenomenon is also en-had received an erroneous high dose of omeprazole
countered with esomeprazole.[115,129](114mg).[95]

While the pharmacokinetics of lansoprazole and 4.3.3 Effects of Age
pantoprazole after single and multiple doses are The ontogenic development of CYP2C19 and
similar, the absolute bioavailability of omeprazole CYP3A4 is such that their activities are expected to
increases with repeated dosing.[109] This is thought be low in the first weeks of life, reaching adult
to be secondary to both decreased first-pass elimina- activity by 6–12 months of age, then exceeding adult
tion and reduced systemic clearance due to inhibi- levels between 1 and 4 years of age and returning

© 2005 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2005; 44 (5)
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gradually to adult levels by the end of puberty.[130] receiving omeprazole as granules mixed into or-
ange juice, instead of receiving intact capsules.Thus, there is reason to suspect age dependence in

the disposition of PPIs. Some paediatric studies
4.3.4 Effects of Cytochrome P450 (CYP)have tried to assess the impact of age on omeprazole
2C19 Polymorphismand lansoprazole pharmacokinetics; however, very
CYP2C19, the S-mephenytoin hydroxylase, isfew patients <2 years of age were included, prevent-

polymorphically expressed in man[131] and ising any definite conclusion for this younger age
characterised by three phenotypes of varying meta-group. Nevertheless, there is some evidence for:
bolic capacity determined by the presence of one or

• reduced metabolism of PPIs in newborns. In this more mutant alleles. The wild type allele (wt) con-
age group, omeprazole clearance is slower than fers the highest metabolic capacity. Individuals ho-
that of older children and adults (0.12–0.20 vs mozygous for the wild type allele (wt/wt) demon-
0.45 L/h/kg), with longer t1/2β values for strate the greatest degree of CYP2C19 activity and
omeprazole, omeprazole sulphone, and 5-hy- are termed homozygous extensive metabolisers
droxyomeprazole (1.6–2.1, 11–25 and 3–10 (hom EMs), or rapid metabolisers. Individuals ho-
hours, respectively, vs 0.5–1, 2.1–3.5 and mozygous for the mutant allele (mut/mut) demon-
0.75–1.2 hours, respectively).[98] Also, Tran et strate the lowest level of CYP2C19 activity and are
al.[77] found that the only newborn (18 days of termed poor metabolisers (PMs). Finally, heterozy-
age) in their study had the longest lansoprazole gous individuals for the wild type allele (wt/mut) are
t1/2β value (4.8 hours) and the largest AUC value termed heterozygous extensive metabolisers (het
normalised to the recommended adult dose (14.9 EMs), or intermediate metabolisers, and demon-
µg • h/mL); strate a CYP2C19 activity that falls between those

of hom EMs and PMs, but closer to that of hom• a trend towards an increasing PPI (omeprazole
EMs. As such, both hom EMs and het EMs are oftenand lansoprazole) metabolic rate with decreasing
grouped together and termed extensive metabolisersage in childhood;[77,96] however, no studies have
(EMs). The frequency of PM phenotype varies sig-been able to demonstrate a statistically signifi-
nificantly, based on ethnicity: 1% of African Ameri-cant correlation between age and pharmacokinet-
cans, 2–6% of Caucasians, 13% of Koreans, 15% ofic parameters among children;[77,78,95,96,99,100]

Chinese and 19–23% of Japanese.[132]

• a faster apparent clearance (CL/F) of PPIs in
Since CYP2C19 is a major metabolic pathway

children compared with adults (table II). A higher
for all PPIs, the genetic polymorphism of CYP2C19

metabolic capacity in children as well as differ-
is expected to result in significant differences in the

ences in the extent of PPI bioavailability may be pharmacokinetic parameters of this class of drug. In
responsible for this finding, and partly account fact, adult studies have shown that AUC values of
for the need for considerably greater doses of omeprazole are about 6- to 8-fold higher, and that of
PPIs in children than adults on a per kilogram lansoprazole and pantoprazole 4- to 5-fold higher in
basis, to achieve similar plasma concentra- PMs compared with those of EMs,[94,133-139] whereas
tions;[96]

those of esomeprazole[94] are about 3-fold higher.

• an apparent shorter delay and faster rate of drug The pharmacokinetic disposition of rabeprazole in
absorption in children with GORD compared relation to CYP2C19 polymorphism is somewhat
with healthy adults.[100] The investigators attrib- controversial, with AUC ratios of PM/EM ranging
uted this to the younger children in their study from 1.2 (i.e. no difference between PMs and
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EMs)[135] to 5.3.[134,136,137,140] Those studies that have AUC value 6-fold higher than the mean value re-
ported for the 23 EMs (4.6 µg • h/mL comparedshown significantly higher AUCs in PMs compared
with 0.8 µg • h/mL), although the dose ofwith EMs further support the importance of hepatic
omeprazole received by this PM was not specified.metabolism in rabeprazole degradation.[136,137,140]

The second study included 21 EMs and 3 PMs whoAlso, there is some evidence that significant phar-
had received a single oral dose of pantoprazole.[101]macokinetic differences exist between het EMs and
The mean normalised AUC value (corrected for ahom EMs, with AUC values of omeprazole 3.7-fold
pantoprazole dose of 1 mg/kg) in PMs was 10-foldhigher in het EMs compared with those in hom
higher than that of EMs (45.5 ± 19.25 vs 4.29 ± 2.08EMs.[71]

µg • h/mL; p < 0.05).The relationship between genetic polymorphism
In summary, all PPIs depend significantly onof CYP2C19 and PPI efficacy has been studied

CYP2C19 for their elimination in both adults andprimarily with omeprazole. Clinically, PMs have
children, and genetic polymorphisms of CYP2C19been shown to experience superior gastric acid sup-
account to a large extent for the interindividualpression compared with EMs,[71,73] consistent with
variation in PPI elimination. Further work is neededthe known correlation between AUC and the acid
to determine the pharmacokinetic impact of the hetsuppressive effect of the PPIs. Studies have demon-
EM phenotype in children.strated a superior cure rate for H. pylori infection in

PMs compared with EMs, without greater incidence
4.3.5 Effects of Intestinal CYP3A4

of adverse effects.[72,74,75] The differences between and P-glycoprotein
the het EM and hom EM phenotypes also seem to CYP3A4 is abundantly and constitutively ex-
affect PPI pharmacodynamics. In one study, the pressed in hepatic and intestinal epithelium, intesti-
percentage of time with intragastric pH >4 at day 8 nal CYP3A4 playing a major role in limiting oral
was significantly higher in the het EMs than the hom absorption of many drugs.[141] P-glycoprotein (P-
EMs.[76] Furuta et al.[72] showed that the cure rates gp), the product of ABCB1 (also known as MDR1)
for H. pylori eradication were 28.6%, 60% and gene, is a transporter expressed at the apical surface
100% in the hom EMs, het EMs and PMs, respec- of mature enterocytes in the small intestine. It pre-
tively. vents the absorption of drugs from the intestinal

To date, two paediatric studies have examined lumen by active extrusion from the cell. Since PPIs
the impact of CYP2C19 genotype on PPI elimina- are substrates of both CYP3A4 and P-gp,[142] varia-
tion. One study involved 37 children who had re- ble intestinal expression of these may contribute to
ceived a single oral dose of omeprazole.[99] None of differences in the extent of PPI bioavailability in
the 23 patients included in the complete pharma- paediatric patients.
cokinetic analysis had a PM phenotype; 11 children Very few data are available regarding the
were het EMs and 12 were hom EMs. In contrast to ontogeny of CYP3A4 and P-gp in the small intes-
the adult population, no significant pharmacokinetic tine. One study evaluating the level of expression of
differences were found between these two pheno- enterocytic CYP3A4 in the paediatric population
types, with mean normalised AUC values (corrected demonstrated that CYP3A4 expression and activity
for an omeprazole dose of 1 mg/kg) of 1.0 ± 0.8 increase with age, starting with relatively low levels
µg • h/mL and 0.9 ± 0.9 µg • h/mL in het EMs and in neonates.[143] The ontogeny of P-gp in the small
hom EMs, respectively. The investigators also re- intestine of children is currently unknown. In the
ported one patient with a PM phenotype with an mouse intestine, P-gp was present in limited
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4.3.8 Effects of Concomitant Diseasesamounts at birth and increased significantly with
Inflammation and infection are known to altermaturation.[144] These data argue against reduced

drug biotransformation and elimination, mainlyPPI bioavailability in children compared with
by downregulation of CYP isoforms by cy-adults.
tokines,[154,155] and could therefore possibly modifyTo date, no studies have evaluated whether ge-
PPI pharmacokinetics. This has been suggested re-netic polymorphisms of the CYP3A4[145] and
cently by the results of a paediatric study evaluatingABCB1[146] genes affect the disposition of PPIs.
the disposition of intravenous pantoprazole.[103]

Children presenting with systemic inflammatory re-4.3.6 Effects of Hepatic Impairment
sponse syndrome (SIRS), as defined by accepted

Since PPI elimination relies mostly on hepatic
criteria,[156] were found to have similar pharmacoki-

metabolism, liver insufficiency is expected to result
netic parameters to those observed in PMs, with a

in impaired metabolism of these drugs. In adults
statistically significant slower clearance, higher

with hepatic impairment, reduced clearance of
AUC values and longer t1/2β compared with children

PPIs[117,147-150] was observed, the metabolic rate be-
without SIRS (all p = 0.029) and healthy adults.

ing substantially lower in patients with severely
However, one cannot exclude the contribution of

impaired hepatic function. In such patients, the dos-
drug interactions and genetic constitution to explain

age of PPI should be reduced by 50%.
part of these results, although the latter is less likely

Although similar findings are expected in the since most of the patients (n = 7) were Caucasian.
paediatric population, the impact of liver dysfunc- Ferron et al.[102] also evaluated the pharmacokinetics
tion on PPI disposition in children has never been of intravenous pantoprazole in paediatric intensive
studied; however, elimination of omeprazole in a care unit patients. Unfortunately, their data are not
5-year-old child with impaired hepatic function was reported per kilogram, preventing any comparison
found to be delayed, with a slower clearance (0.16 or conclusion.
L/h/kg) and longer t1/2β (2.76 hours).[95]

In critically ill paediatric patients in the immedi-
ate postoperative period after liver and/or intestinal

4.3.7 Effects of Renal Impairment transplantation, omeprazole elimination was slower,
Renal insufficiency is not expected to alter PPI and had a longer mean t1/2β (4.9 ± 3.5 and 5.1 ± 2.4

elimination, since little unchanged parent drug is hours after single and multiple doses, respectively)
excreted in the urine; the kidney is responsible for compared with healthy children and adults.[64] Al-
most excretion of inactive PPI metabolites. Adult though the investigators attribute their results par-
studies have shown that the pharmacokinetics of tially to slower metabolism secondary to residual
PPIs in patients with renal impairment do not effects of pre-transplant hepatic failure, inflamma-
differ from those observed in healthy individu- tion and cytokine production may also serve as a
als.[148,151-153] In the study by Jacqz-Aigrain et al.,[95] possible explanation for these findings. Further
four children had impaired renal function, and the studies are ongoing to better define the impact of
pharmacokinetic parameters of omeprazole in three SIRS on drug metabolism in critically ill children.
of them were in the range of those seen for the nine

4.3.9 Stereoselective Metabolismwho had normal renal function (the fourth renally
impaired child had concomitant hepatic impair- Omeprazole, lansoprazole, pantoprazole and
ment). Thus, no dosage adjustment appears necessa- rabeprazole share a pyridinyl sulphinyl benzimida-
ry for patients with renal impairment. zole backbone with a chiral centre on the sulphur of
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the sulphoxide functionality, and are administered of R-pantoprazole was impaired to a greater extent
as racemates. From a pharmacodynamic point of in PMs, with a mean AUC value 3.59-fold greater
view, there is no reason to expect differences in than that of S-pantoprazole.
pharmacological activity between the racemate and Even though the clearance of S- and R-enanti-
the optical enantiomers (R- and S-enantiomers), omers of omeprazole and pantoprazole depends on
since all PPIs are prodrugs that are transformed CYP2C19, as shown by the increase in AUC values
into a common achiral active form, the cyclic of both enantiomers in PMs, the decrease in clear-
sulphenamide. In fact, the two enantiomers of ance was more pronounced for the R-enanti-
omeprazole[157] and lansoprazole[158] proved to be omer.[160,161] This indicates that the R-enantiomer is
equipotent either in vitro or in vivo in rat. However, metabolised to a higher extent than the S-enantiomer
since PPI metabolism relies mostly on enzymes that by CYP2C19 and is, therefore, more influenced by
are either genetically determined or can be induced CYP2C19 genetic polymorphism. Thus, since the S-
or inhibited, determination of the disposition of the enantiomer of omeprazole was cleared more slowly
enantiomers could reveal pharmacokinetic differ- than the R-enantiomer in EMs and more rapidly than
ences in favour of one enantiomer over the race- the R-enantiomer in PMs, less overall interindividu-
mate. Thus, both in vitro and in vivo studies have al variability in the disposition of the S-enantiomer
evaluated the metabolism of the enantiomers of is expected compared with the R-enantiomer or the
omeprazole, lansoprazole and pantoprazole (in vivo racemic form. These findings have led to the devel-
only). opment of the first enantiomeric PPI drug, es-

omeprazole, the S-enantiomer of omeprazole. AsIn vitro experiments using human liver micro-
expected, the AUC values of esomeprazole in EMssomes and in vitro expressed human CYP isoforms
and PMs are closer than those of R-omeprazole andhave shown that the total metabolic clearance of S-
the racemate, omeprazole.[94] The real clinical sig-omeprazole is approximately three times slower
nificance of the theoretical pharmacokinetic advan-than that of R-omeprazole.[159] In vivo, similar re-
tages of esomeprazole is not clear and remains asults were found, the clearance of S-omeprazole
matter of debate. Some investigators are convincedbeing 1.4 times slower than that of R-omeprazole,
that the unique metabolic properties of esomepra-resulting in higher plasma levels of S-omeprazole in
zole translate into clinical advantages,[162] whileEMs.[160] In PMs, the AUC values of both S- and R-
others view its development as a marketing ploy.[163]omeprazole were significantly higher compared
According to a recent meta-analysis, studies demon-with those of EMs (3.1- and 7.5-fold higher, respec-
strating an important therapeutic benefit of es-tively). The metabolism of R-omeprazole was im-
omeprazole compared with omeprazole and otherpaired to a greater extent, with a mean AUC value
PPIs are still lacking.[164]1.5-fold higher than that of S-omeprazole.

In contrast to omeprazole and pantoprazole, S-Although the in vitro metabolism of pantoprazole
lansoprazole was cleared approximately four timesenantiomers has not been elucidated yet, the stereos-
faster than R-lansoprazole,[165] resulting in lowerelective disposition of pantoprazole was evident in
AUC levels of S-lansoprazole in both EMs and PMsvivo and resembled that of omeprazole, though
when given as the racemate.[138] Like omeprazolemarked only in PMs.[161] Like omeprazole, the AUC
and pantoprazole, the AUC values of S- and R-values of S- and R- pantoprazole were significantly
lansoprazole in PMs were significantly higher thanhigher in PMs than those seen in EMs (2.5- and
those in EMs (2.5- and 10.7-fold higher, respective-10.7-fold higher, respectively) and the metabolism
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ly). However, compared with omeprazole and
pantoprazole, the metabolism of both enantiomers
was impaired to a similar extent in PMs. This sug-
gests that the enantioselective disposition of lan-
soprazole is influenced less significantly by
CYP2C19 genetic polymorphism than that of
omeprazole and pantoprazole. Different sites of hy-
droxylation (the methyl carbon of the pyridinyl moi-
ety for omeprazole and pantoprazole, and carbon 5
of the benzimidazole moiety for lansoprazole),[166]

as well as enantioselective protein binding of lan-
soprazole,[138] may account for these observed dif-
ferences between the disposition of the enantiomers
of lansoprazole and those of omeprazole and
pantoprazole.

The pharmacokinetics of PPI enantiomers has not
been studied in children, nor have the effects of
CYP2C19 and CYP3A4 induction or inhibition on
the stereoselectivity of PPI metabolism.

4.4 Excretion

PPIs are completely metabolised by the liver into
inactive metabolites that are excreted in faeces, pri-
marily by biliary excretion, and in urine, in different
proportions.[86,91,94,116,167]

5. Drug Interactions

Alteration of drug absorption by an increased
gastric pH, competition for the same metabolising
pathway, and induction or inhibition of drug
metabolising enzymes represent the three main
mechanisms by which PPIs could interact with
other drugs in a clinically significant fashion. Table
III summarises pharmacokinetic changes induced
by PPIs, along with their clinical conse-
quences.[20,79,116,125,127,168-182] Very few drug interac-
tions have been shown to be clinically relevant.

Among PPIs, omeprazole is the most associated
with known drug interactions. The most important
interaction is an increase in AUC values of
diazepam by 27% (20 mg/day)[79] or 41% (40 mg/
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day)[168] due to competitive inhibition of CYP2C19. CYP2C19, doubles the AUC of omeprazole in EMs
without affecting that in PMs.[183] Also, CYP2C19Other clinically relevant interactions include: (i) a
PMs, with their higher plasma PPI levels, are theo-decrease in carbamazepine clearance requiring close
retically more likely to experience drug interactions.drug monitoring when this antiepileptic drug is
For example, omeprazole (40 mg/day) has beencoadministered with omeprazole;[173] (ii) an increase
shown to induce CYP1A2 activity in CYP2C19in moclobemide AUC by 121% in CYP2C19 EMs,
PMs, with minor inducing effects in EMs.[190] Sig-with no remarkable changes in the pharmacokinetics
nificant induction was also observed in EMs receiv-of this antidepressant in PMs;[183] and (iii) an in-
ing high doses of omeprazole (120 mg/day). A re-crease in proguanil AUC by 32%.[169] Also,
cent study has revealed a drug interaction betweenomeprazole was shown to decrease the excretion of
tacrolimus and lansoprazole that is clinically signifi-dapsone, a CYP3A4 substrate, by 40% in White
cant only in subjects with CYP2C19 mutant allelessubjects but not in Chinese subjects.[125] Finally, the
(PMs and het EMs). They experienced an 81%levels of S-warfarin, the more active isomer of war-
change in tacrolimus AUC values compared with afarin, was not significantly increased when coad-
29% change in CYP2C19 EMs.[176]

ministered with omeprazole.[184,185]

Finally, the ATP-dependent efflux transporter P-
Even though lansoprazole was shown to induce

gp is another potential target for drug interactions
CYP1A activity with a decrease in theophylline

because the PPIs (omeprazole, lansoprazole and
AUC values by 13%,[186] no significant changes in

pantoprazole) are both inhibitors and substrates for
theophylline concentrations were reported in several

P-gp.[142]

studies where it was coadministered with lan-
soprazole.[187-189] Pantoprazole has been shown to

6. Dosage and Administration
have a lower potential for drug interactions than
omeprazole or lansoprazole.[119]

The optimal dosage of PPI may be very different
CYP2C19 phenotype may also play a role in the from one child to another, as demonstrated by effi-

predisposition for and type of drug interactions. cacy trials where the therapeutic doses vary over a
While CYP2C19 is the main metabolic pathway of wide range. The significant interindividual variabili-
PPIs in CYP2C19 EMs, the major route of elimina- ty of PPI disposition in children may contribute to
tion in PMs is CYP3A4. Thus, CYP2C19 EMs are at this variability in dosage regimen, since a pharma-
increased risk for drug interactions with inhibitors or cokinetic/pharmacodynamic relationship exists for
inducers of CYP2C19, whereas PMs are at greater PPIs.
risk for interactions with drugs that modulate Table IV summarises paediatric dosage recom-
CYP3A4 activity. The coadministration of mo- mendations for the initiation of oral omeprazole and
clobemide, an antidepressant and inhibitor of lansoprazole therapy. For both drugs, it should again

Table IV.  Recommended oral dosages of proton pump inhibitors (PPIs) in children

Drug Indication Starting dose Maximum daily dose (mg)

Omeprazole GORD 1 mg/kg/day od or bid 60–80

Helicobacter pylori infection 1 mg/kg/day bid

Lansoprazole GORD ≤30kg bodyweight: 15mg od 30

>30kg bodyweight: 30mg od 60

H. pylori  infection 1 mg/kg/day bid

bid = twice daily; GORD = gastro-oesophageal reflux disease; od = once daily.
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be emphasised that the optimal dosage varies among 7. Conclusion
patients, and in case of treatment failure one must

Paediatric pharmacokinetic data are available forremember that almost 25% of patients may require
omeprazole, lansoprazole and pantoprazole. As seendouble dosage. In the absence of a clinical response
in adults, important interindividual variability is ob-to the starting recommended dosage, it is suggested
served. In children older than 2 years of age, thethat the mode and timing of administration of PPIs
disposition of PPIs is similar to that of adults. Thebe verified. Due to the activation of proton pumps in
need for higher doses of PPIs (on a per kilogramthe pre- and postprandial period, PPIs should be
basis) for children compared with adults to achievegiven just before or during meals. If both the mode
similar plasma concentrations is most likely secon-

and timing are correct, it is recommended that the
dary to differences in the extent of PPI bioavailabili-

dose be doubled, to the maximum daily dose.
ty. In children <2 years of age, there are insufficient

With children who are unable to swallow cap- pharmacokinetic data to conclude dosage recom-
sules or tablets, the enteric-coated granules can be mendations, and the impact of age in this youngest
removed from the capsule and suspended in an group is unknown. In both children and adults, PPI
acidic medium such as fruit juice, yoghurt or apple elimination is greatly affected by CYP2C19 poly-

morphism, but whether genotyping of CYP2C19sauce. The granules or tablets should not be crushed,
would help in guiding therapy with the PPIs remainschewed or dissolved, since gastric acid secretion
a matter of debate. Variability in PPI pharmacoki-may alter the drugs. A homemade liquid formula-
netics in children may partly explain the wide rangetion, produced by dissolving the enteric-coated
of efficacious doses reported, since a plasma con-granules in an 8.4% sodium bicarbonate solution,
centration-effect relationship exists for PPIs. How-has also been used.[191] As seen in table II, the
ever, in addition to pharmacokinetic factors, age-relative bioavailability of lansoprazole administered
related or disease-related differences in the expres-

this way is good, close to that of the capsule, while
sion and turnover of the H+/K+-ATPase may influ-

the omeprazole relative bioavailability is low. Con-
ence the pharmacokinetic/pharmacodynamic rela-

sequently, it is not recommended that omeprazole be
tionship of PPIs and consequently affect the optimal

administered in an 8.4% sodium bicarbonate solu- PPI dosage regimen for a child. Further studies are
tion. warranted to determine the pharmacokinetic profiles

If omeprazole is administered intravenously, a of PPIs for children <2 years of age, and those of the
dose of 1 mg/kg should be given once daily. The newer generation of PPIs, and to better define the

PPI plasma concentration-effect relationship in thepaediatric dose for a continuous infusion of omepra-
paediatric population. Finally, an oral liquid formu-zole is unknown. The intravenous formulation of
lation with a predictable bioavailability would beomeprazole or pantoprazole should not be adminis-
more than welcome.tered enterally because gastric acid secretion alters

the drug.
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