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SUMMARY

Background
Proton pump inhibitors (PPIs) provide the most effective pharmacother-
apy for treating acid-related disorders. However, PPIs do not completely
control acid over 24 h with once-daily dosing.

Aims
To discuss limitations inherent in the pharmacokinetics (PK) and phar-
macodynamics of conventional PPI formulations, which provide a single
drug release. Also, to consider approaches to extending the duration of
acid suppression focusing on dexlansoprazole MR, a PPI with a novel
Dual Delayed Release (DDR) formulation.

Method
We reviewed the available literature regarding marketed and investiga-
tional PPIs.

Results
Non-standard dosing of currently marketed PPIs has produced incremen-
tal advances in acid control. Multiple approaches are being evaluated to
enhance acid suppression with PPIs. Dexlansoprazole MR is a DDR
formulation of dexlansoprazole, an enantiomer of lansoprazole, with two
distinct drug release periods to prolong the plasma dexlansoprazole con-
centration–time profile and extend duration of acid suppression. Clinical
studies show that dexlansoprazole MR produces a dual-peak PK profile
that maintains therapeutic plasma drug concentrations longer than
lansoprazole, with a single-peak PK profile, and increases the percentage
of time that intragastric pH >4.

Conclusions
Novel drug delivery platforms, including the dexlansoprazole MR DDR
formulation, may improve acid suppression and offer benefits over con-
ventional single release PPI formulations.
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BACKGROUND

Proton pump inhibitors (PPIs) have radically improved

the treatment of gastro-oesophageal reflux disease

(GERD) and other acid-related disorders since their

introduction nearly two decades ago.1, 2 Despite the

dramatic success of pharmacological acid suppression,

PPI treatment failure is an increasing problem.3–5

Currently, there is no standard definition for PPI treat-

ment failure. However, there is consensus that about

30% of GERD patients fail to obtain complete healing

and ⁄ or symptom resolution after a standard course of

PPI therapy.4, 6

Multiple factors are involved in PPI failure and

include limitations inherent in the drug release kinet-

ics from conventional PPI formulations, which provide

a single drug release. Here we describe the pharmaco-

kinetic and pharmacodynamic limitations of conven-

tional PPIs, discuss different approaches to addressing

these limitations and focus on dexlansoprazole MR, a

novel modified release formulation of dexlansoprazole

(an enantiomer of lansoprazole).

REGULATION OF ACID SECRETION

Suppression of gastric acid secretion by PPIs is the

greatest when proton pumps are the most active. In

the unstimulated state, gastric acid secretion is low

(basal acid output) due to inherent inhibition of gas-

trin release by somatostatin released from D cells in

the body and antrum. Anticipation of food ingestion

and mastication lead to an increase in vagal tone and

acetylcholine release during the cephalic phase of acid

secretion. Once food is swallowed, the gastric phase of

acid secretion is characterized by a rise in gastric pH,

antral distension and nutrient-induced suppression of

somatostatin tone, which, in turn, leads to an increase

in release of the hormone gastrin that drives entero-

chromaffin-like cells to release histamine.7 (Figure 1).

Histamine and acetylcholine are two major secreta-

gogues that bind to parietal cells and, through second

messenger systems, ultimately lead to activation of

H+,K+-ATPase enzymes (proton pumps), thereby stimu-

lating acid output. The final common pathway is

fusion of the H+,K+-ATPase enzyme with the secretory

canaliculus to promote intracellular H+ exchange for

extracellular K+. This process, in turn, lowers gastric

pH and activates a feedback mechanism resulting in

re-establishment of somatostatin tone and restoration

of the basal (interprandial) secretion (Figure 1).7

PROTON PUMP INHIBITOR PHARMACOLOGY

Proton pump inhibitors are potent inhibitors of gastric

acid secretion because they irreversibly block the final

common path of acid production, the activated proton

pumps.8 However, to be most effective, PPIs must be

present in high concentrations when the pumps are

stimulated.9 Once-daily oral dosing with conventional

PPIs does not completely control acid secretion over

24 h.2, 10 It is estimated that conventional PPIs inhibit

70% of active pumps at steady state with once-daily

dosing.3, 8, 11 Not all proton pumps are active at the

same time and approximately 25% of pumps are

regenerated every day.8 Furthermore, all conventional

PPIs have a relatively short plasma half-life (1–2 h)

and limited residence time in the systemic circula-

tion.11, 12 Thus, with once-daily dosing, systemic expo-

sure to PPIs tends to wane until there is no circulating

PPI present in plasma during the later stages of the

24-h interval.9, 13 This enables resumption of gastric

acid secretion by uninhibited, restored or new pumps.9

Additionally, pump turnover time varies greatly within

and between individuals.14 Gastric acid secretion is

likely to be more difficult to inhibit in patients whose

proton pumps turn over more rapidly compared with

those whose pumps turn over more slowly.

Conventional PPIs typically require 3 days to achieve

maximal acid suppression, thereby delaying the onset

Acid

AChGastrin↓pH

Somatostatin

Gastrin ACh

Histamine Vagus
Nerve

Feedback inhibition

=
=

H+ K+ ATPase

cAMPCa2+

Parietal 
Cell

Ca2+

ECL Cell
G 

Cell

D
Cell

Lumen Mucosa

Figure 1. Schematic of regulation of gastric acid secre-
tion. ECL, enterochromaffin-like.
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of acid control.9 Although there are differences in

pharmacokinetics and oral bioavailability of PPIs, the

differences in the antisecretory effects among these

drugs when administered chronically at standard doses

are small.15 For patients with chronic acid-related dis-

orders, including GERD, increasing the duration of acid

suppression is likely to be more beneficial than short-

ening the time to the onset of acid suppression. As the

differences in per-milligram potency of PPIs are only

minimal,16, 17 improved efficacy would probably result

from an increased residence time of a PPI in the sys-

temic circulation relative to other PPIs. A number of

different approaches have been employed to extend the

duration of acid control with PPIs (Table 1).4

One approach has been to increase the daily dose

and administer it once daily. The recommended dos-

ages of all currently available PPIs produce systemic

exposure sufficient to achieve a nearly maximal effect;

therefore, increasing the dose would not be expected

to produce a difference in duration of acid control

despite the fact that the higher dose leads to a slightly

longer serum concentration above the threshold

required for proton pump inhibition. The few studies

that have evaluated the effect of doubling the dose

have shown only marginal benefit and no consensus

exists on the value of this approach.18–20

Another alternative has been to increase the dosing

frequency of the conventional PPI by administering it

twice daily (either by splitting a standard dose or add-

ing a second dose). This approach has been shown to

enhance acid control.21 Twice-daily dosing may be an

option for patients who do not respond to a standard

course of PPI therapy. However, increasing dosing fre-

quency has been shown to reduce adherence to treat-

ment regimens.22–24 Once-daily dosing is the preferred

mode of administration, supporting the need for a

once-daily PPI with a better pharmacokinetic ⁄pharmaco-

dynamic profile.5

Esomeprazole, the S-isomer of omeprazole, was the

first enantiomer PPI. It is metabolized more slowly

than R-omeprazole,25 which results in higher plasma

concentration. In a 5-way crossover study, esomepra-

zole 40 mg was shown to provide a significantly

greater acid control than omeprazole 20 mg, lansop-

razole 30 mg, rabeprazole 20 mg or pantoprazole

40 mg.26 Still, esomeprazole maintained intragastric

pH > 4 for only 58.43% of the day. Furthermore, the

plasma half-life of esomeprazole is similar to that of

other PPIs.11 This suggests that an enantiomer PPI

alone may not be sufficient to provide the extended

duration of acid control required for optimal efficacy.

New PPI therapies that have greater potency and

longer half-lives compared with conventional PPIs are

being investigated. For example, preclinical and clini-

cal studies of tenatoprazole in healthy subjects have

shown that this nonbenzimidazole compound exhibits

more potent inhibitory activity on H+,K+-ATPase and a

much longer half-life (approximately 8 and 14 h after

single and multiple 20 mg doses, respectively), result-

ing in approximately 20-fold greater area under the

plasma concentration curve (AUC), which represents

tissue exposure, compared with currently available

PPIs.27, 28 Another PPI, the benzimidazole derivative

ilaprazole, is reported to have a half-life of 3.6 h in

healthy volunteers29 and produces a significantly

greater and more prolonged suppression of gastric pH

than omeprazole in GERD patients.30 Ilaprazole is cur-

rently approved in China.

Strategies to increase the effectiveness of currently

available PPIs have also been developed. Vecam

(VB101) is an oral agent with pentagastrin-like activity

that stimulates proton pumps without the need for

food ingestion and can be administered with any

PPI.31 VB101 is reported to be in phase 3 trials32 and

is being tested in combination with omeprazole given

1 h before VB101.31 Immediate-release omeprazole

(Zegerid, Santarus, San Diego, CA, USA), a currently

available product, is a combination of non-enterically

coated omeprazole powder with sodium bicarbonate,

which theoretically shields the uncoated drug from

Table 1. Methods for improving intragastric pH control

Mechanism Comments

Increasing daily dosage Marginal effect
Increasing dosing frequency Limits adherence
Purified PPI enantiomer Limited effect (esomeprazole)
PPIs with longer half-life In development (ilaprazole,

tenatoprazole)
Co-administration with
pump activators

In development (VB101)
Available but unproven
(Omeprazole IR)

Potassium-competitive
acid blockers

Unavailable

Prolonged intestinal
delivery

In development
(CMA omeprazole)

Approved
(Dexlansoprazole MR)

CMA, chemically metered absorption.
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gastric acid degradation. It possibly provides a more

rapid onset of action that may result from the acti-

vation of proton pumps caused by neutralization of

intragastric pH by sodium bicarbonate.33

Potassium-competitive acid blockers (PCABs), which

target the K+-binding region of the H+,K+-ATPase, are

another class of drug that has been investigated.27

PCABs garnered interest because they achieve peak

plasma concentrations rapidly after oral delivery and

produce a fast onset of acid inhibition. On the downside,

they require twice-daily administration. The prototype,

SCH298080 (Schering-Plough Corporation, Kenilworth,

NJ, USA), was developed two decades ago. Development

was halted because of hepatic toxicity. Others PCABs

have been synthesized and studied; however, AZD0865

(AstraZeneca LP, Wilmington, DE, USA) was the only

one to reach large scale trials, where it was shown to be

no more effective than standard PPIs. The clinical trial

programme for AZD0865 was suspended in 2005.27

Alternative delivery systems for some existing PPIs

are being developed to prolong the duration of drug

exposure and subsequently, acid suppression. Chemi-

cally metered absorption (CMA) formulations provide a

novel mechanism for delivery that may be combined

with any PPI to provide more sustained drug expo-

sure.10 In healthy subjects, CMA-omeprazole, adminis-

tered as a 600 mg capsule [delivering approximately a

50 mg molar equivalent of an acid-labile sodium salt

of a sulfonamide of omeprazole (Allergan, Inc., Irvine,

CA, USA)], maintained intragastric pH > 4 significantly

longer than esomeprazole 40 mg in healthy subjects.34

Half-life and AUC values were approximately double

those of esomeprazole.35 Extended plasma concentra-

tion can also be achieved with the use of modified-

release formulations of a PPI.11 A modified-release for-

mulation of dexlansoprazole, an enantiomer of lansop-

razole, is described in the sections that follow.

THE DESIGN PRINCIPLE

Proton pump inhibitors are prodrugs that are absorbed

primarily in the proximal small intestine. Peak plasma

concentration (Cmax) is attained within 2 h, and the

residence time in the body is limited, reducing the

ability of the PPI to deactivate proton pumps later in

the dosing interval (over 24 h) with once-daily dosing.

A PPI that prolongs acid suppression with once-daily

dosing may improve clinical efficacy.34

Lansoprazole and its enantiomers are equipotent at

inhibiting proton pumps. However, the R-enantiomer,

dexlansoprazole, constitutes >80% of circulating drug

after oral administration of lansoprazole, provides

lower clearance and 5-fold greater systemic exposure

than the S-enantiomer following oral administration

of lansoprazole.36 Based on these pharmacokinetic

advantages, dexlansoprazole was chosen for further

clinical development in a manner similar to the devel-

opment of esomeprazole from omeprazole.37, 38

Dexlansoprazole MR (TAK-390MR, Takeda Global

Research & Development Center, Inc., Deerfield, IL,

USA) is a modified release formulation of dexlansopraz-

ole, which employs a novel Dual Delayed Release (DDR)

technology that delivers the drug in two discrete phases

of release, thereby inhibiting newly activated proton

pumps that turn over following initial PPI inactivation

of H+,K+-ATPase. Early development of dexlansoprazole

MR involved the generation of multiple prototypes of

pH-dependent delivery formulations. The dexlansopraz-

ole MR formulation used in clinical development was

selected from those early prototypes based on its

favourable drug concentration-time profile. The DDR

technology provides two distinct drug release periods in

the GI tract, thus extending plasma concentrations

following oral administration. Dexlansoprazole MR cap-

sules contain a mixture of two types of granules, each

providing a different pH-dependent dissolution profile.

One type of granule is designed to release drug quickly

after the granules reach the proximal duodenum, while

the second is designed to release the remaining dose far-

ther along the GI tract at the distal portion of the small

intestine. As a result, dexlansoprazole MR produces a

dual-peak PK profile, as opposed to the single peak seen

with conventional PPIs. To maintain prolonged plasma

concentrations, dexlansoprazole MR releases drug over

a longer period than conventional delayed release PPIs

and thereby requires higher daily doses. Compared with

lansoprazole, dexlansoprazole MR achieves higher

AUCs without a commensurate increase in Cmax. The

amount of drug released is sufficient to achieve thera-

peutic blood levels, as evidenced by elevated intraga-

stric pH and the percentage of time intragastric pH > 4

over 24 h.39 Thus, dexlansoprazole MR provides an

improved pharmacodynamic profile as compared with

the conventional single-release drug delivery systems

commonly used in the formulation of PPIs.

Dual Delayed Release also prolongs the mean resi-

dence time (MRT; the average time a drug molecule

spends in the systemic circulation) of dexlansoprazole.

The MRT values for dexlansoprazole MR are 5.6 to

6.4 h compared with 2.8 to 3.2 h for conventional
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single release lansoprazole, demonstrating that the

DDR formulation extends the duration of drug expo-

sure by prolonging mean absorption time (MAT).40

This extended dwell time for the drug in plasma

occurs without any significant change in mean termi-

nal elimination half-life.

DEXLANSOPRAZOLE PHARMACOKINETICS
AFTER ORAL DOSING OF
DEXLANSOPRAZOLE MR

The pharmacokinetics of dexlansoprazole were evalu-

ated following oral administration of dexlansoprazole

MR in a phase 1 randomized, open-label, multidose,

crossover study designed to assess three different doses

of dexlansoprazole MR compared with those of

lansoprazole 30 mg.39 Absorption of dexlansopra-

zole was rapid. The first peak in the dexlansopra-

zole plasma concentration-time profile occurred

approximately 1–2 h after dosing, similar to the tmax

observed for lansoprazole after oral administration of

the conventional delayed release capsules (Prevacid,

Takeda Pharmaceuticals America, Inc., Deerfield, IL,

USA). A second peak occurred approximately 4–5 h

after dosing, prolonging the plasma concentration–

time profile. Consequently, dexlansoprazole MR has a

longer apparent MRT than lansoprazole following oral

administration.40 This is mainly attributable to the

prolongation of the MAT due to drug release in both

the proximal and more distal small intestine.

Approximate dose proportionality was observed for

mean Cmax and AUC values for dexlansoprazole fol-

lowing single and multiple daily doses of dexlansop-

razole MR. The exposure of dexlansoprazole on day

5 was similar to that on day 1 for all dexlansopra-

zole MR regimens, indicating that dexlansoprazole

exhibits time-independent pharmacokinetics following

oral administration of dexlansoprazole MR (Table 2).

Table 2. Mean plasma pharmacokinetic parameter estimates for dexlansoprazole MR or lansoprazole (days 1 and 5)39

Regimen Day Measure
tmax,
h

Cmax,
ng ⁄ mL

AUCt,
ngÆh ⁄ mL

AUC¥ or 24*,
ngÆh ⁄ mL AUC ⁄ Dose*�

t1 ⁄ 2z�,
h

MRT,
h

Dexlansoprazole MR 60 mg 1 n
Mean
CV%

34
5.03
44

34
1290.18
57

34
5995.01
74

30
6533.50
77

109
30
1.49
77

30
6.41
33

5 n
Mean
CV%

34
4.51
51

34
1433.65
49

34
6372.74
75

30
6720.34
73

112
30
1.39
46

30
5.10
32

Dexlansoprazole MR 90 mg 1 n
Mean
CV%

35
5.01
51

35
1774.89
54

35
8564.47
74

30
9375.69
72

104
30
1.57
61

30
6.12
31

5 n
Mean
CV%

34
4.93
38

34
2196.71
42

34
9751.12
69

33
9938.42
68

110
33
1.28
51

33
5.63
31

Dexlansoprazole MR 120 mg 1 n
Mean
CV%

32
5.53
46

32
2427.81
42

32
12,446.74
75

28
11,677.40
57

97
28
1.36
94

28
6.39
30

5 n
Mean
CV%

30
4.22
46

30
2516.60
46

30
13,220.13
71

29
13,574.32
69

113
29
1.44
69

29
5.89
30

Lansoprazole 30 mg 1 n
Mean
CV%

31
1.71
29

31
839.77
40

31
2040.85
82

27
2179.12
82

73
27
1.23
52

27
2.99
38

5 n
Mean
CV%

31
1.54
22

31
844.65
45

31
1885.85
82

30
1949.17
79

65
30
1.11
54

30
2.84
33

* AUC¥ for day 1, AUC24 for day 5; � Dose-normalized AUC (ngÆh ⁄ mL ⁄ mg); � Harmonic mean.
AUC24, area under the plasma concentration-time curve from time 0 to 24 h; AUC¥, AUC from time 0 to infinity; AUCt, AUC from
time 0 to last measurable concentration; Cmax, maximum observed plasma concentration; CV%, coefficient of variation; MRT, mean
residence time; tmax, time to reach the observed maximum plasma concentration; t1 ⁄ 2z, apparent terminal elimination half-life.
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For dexlansoprazole MR (60, 90, and 120 mg), mean

AUC values were 3–7 times higher, and mean Cmax

values were 1.5–3 times higher than for lansoprazole

30 mg. Dexlansoprazole MR 60, 90, and 120 mg

extended the duration of drug exposure compared

with lansoprazole 30 mg as evidenced by a delayed

tmax and substantially higher plasma concentrations

3–8 h postdose.

The presence of the characteristic 2-peak, prolonged

PK profile following administration of dexlansoprazole

MR in phase 1 studies in healthy subjects was subse-

quently confirmed by population pharmacokinetic anal-

ysis of combined data from two studies:41a phase 1

pharmacokinetic study in GERD patients who received

dexlansoprazole MR 30, 60, or 90 mg and from a small

number of symptomatic non-erosive GERD patients

who participated in a long-term (12-month) safety study

that assessed dexlansoprazole MR 60 and 90 mg. The

predicted population concentration-time profiles fol-

lowing oral administration of dexlansoprazole MR 30,

60, and 90 mg in patients from these studies are shown

in Figure 2. The 2-peak prolonged profile, as well as the

estimated systemic exposure results, was consistent with

the findings in healthy subjects in phase 1 studies.

The concept underlying dexlansoprazole MR is that it

is not simply a higher dose of an enantiomer of lanso-

prazole; the modified release technology alters the time

course of the plasma time-concentration profile, delay-

ing the tmax and overcoming the pharmacokinetic

limitation of the drug’s short half life. A retrospective

analysis of dexlansoprazole MR 60 mg and lansopraz-

ole 60 mg using data from two separate but similarly

designed (randomized, double-blind, dose-ranging)

phase 1 studies was performed to evaluate the pharma-

cokinetics of these two doses.42 These data are repre-

sentative of results from other studies. The plasma

concentration–time profile for dexlansoprazole MR

60 mg was characterized by two distinct peaks

(Figure 3). The first peak occurred 1–2 h after dosing,

similar to the tmax observed for lansoprazole 60 mg.

The second peak occurred 4–5 h after dosing. The aver-

age MRT value for dexlansoprazole (5.5 h) was nearly

twice that for lansoprazole (2.9 h), demonstrating the

extended duration of drug exposure following the

administration of dexlansoprazole MR. The longer MRT

values for dexlansoprazole MR are attributable to the

release characteristics of the DDR formulation leading

to a prolongation of the MAT. Dexlansoprazole MR

60 mg maintained plasma drug concentrations for a

longer period of time than lansoprazole 60 mg. How-

ever, the relative contributions of the enantiomeric and

the MR approaches in the development of dexlanso-

prazole MR cannot be defined precisely in the absence

of additional multiarmed studies comparing dexlanso-

prazole with and without MR technology with standard

lansoprazole with and without MR technology.

POTENTIAL LIMITATIONS OF MR
TECHNOLOGY

The MR formulation technology may be limited in that

the time interval separating the two drug releases can-

not be increased. Further separation of the second

plasma dexlansoprazole peak from the first peak may

result in the drug release beyond the ileocecal junction

in the colon, where dexlansoprazole absorption is

expected to be limited. Nevertheless, the dexlansopra-

zole MR design principle is adequate to prolong the

plasma concentration–time profile and extend the

duration of acid suppression with a single daily dose.

Consequently, dexlansoprazole MR optimizes the capa-

bilities of the currently available technology and may

provide many of the benefits of twice-daily dosing in

a QD regimen.
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Figure 2. Predicted dexlansop-
razole population pharmaco-
kinetic profiles following oral
administration of dexlansop-
razole MR 30, 60, and 90 mg
in patients.
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A higher dose of dexlansoprazole MR is used com-

pared with the conventional PPIs to achieve the pro-

longed concentration–time profile produced by

releasing the drug over a longer period of time. Hence,

a higher dexlansoprazole AUC without a commensu-

rate increase in Cmax was achieved.40 Potential con-

cerns about a high drug load in the formulation of

dexlansoprazole MR have not been observed after oral

administration of dexlansoprazole MR 30–120 mg

doses in the clinical trials because the drug release

occurs at two distinct time intervals within GI tract.39

In addition, no issue with drug dumping has been

observed during the development of dexlansoprazole

MR. Furthermore, the terminal elimination t1 ⁄ 2 of dex-

lansoprazole was not altered due to the prolonged

drug absorption and there was no evidence of mean-

ingful systemic drug accumulation after once-daily

administration of dexlansoprazole MR.39 As would be

expected in drugs of this class, increases in fasting

serum gastrin have been observed in patients receiving

dexlansoprazole MR 60 and 90 mg for up to

12 months.43 These increases in gastrin levels were not

dose-related and gastrin concentrations remained sta-

ble after the 3 months of dosing. Further, no clinically

concerning findings have been observed in mean

change from baseline in laboratory values, vital signs

or gastric biopsy results.43–46

DEXLANSOPRAZOLE PHARMACODYNAMICS
AFTER ORAL DOSING OF
DEXLANSOPRAZOLE MR

The percentage of time that intragastric pH is maintained

>4 over a 24-h period postdose has become the bench-

mark for predicting clinical efficacy of PPIs in the treat-

ment of acid-related disorders.47 The pharmacodynamic

profile of dexlansoprazole was evaluated following oral

administration of dexlansoprazole MR or a standard

dose of lansoprazole.39 After oral administration of dex-

lansoprazole MR 60–120 mg, the pharmacodynamics of

dexlansoprazole compared with lansoprazole 30 mg

were characterized by significantly higher 24-h mean

intragastric pH values and percentage of time that pH

was >4 (Figures 4 and 5). Pairwise comparisons of values

for mean 24-h intragastric pH and the mean percentage

of time pH was >4 were significantly greater for each

dexlansoprazole MR regimen compared with lansopraz-

ole 30 mg during >9- to 12-h and >12- to 16-h intervals.

Potentially clinically meaningful increases in mean pH

(>0.5 as noted previously by Bell and colleagues)47 and

percent of time pH was >4 (greater than 10% during the

>16- to 24-h interval) were observed on day 5 for dex-

lansoprazole MR doses. Dexlansoprazole MR extended

the exposure and prolonged pH control across all dose

levels compared with lansoprazole 30 mg.39

Establishing a threshold PPI concentration and dose

to achieve the percentage of time that intragastric pH is

maintained >4 over a 24-h period would provide a use-

ful marker to assess and compare the effects of various

drug delivery systems on the pharmacokinetic and phar-

macodynamic profiles of a drug in this class. During the

clinical development of dexlansoprazole MR, empirical

models were selected based on the Akaike Information

Criteria (AIC) and used to understand better the relation-

ship between the percentage of time that plasma con-

centration remains higher than a threshold

concentration and the percentage of time that intraga-

stric pH was >4 after administration of multiple oral

doses of dexlansoprazole MR or lansoprazole.48 Based

on this empirical modeling analysis, 125 ng ⁄ mL was

determined to be the threshold concentration that pro-

vides the best relationship between the percentage of

time that concentration is higher than this level and the

percentage of time that pH was >4.49 From doses of

30 mg to 120 mg, dexlansoprazole MR was found to

maintain plasma drug concentration higher than the

125 ng ⁄ mL-threshold, 2 to 3 times longer than lansop-

razole 30 mg at all doses (Figure 6).
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CONCLUSIONS

Conventional PPIs have advanced the standard of care

in patients with acid-related disorders since they were

first marketed in the 1980s. Despite the efficacy of

PPIs, overcoming PPI failure has become an important

challenge in the management of GERD.4 Knowledge of

key underlying mechanisms for PPI treatment failure

has provided researchers with direction for discovering

alternative therapeutic options to address unmet needs

of patients on PPI therapy.

Emerging data on dexlansoprazole MR suggest that

novel drug delivery platforms may help address some

of the underlying shortcomings of PPIs delivered
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using currently available conventional formulations

and have the potential to improve clinical efficacy.34

The DDR formulation technology of dexlansoprazole

MR results in a plasma concentration-time profile

characterized by two distinct peaks, leading to an

extended duration of therapeutic plasma drug con-

centrations compared with conventional delayed

release lansoprazole. Furthermore, dexlansoprazole

MR maintains plasma drug concentrations above the

threshold level longer than lansoprazole at all doses,

resulting in an optimized drug exposure-intragastric

pH relationship. Finally, dexlansoprazole MR, utiliz-

ing DDR technology, increases the percentage of time

intragastric pH is >4 vs. lansoprazole on Day 5, sug-

gesting that it may be associated with improved clin-

ical outcomes.47, 50

ACKNOWLEDGEMENTS

Declaration of personal interests: Majid Vakily, PhD,

Trupti Dixit, PhD, and Darcy Mulford, PhD are

employees of Takeda Global Research & Development

Center, Inc., Deerfield, IL, USA. (At the time of manu-

script preparation, they were employees of TAP Phar-

maceutical Products Inc., Lake Forest, IL, now a part

of Takeda Global Research & Development Center,

Inc.). David C. Metz, MD has served as a speaker, grant

recipient, consultant and an advisory board member

for Takeda Global Research & Development Center,

Inc. (TAP Pharmaceutical Products Inc. is now a part

of Takeda Global Research & Development Center,

Inc.); as a speaker, grant recipient and consultant for

AstraZeneca; as a speaker, grant recipient, and consul-

tant for Wyeth Pharmaceuticals; as a consultant for

Nycomed (formerly Altana, formerly Byk Gulden); as a

speaker for Santarus; and as a consultant for Eisai Inc.

Declaration of funding interests: In addition, the

authors wish to acknowledge writing assistance pro-

vided by Tiffany Brake, PhD, and Eileen Gallagher of

Complete Healthcare Communications, Inc., Chadds

Ford, PA and funded by Takeda Global Research &

Development Center, Inc. (TAP Pharmaceutical Prod-

ucts Inc. is now a part of Takeda Global Research &

Development Center, Inc).

REFERENCES

1 DeVault KR, Castell DO. Updated guide-

lines for the diagnosis and treatment of

gastroesophageal reflux disease. Am J

Gastroenterol 2005; 100: 190–200.

2 Huang JQ, Hunt RH. Pharmacological and

pharmacodynamic essentials of H(2)-

receptor antagonists and proton pump

inhibitors for the practising physician.

Best Pract Res Clin Gastroenterol 2001;

15: 355–70.

3 Katz PO, Scheiman JM, Barkun AN.

Review article: acid-related disease–what

are the unmet clinical needs? Aliment

Pharmacol Ther 2006; 23(suppl 2): 9–

22.

4 Fass R, Shapiro M, Dekel R, Sewell J. Sys-

tematic review: proton-pump inhibitor

failure in gastro-oesophageal reflux dis-

ease–where next? Aliment Pharmacol

Ther 2005; 22: 79–94.

5 Hunt RH. Review article: the unmet needs

in delayed-release proton-pump inhibitor

therapy in 2005. Aliment Pharmacol Ther

2005; 22(suppl 3): 10–9.

6 Carlsson R, Dent J, Watts R, et al. Gastro-

oesophageal reflux disease in primary

care: an international study of different

treatment strategies with omeprazole.

International GORD Study Group. Eur J

Gastroenterol Hepatol 1998; 10: 119–24.

7 Feldman M. Gastric Secretion. In Sleisen-

ger & Fordtran’s Gastrointestinal and

Liver Disease, 8th edn. Philadelphia, PA:

Saunders Elsevier, 2006.

8 Sachs G, Shin JM, Briving C, Wallmark B,

Hersey S. The pharmacology of the gas-

tric acid pump: the H+,K+ ATPase. Annu

Rev Pharmacol Toxicol 1995; 35: 277–

305.

9 Sachs G, Shin JM, Howden CW. Review

article: the clinical pharmacology of pro-

ton pump inhibitors. Aliment Pharmacol

Ther 2006; 23(suppl 2): 2–8.

10 Sachs G, Shin J, Vagin O, Lambrecht N,

Yakubov I, Munson K. The Gastric H, K

ATPase of a Drug Target: past, present,

and future. J Clin Gastroenterol 2007;

41(Suppl 2): S226–42.

11 Tonini M, DeGiorgio R, DePonti F. Novel

therapeutic strategies in acid-related dis-

orders. Expert Opin Ther Patents 2003;

13: 639–49.

12 Berardi RR. A critical evaluation of pro-

ton pump inhibitors in the treatment of

gastroesophageal reflux disease. Am J

Manag Care 2000; 6(9 Suppl): S491–505.

13 Hunt RH, Armstrong D, James C, et al.
Effect on intragastric pH of a PPI with a

prolonged plasma half-life: comparison

between tenatoprazole and esomeprazole

on the duration of acid suppression in

healthy male volunteers. Am J Gastro-

enterol 2005; 100: 1949–56.

14 Metz DC, Ferron GM, Paul J, et al. Proton

pump activation in stimulated parietal

cells is regulated by gastric acid secretory

capacity: a human study. J Clin Pharma-

col 2002; 42: 512–9.

15 Horn JR, Howden CW. Review article:

similarities and differences among

delayed-release proton-pump inhibitor

formulations. Aliment Pharmacol Ther

2005; 22(Suppl 3): 20–4.

16 Yacyshyn BR, Thomson AB. The clinical

importance of proton pump inhibitor

pharmacokinetics. Digestion 2002; 66:

67–78.

17 Stedman CA, Barclay ML. Review article:

comparison of the pharmacokinetics, acid

suppression and efficacy of proton pump

inhibitors. Aliment Pharmacol Ther 2000;

14: 963–78.

18 Fass R, Murthy U, Hayden CW, et al.
Omeprazole 40 mg once a day is equally

effective as lansoprazole 30 mg twice a

936 D. C . METZ et al.

Aliment Pharmacol Ther 29, 928–937

ª 2009 Takeda Global Research & Development Center, Inc.



day in symptom control of patients with

gastro-oesophageal reflux disease (GERD)

who are resistant to conventional-dose

lansoprazole therapy-a prospective, ran-

domized, multi-centre study. Aliment

Pharmacol Ther 2000; 14: 1595–603.

19 Hetzel DJ, Dent J, Reed WD, et al. Healing

and relapse of severe peptic esophagitis

after treatment with omeprazole. Gastro-

enterology 1988; 95: 903–12.

20 Bate CM, Booth SN, Crowe JP, Hepworth-

Jones B, Taylor MD, Richardson PD. Does

40 mg omeprazole daily offer additional

benefit over 20 mg daily in patients

requiring more than 4 weeks of treatment

for symptomatic reflux oesophagitis? Ali-

ment Pharmacol Ther 1993; 7: 501–7.

21 Kuo B, Castell DO. Optimal dosing of

omeprazole 40 mg daily: effects on gas-

tric and esophageal pH and serum gastrin

in healthy controls. Am J Gastroenterol

1996; 91: 1532–8.

22 Claxton AJ, Cramer J, Pierce C. A system-

atic review of the associations between

dose regimens and medication compli-

ance. Clin Ther 2001; 23: 1296–310.

23 Richter A, Anton SE, Koch P, Dennett SL.

The impact of reducing dose frequency

on health outcomes. Clin Ther 2003; 25:

2307–35 discussion 2306.

24 Paes AH, Bakker A, Soe-Agnie CJ. Impact

of dosage frequency on patient compli-

ance. Diabetes Care 1997; 20: 1512–7.

25 Abelo A, Andersson TB, Antonsson M,

Naudot AK, Skanberg I, Weidolf L. Ste-

reoselective metabolism of omeprazole by

human cytochrome P450 enzymes. Drug

Metab Dispos 2000; 28: 966–72.

26 Miner P, Katz P, Chen Y, Sostek M. Gas-

tric acid control with esomeprazole, lan-

soprazole, omeprazole, pantoprazole, and

rabeprazole: a five-way crossover study.

Am J Gastroenterol 2003; 98: 2616–20.

27 Scarpignato C, Pelosini I, Di Mario F.

Acid suppression therapy: where do we

go from here? Dig Dis 2006; 24: 11–46.

28 Uchiyama K, Wakatsuki D, Kakinoki B,

Takeuchi Y, Araki T, Morinaka Y. Effects

of TU-199, a novel H+, K+-ATPase inhib-

itor, on gastric acid secretion and gas-

toduodenal ulcers in rats. Methods Find

Exp Clin Pharmacol 1999; 21: 115–22.

29 Goldwater R, Lee S, Chung G, Kim D, Cho K,

Boileau F. A phase I, randomized, parallel

placebo-controlled safety, tolerance and

pharmacokinetic study of multiple doses of

IY-8119 in fasting male volunteers (abs-

tract). Clin Pharmacol Ther 1999; 65: 126.

30 Periclou AP, Goldwater R, Lee SM, et al. A

comparative pharmacodynamic study of

IY-81149 versus omeprazole in patients

with gastroesophageal reflux disease. Clin

Pharmacol Ther 2000; 68: 304–11.

31 Datamonitor. Pipeline insight: upper GI

disorders. Report No.: DMHC2312. Avail-

able from: http://www.datamonitor.com

(accessed 15 November 2007).

32 Vecta Ltd. Company profile. 2008 http://

www.vecta.co.il/about.html. Accessed

April 10.

33 Howden CW. Review article: immediate-

release proton-pump inhibitor therapy –

potential advantages. Aliment Pharmacol

Ther 2005; 22(Suppl 3): 25–30.

34 Hunt RH, Armstrong D, Yaghoob M, et al.
Predicable prolonged suppression of gas-

tric acidity with a novel proton pump

inhibitor, AGN 201904-Z. Aliment Phar-

macol Ther 2008; 28: 187–99.

35 Hunt RH, Armstrong D, Yaghoobi M,

et al. Inhibition of acid secretion by a

novel proton pump inhibitor (abstract).

Gastroenterology 2007; 132(suppl 2):

A486.

36 Katsuki H, Yagi H, Arimori K, et al. Deter-

mination of R(+)- and S())-lansoprazole

using chiral stationary-phase liquid chro-

matography and their enantioselective

pharmacokinetics in humans. Pharm Res

1996; 13: 611–5.

37 Lind T, Rydberg L, Kyleback A, et al.
Esomeprazole provides improved acid

control vs. omeprazole In patients with

symptoms of gastro-oesophageal reflux

disease. Aliment Pharmacol Ther 2000;

14: 861–7.

38 Kahrilas PJ, Falk GW, Johnson DA, et al.
Esomeprazole improves healing and

symptom resolution as compared with

omeprazole in reflux oesophagitis

patients: a randomized controlled trial.

The Esomeprazole Study Investigators.

Aliment Pharmacol Ther 2000; 14: 1249–

58.

39 Zhang W, Wu J, Atkinson S. Pharmacoki-

netics, pharmacodynamics, and safety

evaluation of a single and multiple

60 mg, 90 mg, and 120 mg oral doses of

modified-release TAK-390 (TAK-390MR)

and 30 mg oral doses of lansoprazole in

healthy subjects. Gastroenterology 2007;

132(suppl 52): A487 (abstract).

40 Vakily M, Zhang W, Wu J, Atkinson S,

Mulford D. Pharmacokinetics and phar-

macodynamics of a known active PPI

with a novel Dual Delayed Release tech-

nology, dexlansoprazole MR: a com-

bined analysis of randomized controlled

clinical trials. Curr Med Res Opin 2009;

25: 627–38.

41 Vakily M, Wu JT, Atkinson S, Mulford D.

Population pharmacokinetics (PK) of

TAK-390MR in subjects with symptomatic

non-erosive gastroesophageal reflux dis-

ease (GERD). J Clin Pharmacol 2008; 48:

1103 (abstract).

42 Mayer MD, Vakily M, Witt G, Mulford DJ.

The pharmacokinetics of TAK-390MR

60 mg, a dual delayed release formulation

of the proton pump inhibitor TAK-390,

and lansoprazole 60 mg: a retrospective

analysis. Gastroenterology 2008; 134(4

suppl 1): A176 (abstract).

43 Dabholkar A, Yu P, Paris M. Long-Term

Safety of TAK-390MR, a PPI with a Novel

Dual Delayed Release Formulation, in

GERD Patients. Am J Gastroenterol 2008;

103(Suppl 1): S5–6 (abstract).

44 Metz DC, Howden CW, Perez MC, Larsen

LM, O’Neil J, Atkinson SN. Clinical Trial:

dexlansoprazole MR, a proton pump

inhibitor with dual delayed release tech-

nology, effectively controls symptoms

and prevents relapse in patients with

healed erosive esophagitis. Aliment Phar-

macol Ther 2009; 29: 742–54.

45 Sharma P, Shaheen NJ, Perez MC, et al.
Healing of erosive esophagitis with dex-

lansoprazole MR, a proton pump inhibitor

with a novel dual delayed release formu-

lation: Results from 2 randomized con-

trolled trials. Aliment Pharmacol Ther

2009; 29: 731–41.

46 Howden CW, Larsen L, Palmer R, Perez

MC. Placebo-Controlled trial of 2 doses of

TAK-390MR, a PPI with novel dual

delayed release technology, as mainte-

nance treatment for patients with healed

erosive esophagitis (EE). Am J Gastroen-

terol 2008; 103(suppl 1): S5 (abstract).

47 Bell NJV, Burger D, Howden CW, Wilkin-

son J, Hunt RH. Appropriate acid

suppression for the management of gas-

tro-oesophageal reflux disease. Digestion

1992; 51: 59–67.

48 Akaike H. A new look at the statistical

model identification. IEEE Transactions

on Automatic Control 1974; 19: 716–23.

49 Wu J, Vakily M, Witt G, Mulford D. TAK-

390MR vs. lansoprazole (LAN) for mainte-

nance of drug concentration above a

threshold which corresponds to higher%-

time pH>4. Am J Gastroenterol 2007;

102(suppl 2): S124 (abstract).

50 Howden CW, Jones DB, Peace KE, Burget

DW, Hunt RH. The treatment of gastric

ulcer with antisecretory drugs. Relation-

ship of pharmacological effect to

healing rates. Dig Dis Sci 1988; 33: 619–

24.

REVIEW: MR TECHNOLOGY IN PROTON PUMP INHIB ITORS 937

Aliment Pharmacol Ther 29, 928–937

ª 2009 Takeda Global Research & Development Center, Inc.


