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Abstract

Gastro-esophageal reflux disease (GERD) is one of the
most prevalent chronic diseases. Although proton pump
inhibitors (PPIs) represent the mainstay of treatment
both for healing erosive esophagitis and for symptom
relief, several studies have shown that up to 40% of
GERD patients reported either partial or complete lack
of response of their symptoms to a standard PPI dose
once daily. Several mechanisms have been proposed as
involved in PPIs resistance, including ineffective control
of gastric acid secretion, esophageal hypersensitivity,
ultrastructural and functional changes in the esopha-
geal epithelium. The diagnostic evaluation of a refrac-
tory GERD patients should include an accurate clinical
evaluation, upper endoscopy, esophageal manometry
and ambulatory pH-impedance monitoring, which al-
lows to discriminate non-erosive reflux disease patients
from those presenting esophageal hypersensitivity or
functional heartburn. Treatment has been primarily
based on doubling the PPI dose or switching to another
PPI. Patients with proven disease, not responding to
PPI twice daily, are eligible for anti-reflux surgery.
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Core tip: The present review focuses on the subgroup
of patients in whom proton pump inhibitor refracto-
riness more frequently occurs, on the mechanisms
possibly involved in the lack of response, the diagnos-
tic work-up and the therapeutic strategies in these
patients. Various mechanisms and factors have been
demonstrated and some mechanisms have also been
proposed, although not yet supported by strong evi-
dence. In the management of these patients, a careful
clinical interview might conduct the diagnostic evalua-
tion and the therapeutic approaches.
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INTRODUCTION

Gastro-esophageal reflux disease (GERD) is one of the
most prevalent chronic discases in Western countrices,
affecting approximately 20% of the United States adult
population weekly, and 7% daily"?. Although the acid-
suppressive drugs have improved in efficacy over the
last few decades, and proton pump inhibitors (PPIs)
represent the mainstay of treatment both for healing
crosive csophagitis and for symptom relicf as well as for
preventing complications, several studies have shown
that up to 40% of GERD patients reported cither partial
or complete lack of response of their symptoms to a
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standard PPI dose once daily® . Therefore, particularly
in third referral Gastrointestinal Units, the management
of refractory GI'RD patients is a very common, as well
as a very challenging, task. Indeed, chronic heartburn is
associated not only with a significant decrease in all the
physical and mental domains of health-related quality of
life questionnaires but, also, with a significant increase in
healthcare costs, due to repeated diagnostic procedures,
physician examinations and drug prescriptions'. The
present review focuses on the subgroup of patients in
whom PPT refractoriness more frequently occurs, on the
mechanisms possibly involved in the lack of response,
the diagnostic work-up and the therapeutic strategies
adopted in these patients.

MOST DIFFICULT PATIENTS

The clinical suspicion that the symptomatic response
to PPIs is less frequent in those patients affected by the
most common presentation of GERD, ize., non-erosive
reflux discase (NERD), than in those presenting crosive
esophagitis (IFRD) has been confirmed several years ago.
In one of the first reports focusing on NERD patients,
treatment with omeprazole 20 mg for 4 wk resulted in
complete symptom relief in only 46% of patients, in
cven fewer of them on 10 mg and in those receiving
placebo, and symptom improvement (satisfaction) in
66%". The main messages of the study were the better
results obtained with higher doses, which do not support
the concept of NERD as a milder form of GERD and,
more important, the concept that symptom relief proves
to be directly correlated with esophageal acid exposure
time, that is to say, the greater the acid exposure, the
higher the PPI response. So far, only a few trials have
compared the outcome of PPI treatment in NERD s
ERD patients. Almost all of these trials were carried out
using a double blind, parallel group design with a short
(4 wk) follow-up period. In a study performed by Bate ez
m‘s‘, relief of heartburn was achieved in 47% of NERD,
and in 53% of ERD paticnts (the difference not being
significant). Of interest, as far as concerns the non-re-
sponders, 67% became heartburn-free after an additional
4 wk of treatment”.

Better results, both in NERD and ERD patients, have
been reported in a multicenter study by Venables e o™
heartburn relief, was achieved after 4 wk of omepra-
zole, in more than 60% of NERD and in 79% of ERD
patients. Galmiche ez a/"”, besides heartburn remission,
reported semi-quantitative measures of symptom sever-
ity and their impact on quality of life: At 4 wk, heartburn
was resolved in 62% of NERD and 71% of the ERD
patients, even higher values being observed after an ad-
ditional 4-wk treatment with omeprazole. Of interest,
quality of life improved in all treatment groups, but the
improvement was higher in those on full PPI dose (us
half-dose) group!”. Armstrong ¢ a/'", in a randomized,
Canadian multicenter study, confirmed complete relief
in a larger proportion (although not significant) of ERD,
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than NERD, patients receiving pantoprazole. Although
some data were not stratified for the prcscncc/ absence
of esophagitis, a modified intention-to-treat analysis
demonstrated, in the PPI group, a trend of increased
therapeutic gain throughout the 4 wk'. More recently, a
multicenter trial performed in Japan, has shown that, fol-
lowing 4-wk rabeprazole 40 mg/die, complete relief of
symptoms was achieved in only 36% of the NIRD and
in approximately 55% of the erosive group, a response
rate similar to that observed in Western countries. Here,
patients were stratified according to a modified Los An-
geles classification and, of interest, the more severe the
esophageal mucosal injury, the more effective the therapy.
The design of the study and symptom assessment could
also demonstrate that the median time to the first 24- and
48-h heartburn-free intervals was significantly shorter for
erosive than for non-erosive patients'™. Before conclud-
ing the issue regarding the response to PPI treatment in
non-erosive 2y erosive reflux disease, it may be useful to
re-consider a major dilemma concerning NERD, namely
the lack of a standard definition, which is likely to affect
the results of clinical trials, and makes interpretation of
data, challenging. It is generally agreed that NERD is the
most common presentation (up to 75%) of GERD, with
the same symptom severity and quality of life impairment
as ERD, but, at the same time, there is still lack of agree-
ment concerning the definition of NERD: should all
symptomatic patients with endoscopy-negative findings
be considered to be suffering from NERD? The 24-h pH
test does, indeed, distinguish patients with and without
pathological esophageal acid exposure, and, more im-
portant, patients with and without significant symptom-
reflux association, which can reveal hypersensitivity to
non-pathological acid exposure.

Endoscopy-negative patients not presenting patho-
logical acid exposure, with negative symptom-reflux
association and without a satisfactory response to the
PPI test are, indeed, affected by functional heartburn, ac-
cording to the Rome Il criteria, and thus do not belong
to the NERD population. These “functional” paticnts, in
whom symptoms are, by definition, not related to refux,
might be a minority but they frequently attend the outpa-
tients units and are, often, enrolled in clinical trials. The
low response to PPIs reported in NERD may be affected
by including this functional subgroup in a “too hetero-
geneous” NERD population. Another common risk of
mis-classification of NERD is due to the healing of es-
ophagitis at the time of upper endoscopy, and, thus, a re-
cent consensus underlines the importance not only of an
appropriate pharmacological washout before endoscopy
but, also, of checking for previous endoscopic findings in
the same patient, if available"”. In the attempt to better
evaluate the response rate in NERD patients according to
the different criteria of the participants enrolled in clini-
cal trials, a recent meta-analysis of the literature has dem-
onstrated that lower rates of partial or complete response
are reported in the large majority of studies with a poor
characterization of the patients, lacking pIl-test findings
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Table 1 Principal mechanisms and factors involved in proton
pump inhibitor resistance

Adherence to PPI therapy
Compliance
Dosing, time
Reflux pattern
Weakly acidic reflux
Proximal reflux
Mixed reflux
Residual acid refluxes
Esophageal hypersensitivity
Other mechanisms
Reduced PPI bicavailability
Increased PPl metabolism

Mutations cyt. p450

PPL Proton pump inhibitor.

and, therefore, likely including patients with functional
heartburn and functional dyspepsia™®. Future studies, en-
rolling well-defined NERD patients and, hopefully, with
a longer follow-up, might offer more precise data on PPI
efficacy.

MECHANISMS AND FACTORS INVOLVED
IN PPl RESISTANCE

In patients with reflux symptoms refractory to medical
therapy, namely those with typical GERD symptoms
- heartburn and regurgitation - not responding to a
standard or double dose of PPI given for at least 8 wk,
various causes have been demonstrated and some mecha-
nisms have also been proposed, although not yet sup-
ported by strong evidence. Principal mechanisms and fac-
tors involved in PPI resistance are summarized in Table 1.

Ineffective control of gastric acid secretion, in terms
of excessive residual acid reflux despite adequate PPI
treatment, can be due to lack of compliance, rapid PPI
metabolism - due to CYP2C19 polymorphism - or
hypersecretory syndromes such as Zollinger Ellison.
While these two latter conditions are uncommon, non-
compliance to treatment, in terms of incorrect medica-
tion dose or timing, is reported to frequently occur. Two
recent meta-analyses have clearly shown that lack or non-
compliance to therapy is particularly frequent in GERD
patients, in whom adherence to the prescribed PPI is
acceptable in only 55% of patients, at onc month, and in
30% at 6 mo after prescription.

The lowest levels of compliance, in terms of daily
or dose administration, were observed in NERD pa-
tients, and, of the various factors, the most frequently
reported were: lack of knowledge about the treated
disorder, desire for personal control, side-effects and ad-
ditional medications"”. In a study focusing on patients
with persistent GERD symptoms despite prolonged PPI
treatment, it was reported that in less than 46% of these
patients the drug was administered in the fasting state,
before breakfast!"”.

In the new era of combined pH and impedance 24-h
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monitoring, it is possible to detect reflux episodes with
more accuracy compared to the pH-monitoring alone,
following the movement of refluxate along the esopha-
geal body and to distinguish air/liquid component as
well as acidic composition of each episode. Over the last
decade, several pIl-impedance investigations have been
conducted on patients with NHRD and, particularly, on
those patients with a poor symptomatic response to PPIs.
Results emerging from those studies have confirmed a
condition already observed with pH-tests, namely es-
ophageal hypersensitivity in terms of perception of not-
abnormal reflux, and this enhanced sensitivity involves
not only acidic reflux but, also, weakly acidic reflux and
gas-containing (mixed) reflux episodes. Either cohort
studies analyzing the reflux pattern and reflux-symptom
association"’ or pathophysiologic investigations, look-
ing at the perception of each reflux episode™ have
clearly shown that, in NERD patients, besides acidic
reflux, weakly acidic reflux and gas-containing episodes
(both of them probably associated with increased reflux
volume and esophageal distension) are responsible for
a significant proportion of symptoms (approximately
20%), much higher when compared to those in ERD pa-
tients. These studies have demonstrated both a possible
mechanism explaining symptom persistence despite acid
suppression and the higher diagnostic yield of the pH-
impedance test in these patients.

Recent pathophysiological investigations have also
shown that a dynamic characteristic, such as the proximal
migration of reflux, an indicator of high volume reflux-
ate, represents a major determinant of reflux perception,
particularly in NERD patients. Interestingly, in large
multicenter studies, these three characteristics, namely
weakly acidic reflux, mixed (liquid-gas) reflux and the
higher proximal extent, have also been recognized as the
main mechanisms underlying failure of PPI trcatment in
patients with reflux-related symptoms”**". Finally, experi-
mental studies suggest that some of the NERD patients
presenting PPI-resistance may also present a more gener-
alized condition of visceral hyperalgesia™.

The research field focusing on the ultrastructural
and functional changes in the esophageal epithelium has
contributed to a better understanding of NERD and of
PPI-resistance pathophysiology. In those conditions not
associated with severe mucosal inflammation and/or epi-
thelial erosions, it is not clear how severe and recurrent
symptoms can occur in an apparently normal mucosa
(NERD). A well studied ultra-structural alteration, Ze.,
dilated intercellular spaces (DIS), has been demonstrated
by means of Transmission Flectron Microscopy both in
FRD and NERD patients™", and this would explain the
genesis of symptoms triggered by the activation of intra-
mucosal chemo-sensitive pain-receptors. The increased
para-cellular permeability, associated with the presence of
DIS, and the resulting breakdown in the epithelial barrier,
do not necessarily result from excessive acid exposure,
as shown in NERD patients presenting a normal acid
contact time at pH-monitoring, can be induced, in ex-
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perimental models, by weakly acidic and acidified bile so-
lutions and even occurs during acute stress situations®.
Interestingly, the feature of DIS has been observed in
patients with PPI-resistant symptoms, during treatment,
but not in patients affected by functional heartburn®,
returns to normal following PPIs, together with symp-
toms®”, and, therefore, the impaired mucosal integrity
would now appear to be the mechanism that best explains
the enhanced sensitivity to chemical and mechanical
stimulation in NERD and PPI-resistant patients. Indeed,
peripheral sensory pathways, in terms of up-regulated
pain receptors, central sensitization of sensory neurons
and processing of ascending stimula are now under in-
tense investigation and may be involved in the conditions
of esophageal and visceral hypersensitivity.

Several conditions not, or not directly, related to
gastro-esophageal reflux, should also be considered when
assessing PPI refractoriness. Infectious esophagitis, eosi-
nophilic esophagitis and pill esophagitis may be other,
not frequent, causes of refractory heartburn. Anxiety and
depression, demonstrated to increase reflux perception,
may also be involved.

DIAGNOSTIC EVALUATION

Clinical evaluation

As previously pointed out, lack of compliance - in terms
of adherence to treatment, timing and dosing - and the
presence of functional heartburn are the main findings
in patients referred for refractory heartburn, therefore a
carcful interview, also looking at the confounding pres-
ence/co-existence of atypical - ENT and respiratory -
symptoms and at their possible relation with GER, is
crucial. The presence of functional disorders, such as
functional dyspepsia and irritable bowel syndrome, as
well as of psychological disorders, should also be as-
sessed as these are associated with visceral hyperalgesia
as well as a with reduced response to acid-suppressive
drugs.

Endoscopy

Although the sensitivity of upper endoscopy is very low -
most patients have NERD - it might be helpful for ruling
out pill and infectious esophagitis, eosinophilic esophagi-
tis (4%-6% in PPI-refractory patients, multiple biopsics
should be obtained) and the rare cases of Zollinger I'l-
lison syndrome.

Esophageal manometry

Conventional or high-resolution manometry should be
performed in order to rule out severe motor disorders,
to better locate LES for pH-sensor positioning, and, fur-
thermore can provide useful information when a surgical
anti-reflux approach is indicated.

Ambulatory pH [impedance] monitoring

The only test which provides quantitative information
on the esophageal exposure to reflux, also assessing its
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relationship with symptoms, remains 24-h ambulatory
pH-monitoring. Prolonged (48 to 96 h) wircless pH-
monitoring improves the diagnostic yield of the test by
improving the likelihood of a positive reflux-symptom
association™. We have previously discussed the advan-
tages of the combined ambulatory pI-impedance test,
as well as its greater accuracy in discriminating NERD
patients from those presenting esophageal hypersensitiv-
ity or functional heartburn. Indeed, typical and atypical
symptoms not responding to PPIs represent the main
indication for performing ambulatory pH-impedance
monitoring. The test performed “off” therapy can con-
firm or exclude a pathological gastro-esophageal reflux
and, according to a recent investigation™ offers the best
chances to detect a positive association between symp-
toms and reflux episodes. Recent studies have shown that
refractory patients studied “off” and “on” therapy are,
indeed, characterized by an abnormal number of reflux
events and a higher sensitivity to all types of reflux -
acidic, weakly acidic, mixed and propagated”™". On the
other hand, performing the test “on” PPIs, provides use-
ful information regarding the efficacy of acid-suppressive
treatment and may detect a positive association between
symptoms and weakly acidic reflux episodes - the large
majority of episodes during acid suppressive drug -,
which is a possible indication for anti-reflux surgery™

MANAGEMENT OF PATIENTS

Proton pump inhibitors
The large majority of paticnts with reflux symptoms
receive PPI therapy once daily. If symptoms are not re-
lieved, and after the presence of functional heartburn
and CYP2C19 polymorphism have been excluded, sev-
cral therapeutic strategics can be proposed. These include
doubling the current PPT dosage or switching to another
PPL

Indeed, treatment failure may result from an insuf-
ficient dose of PPI. Doubling the PPI dose, giving PPI
before breakfast and before dinner, is one of the most
common therapeutic strategies adopted by practicing
physicians having also been recommended in the 2008
American Gastroenterological Association guidelines
for GERD, and confirmed by the Cochrane review'".
However, is still not clear the dose-response relationship
for heartburn resolution in either erosive esophagitis or
non-crosive reflux discase patients™. Even if doubling
the PPI dose has become one of the standard strategies,
escalation of the PPI administration beyond the twice
daily dosage, both for symptom control or for healing
of erosive esophagitis, is not supported by strong clinical
data. In the attempt to identify the patients who would
benefit from dose escalation, Becker ¢z a*” performed
pIl-impedance monitoring in patients presenting persist-
ent symptoms despite one month of standard PPI ther-
apy. According to the pH-impedance data, two groups,
one with and one without pathological findings, received
high dose PPI (or fundoplication in a few cases). Imped-

October 21, 2013 | Volume 19 | Issue 39 |



ance was pathological in 40% of the non-responders, in
whom escalating therapy was significantly more success-
ful (90% relief) than in patients with normal findings.

Switching to another PPI is a very common, cost-
cffective, therapeutic strategy adopted in the management
of patients who failed with the PPI once daily approach.
In several studies, switching those patients who had failed
with a PPI to esomeprazole, resulted in significant symp-
tom improvement”.

Antireflux surgery

Although it is well established that patients with symp-
toms not responding to PPIs have a less favorable post-
operative clinical outcome compared to those patients re-
sponding to treatment, refractory GIERD represents the
most common (88%) indication for anti-reflux surgery.
In a recent long-term follow-up study, 82% of the PPI-
refractory patients reported that the preoperative reflux
symptoms were completely resolved, and 94% were satis-
fied with the results of the surgery™. Several studies have
suggested that a positive symptom-reflux association*"
and/or pathological AET"™"™ observed by impedance-
pH monitoring in patients off PPI, predict a favorable re-
sponse to surgery. It has been recently demonstrated that
ranitidine 300 mg twice daily has a comparable efficacy
respect to rabeprazole 20 mg twice daily when given on-
demand for the treatment of NERD and both medica-
tions arc associated with improvement of the quality of
life™.

It should be taken into consideration that the large
majority of PPI-resistant patients do not present an cro-
sive disease, therefore, given the possible adverse events
associated with surgery and the recognized benign course
of NERD, anti-reflux surgery should only be considered
in selected patients, in whom objective evidence of re-
flux is revealed upon investigation. In summary, although
surgery appears to be valid therapeutic option in GERD
patients with typical symptoms who failed to respond to
PPIs, further outcome and controlled studies, on a larger
serics of patients, using combined impedance-pH moni-
toring are warranted in order to draw definite conclusions.

Lifestyle modifications
It has been recently suggested that weight loss and cl-
evation of head of the bed are effective in improving
GERD symptoms in refractory patients, whilst no suf-
ficient data support any other lifestyle modifications™!
It has been recently reported that shorter dinner-to-bed
time interval (less than 3 h) is significantly associated with
persistence of GERD symptoms™*®.

However, the relevance of lifestyle modifications in
GERD patients who failed PPI treatment still remains to
be fully elucidated.

Visceral pain modulators, psychological treatment

The therapeutic option represented by visceral pain
modulators is highly attractive but, at present, studies
specifically evaluating their efficacy in refractory GERD
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patients are still lacking. Tricyclic anti-depressants and se-
lective serotonin reuptake inhibitors have been shown to
relief esophageal pain in patients with non-cardiac chest
pain'®*¥. Unfortunately, side effects of these drugs ap-
pear to be not uncommon and may hamper their usage.

It has been shown that refractory patients are more
likely to have a psychosocial comorbidity™, therefore it is
conceivable that refractory GERD patients would benefit
of psychological evaluation and treatment.

ACKNOWLEDGMENTS

Authors are grateful to Mrs. Marian Shields for help with
the English style.

REFERENCES

1 Locke GR, Talley NJ, Fett SI., Zinsmeister AR, Melton L].
Prevalence and clinical spectrum of gastroesophageal reflux:
a population-based study in Olmsted County, Minnesota.
Gastroenterology 1997; 112: 1448-1456 [PMID: 9136821]

2 Nebel OT, Fornes MF, Castell DO. Symptomatic gastro-
esophageal reflux: incidence and precipitating factors. Am |
Dig Dis 1976; 21: 953-956 [PMID: 984016]

3 Hershcovici T, Fass R. Management of gastroesophageal
reflux disease that does not respond well to proton pump
inhibitors. Curr Opin Gastroenterol 2010; 26: 367-378 [PMID:
20571388 DOI: 10.1097/MOG.0b013¢32833ac2be]|

4  Hershcovici T, Fass R. An algorithm for diagnosis and
treatment of refractory GERD. Best Pract Res Clin Gastro-
enterol 2010; 24: 923-936 [PMID: 21126704 DOI: 10.1016/
j-bpg.2010.10.004]

5  Fass R. Proton pump inhibitor failure--what are the thera-
peutic options? Am | Gastroenterol 2009; 104 Suppl 2: S33-S38
[PMID: 19262545 DOI: 10.1038/ ajg.2009.50]

6 Revicki DA, Wood M, Maton PN, Sorensen S. The impact
of gastroesophageal reflux disease on health-related qual-
ity of life. Am | Med 1998; 104: 252-258 [PMID: 9552088 DOI:
10.1016,/50002-9343[97]00354-9]

7  Lind T, Havelund T, Carlsson R, Anker-Hansen O, Glise H,
Hernqvist H, Junghard O, Lauritsen K, Lundell L, Pedersen
SA, Stubbertd A. Heartburn without oesophagitis: efficacy of
omeprazole therapy and features determining therapeutic re-
sponse. Scand | Gastroenlerol 1997; 32: 974-979 [PMID: 9361168
DOI: 10.3109/00365529709011212]

8 Bate CM, Green JR, Axon AT, Murray FE, Tildesley G, Em-
mas CE, Taylor MD. Omeprazole is more effective than
cimetidine for the relief of all grades of gastro-oesophageal
reflux disease-associated heartburn, irrespective of the pres-
ence or absence of endoscopic oesophagilis. Alimenl Phar-
macol Ther 1997; 11: 755-763 [PMID: 9305486 DOI: 10.1046/
j-1365-2036.1997.00198 x]

9 Venables TL, Newland RD, Patel AC, Hole J, Wilcock C, Tur-
bitt ML. Omeprazole 10 milligrams once daily, omeprazole
20 milligrams once daily, or ranitidine 150 milligrams twice
daily, evalualed as initial therapy for the relief of symploms
of gastro-oesophageal reflux disease in general practice.
Scand | Gastroenterol 1997; 32: 965-973 [PMID: 9361167 DOI:
10.3109/00365529709011211]

10 Galmiche JP, Barthelemy P, Hamelin B. Treating the symp-
toms of gastro-oesophageal reflux disease: a double-blind
comparison of omeprazole and cisapride. Aliment Pharma-
col Ther 1997; 11: 765-773 [PMID: 9305487 DOIL: 10.1046/
j-1365-2036.1997.00185.x]

11 Armstrong D, Paré P, Pericak D, Pyzyk M. Symptom relief
in gastroesophageal reflux disease: a randomized, controlled
comparison of pantoprazole and nizatidine in a mixed patient

Oclober 21, 2013 | Volume 19 | Issue 39 |



12

14

16

18

19

20

21

22

23

24

25

Cicala M et a/. PPI resistance in GERD patients

population with erosive esophagilis or endoscopy-negative
reflux disease. Am | Gastroenterol 2001; 96: 2849-2857 [PMID:
11695354 DOI: 10.1111/j.1572-0241.2001.4237 _a.x|

Miwa H, Sasaki M, Furuta T, Koike T, Habu Y, Ito M, Fuji-
wara Y, Wada T, Nagahara A, Hongo M, Chiba T, Kinoshita
Y. Efficacy of rabeprazole on heartburn symptom resolution
in patients with non-erosive and erosive gastro-oesophageal
reflux disease: a multicenter study from Japan. Aliment Phar-
macol Ther 2007; 26: 69-77 [PMID: 17555423 DOI: 10.1111/
j-1365-2036.2007.03350.x]

Modlin IM, Hunt RH, Malfertheiner P, Moayyedi P, Quigley
EM, Tytgat GN, Tack ], Heading RC, Holtman G, Moss SF.
Diagnosis and management of non-erosive reflux disease--
the Vevey NERD Consensus Group. Digestion 2009; 80: 74-88
[PMID: 19546560 DOT: 10.1159/000219365]

Weijenborg PW, Cremonini F, Smout AJ, Bredenoord AJ. PPI
therapy is equally elfective in well-defined non-erosive reflux
disease and in reflux esophagitis: a meta-analysis. Neurogas-
troenterol Motil 2012; 24: 747-57, €350 [PMID: 22309489 DOI:
10.1111/j.1365-2982.2012.01888.x]

Hungin AP, Rubin G, O’Flanagan H. Factors influencing
compliance in long-term proton pump inhibitor therapy
in general practice. Br | Gen Pract 1999; 49: 463-464 [PMID:
10562747|

Gunaratnam NT, Jessup TP, Inadomi J, Lascewski DP. Sub-
oplimal prolon pump inhibilor dosing is prevalent in patients
with poorly controlled gastro-oesophageal reflux disease.
Aliment Pharmacol Ther 2006; 23: 1473-1477 [PMID: 16669962
DOI: 10.1111/j.1365-036.2006.02911.x]

Savarino E, Zentilin P, Tutuian R, Pohl D, Casa DD, Frazzoni
M, Cestari R, Savarino V. The role of nonacid reflux in NERD:
lessons learned from impedance-pH monitoring in 150 pa-
tients off therapy. Am | Gastroenterol 2008; 103: 2685-2693
[PMID: 18775017 DOIL: 10.1111/}.1572-0241.2008.02119.x]
Emerenziani S, Sifrim D, Habib FI, Ribolsi M, Guarino MP,
Rizzi M, Caviglia R, Petitti T, Cicala M. Presence of gas in
the refluxate enhances reflux perception in non-erosive
patients with physiological acid exposure of the oesopha-
gus. Gut 2008; 57: 443-447 [PMID: 17766596 DOI: 10.1136/
gut.2007.130104]

Tutuian R, Vela MF, Hill EG, Mainie I, Agrawal A, Castell
DO. Characteristics of symptomatic reflux episodes on Acid
suppressive therapy. Am | Gastroenterol 2008; 103: 1090-1096
[PMID: 18445095 DOI: 10.1111/}.1572-0241.2008.01791.x]
Zerbib F, Duriez A, Roman S, Capdepont M, Mion F. Deter-
minants of gastro-oesophageal reflux perception in patients
with persistent symptoms despite proton pump inhibi-
tors. Gut 2008; 57: 156-160 [PMID: 17951358 DOI: 10.1136/
£ut.2007.133470]

Mainie I, Tutuian R, Shay S, Vela M, Zhang X, Sifrim D, Cas-
tell DO. Acid and non-acid reflux in patients with persistent
symptoms despite acid suppressive therapy: a multicentre
study using combined ambulatory impedance-pH monitor-
ing. Gut 2006; 55: 1398-1402 [PMID: 16556669 DOI: 10.1136/
gut.2005.087668]

Hobson AR, Furlong PL, Aziz Q. Oesophageal afferent path-
way sensitivity in non-erosive reflux disease. Neurogastroen-
terol Motil 2008; 20: 877-883 [PMID: 18410265 DOI: 10.1111/
j-1365-2982.2008.01122.x]

Tobey NA, Carson JL, Alkiek RA, Orlando RC. Dilated in-
tercellular spaces: a morphological feature of acid reflux-
-damaged human esophageal epithelium. Gastroenterology
1996; 111: 1200-1205 [PMID: 8898633]

Caviglia R, Ribolsi M, Gentile M, Rabitti C, Emerenziani S,
Guarino MP, Petitti T, Cicala M. Dilated intercellular spaces
and acid reflux at the distal and proximal oesophagus in
patients with non-erosive gastro-oesophageal reflux disease.
Aliment Pharmacol Ther 2007; 25: 629-636 [PMID: 17305764
DOI: 10.1111/j.1365-2036.2006.03237.x]

Farré R, van Malenstein H, De Vos R, Geboes K, Depoortere

(49

RZd
Baishideng®

WJG | www.wjgnel.com

26

27

29

30

32

23

35

36

37

38

I, Vanden Berghe P, Fornari F, Blondeau K, Mertens V, Tack
], Sifrim D. Short exposure of oesophageal mucosa to bile
acids, both in acidic and weakly acidic conditions, can impair
mucosal integrity and provoke dilated intercellular spaces.
Gut 2008; 57: 1366-1374 [PMID: 18593808 DOI: 10.1136/
gut.2007.141804]

Vela MF, Craflt BM, Sharma N, Freeman ], Hazen-Martin
D. Refractory heartburn: comparison of intercellular space
diameter in documented GERD vs. functional heartburn.
Am | Gastroenterol 2011; 106: 844-850 [PMID: 21179012 DOL:
10.1038/ ajg.2010.476]

Calabrese C, Bortolotti M, Fabbri A, Areni A, Cenacchi G,
Scialpi C, Miglioli M, Di Febo G. Reversibility of GERD ultra-
structural alterations and relief of symploms afler omepra-
zole treatment. Am | Gastroenterol 2005; 100: 537-542 [PMID:
15743348 DOI: 10.1111/}.1572-0241.2005.40476.x]

Prakash C, Clouse RE. Value of extended recording time
with wireless pH monitoring in evaluating gastroesopha-
geal reflux disease. Clin Gastroenterol Hepatol 2005; 3: 329-334
[PMID: 15822037 DOL: 10.1016/51542-3565[05]00021-2]
Hemmink GJ, Bredenoord AJ, Weusten BL, Monkel-
baan JF, Timmer R, Smout AJ. Esophageal pH-impedance
moniloring in patients with therapy-resistant reflux symp-
toms: ‘on” or ‘off’ proton pump inhibitor? Am ] Gastroen-
terol 2008; 103: 2446-2453 [PMID: 18684197 DOL: 10.1111/
j-1572-0241.2008.02033.x]

Pritchett JM, Aslam M, Slaughter JC, Ness RM, Garrett CG,
Vaezi MF. Efficacy of esophageal impedance/pH monitoring
in palients with refraclory gastroesophageal reflux disease,
on and off therapy. Clin Gastroenterol Hepatol 2009; 7: 743-748
[PMID: 19281866 DOI: 10.1016/j.cgh.2009.02.022]

Ribolsi M, Emerenziani S, Pelitti T, Addarii MC, Balestrieri
P, Cicala M. Increased frequency and enhanced perception of
reflux in non-erosive reflux disease patients non-responders
to proton pump inhibitors. Dig Liver Dis 2012; 44: 549-554
[PMID: 22366345 DOT: 10.1016/j.d1d.2012.01.007]

Mainie I, Tutuian R, Agrawal A, Adams D, Castell DO. Com-
bined multichannel intraluminal impedance-pH monitoring
to select patients with persistent gash’o—uosophag(‘al reflux
for laparoscopic Nissen fundoplication. Br | Surg 2006; 93:
1483-1487 [PMID: 17051602 DOL: 10.1002/bjs.5493]

Rackoff A, Agrawal A, Hila A, Mainie I, Tutuian R, Castell
DO. Histamine-2 receptor antagonists at night improve gas-
troesophageal reflux disease symptoms for patients on pro-
ton pump inhibitor therapy. Dis Fsophagus 2005; 18: 370-373
[PMID: 16336606]

Blackshaw LA. Receptors and transmission in the brain-gut
axis: potential for novel therapies. IV. GABA(B) receptors
in the brain-gastroesophageal axis. Am ] Physiol Gastrointest
Liver Physiol 2001; 281: G311-G315 [PMID: 11447009]
Kahrilas PJ, Shaheen NJ, Vaezi MF, Hiltz SW, Black E,
Modlin TM, Johnson SP, Allen ], Brill JV. American Gastro-
enterological Association Medical Position Statement on the
management of gastroesophageal reflux disease. Gastroenter-
ology 2008; 135: 1383-1391, 1391.¢1-5 [PMID: 18789939 DOI:
10.1053/j.gastro.2008.08.045]

Becker V, Bajbouj M, Waller K, Schmid RM, Meining A.
Clinical trial: persistent gastro-oesophageal reflux symptoms
despite standard therapy with proton pump inhibitors - a
follow-up study of intraluminal-impedance guided therapy.
Aliment Pharmacol Ther 2007; 26: 1355-1360 [PMID: 17900268
DOI: 10.1111/j.1365-2036.2007.03529.x]

Fass R, Sontag SJ, Traxler B, Sostek M. Treatment of patients
with persistent heartburn symptoms: a double-blind, ran-
domized trial. Clin Gastroenterol Hepatol 2006; 4: 50-56 [PMID:
16431305 DOI: 10.1016/51542-3565[05]00860-8]

Moayyedi P, Armstrong D, Hunt RH, Lei Y, Bukoski M,
White R]. The gain in quality-adjusted life months by switch-
ing to esomeprazole in those with continued reflux symp-
toms in primary care: EncomPASS--a cluster-randomized

October 21, 2013 | Volume 19 | Issue 39 |




Alimentary Pharmacology & Therapeutics

Review article: dual delayed release formulation of
dexlansoprazole MR, a novel approach to overcome the limitations

of conventional single release proton pump inhibitor therapy
D. C. METZ*, M. VAKILY¥, T. DIXITt & D. MULFORD ¥

*University of Pennsylvania School of
Medicine, Philadelphia, PA, USA;
fResearch & Development, Takeda
Global Research & Development
Center, Inc., Deerfield, IL, USA (TAP
Pharmaceutical Products Inc., Lake
Forest, IL, is now a part of Takeda
Global Research & Development
Center, Inc.)

Correspondence to:

Dr M. Vakily, Associate Director,
Clinical Pharmacology, Takeda Global
Research & Development Center, Inc.,
675 N Field Drive, Lake Forest, IL
60045, USA.

E-mail: majid.vakilynejad @tgrd.com

Publication data

Submitted 30 December 2008

First decision 2 January 2009
Resubmitted 5 February 2009,

23 February 2009

Accepted 23 February 2009

Epub Accepted Article 26 February
2009

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."? Despite the
dramatic success of pharmacological acid suppression,
PPI treatment failure is an increasing problem.>~
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.” °

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.” (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).”
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Figure 1. Schematic of regulation of gastric acid secre-
tion. ECL, enterochromaffin-like.

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.H However, to be most effective, PPIs must be
present in high concentrations when the pumps are
stimulated.” Once-daily oral dosing with conventional
PPIs does not completely control acid secretion over
24 h.” ' It is estimated that conventional PPIs inhibit
70% of active pumps at steady state with once-daily
dosing.> ® '" Not all proton pumps are active at the
same time and approximately 25% of pumps are
regenerated every day.® Furthermore, all conventional
PPIs have a relatively short plasma half-life (1-2 h)
and limited residence time in the systemic circula-
tion."" '* 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.” '* This enables resumption of gastric
acid secretion by uninhibited, restored or new pumps.’
Additionally, pump turnover time varies greatly within
and between individuals."* 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
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of acid control.” 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.'® 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,'® !’ 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).*

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.'®™°

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

Table 1. Methods for improving intragastric pH control

Mechanism Comments

Increasing daily dosage
Increasing dosing frequency
Purified PPI enantiomer
PPIs with longer half-life

Marginal effect

Limits adherence

Limited effect (esomeprazole)

In development (ilaprazole,
tenatoprazole)

In development (VB101)

Available but unproven
(Omeprazole IR)

Unavailable

Co-administration with
pump activators

Potassium-competitive
acid blockers

Prolonged intestinal
delivery

In development
(CMA omeprazole)
Approved
(Dexlansoprazole MR)

CMA, chemically metered absorption.

enhance acid control.?! 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.?>%* Once-daily dosing is the preferred
mode of administration, supporting the need for a
once-daily PPI with a better pharmacokinetic/pharmaco-
dynamic profile.”

Esomeprazole, the S-isomer of omeprazole, was the
first enantiomer PPL It is metabolized more slowly
than R-omeprazole,” 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.?® 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.'' 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.*” ** Another PPI, the benzimidazole derivative
ilaprazole, is reported to have a half-life of 3.6 h in
healthy volunteers” and produces a significantly
greater and more prolonged suppression of gastric pH
than omeprazole in GERD patients.’® 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
PPL>' VB101 is reported to be in phase 3 trials’* and
is being tested in combination with omeprazole given
1h before VB101.>! 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

Aliment Pharmacol Ther 29, 928-937
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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.>?

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.””
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.%

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.'” 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.”®
Half-life and AUC values were approximately double
those of esomeprazole.’ Extended plasma concentra-
tion can also be achieved with the use of modified-
release formulations of a PPL.'" 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 (Cn,,) 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.*

Lansoprazole and its enantiomers are equipotent at
inhibiting proton pumps. However, the R-enantiomer,

Aliment Pharmacol Ther 29, 928-937
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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.®® Based on these pharmacokinetic
advantages, dexlansoprazole was chosen for further
clinical development in a manner similar to the devel-
opment of esomeprazole from omeprazole.®” 3%

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 PPls
and thereby requires higher daily doses. Compared with
lansoprazole, dexlansoprazole MR achieves higher
AUCs without a commensurate increase in Cpax. 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.** 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).*®
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.>® 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 f.x
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 4-5h
after dosing, prolonging the plasma concentration-
time profile. Consequently, dexlansoprazole MR has a
longer apparent MRT than lansoprazole following oral
administration.*® 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 Cy,,x 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)*°

tmaxs  Cmax AUC, AUC, o 24" fi224,  MRT,
Regimen Day Measure h ng/mL ng-h/mL ng-h/mL AUC/Dose*t  h h
Dexlansoprazole MR 60 mg 1 n 34 34 34 30 30 30
Mean 5.03 1290.18 5995.01 6533.50 109 1.49 6.41
CVoo 44 57 74 77 77 33
5 n 34 34 34 30 30 30
Mean 4.51 1433.65 6372.74 6720.34 LE2 1.39 5.10
CVop 51 49 75 73 46 32
Dexlansoprazole MR 90 mg 1 n 35 35 35 30 30 30
Mean 5.01 1774.89 8564.47 9375.69 104 1.57 6.12
CVop 51 54 74 72 61 31
5 n 34 34 34 33 33 33
Mean 4.93 2196.71  9751.12 9938.42 110 1.28 5.63
CVon 38 42 69 68 51 31
Dexlansoprazole MR 120 mg 1 n 32 32 32 28 28 28
Mean 5.53  2427.81 12,446.74 11,677.40 97 1.36 6.39
CVop 46 42 75 57 94 30
5 n 30 30 30 29 29 29
Mean 4.22  2516.60 13,220.13  13,574.32 113 1.44 5.89
CVop 46 46 71 69 69 30
Lansoprazole 30 mg 1 n 31 31 31 27 27 27
Mean 1.71  839.77 2040.85 2179.12 73 1.23 2.99
CVop 29 40 82 82 52 38
5 n 31 31 31 30 30 30
Mean 1.54  844.65 1885.85 1949.17 65 1.11 2.84
CVoo 22 45 82 79 54 33

* AUC.. for day 1, AUC,, for day 5; 1 Dose-normalized AUC (ng-h/mL/mg); { Harmonic mean.

AUC,,, area under the plasma concentration-time curve from time 0 to 24 h; AUC.., AUC from time O to infinity; AUC, AUC from
time O to last measurable concentration; Cy,,, maximum observed plasma concentration; CV%, coefficient of variation; MRT, mean
residence time; f,,,,«, time to reach the observed maximum plasma concentration; t, ,,,, 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 Cp,.x
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
Imax 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:*'a 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 f,,x 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.”” These data are repre-
sentative of results from other studies. The plasma
concentration-time profile for dexlansoprazole MR

2000 -
1800
1600
1400
1200
1000+

800

600

(ng/mL)

Figure 2. Predicted dexlansop-
razole population pharmaco-

kinetic profiles following oral 400+
administration of dexlansop- 200+

Plasma concentration

60 mg was characterized by two distinct peaks
(Figure 3). The first peak occurred 1-2 h after dosing,
similar to the f,,x 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.

—O-Dexlansoprazole MR 30 mg
—O-Dexlansoprazole MR 60 mg
—@-Dexlansoprazole MR 90 mg

razole MR 30, 60, and 90 mg 00
in patients. q
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Figure 3. Mean plasma concentration-time profiles from
two separate trials evaluating dexlansoprazole MR 60 mg
or lansoprazole 60 mg on day 5 in healthy subjects. Note
that first peak occurring with dexlansoprazole corre-
sponds with that of lansoprazole and that the £,y has
been shifted by approximately 3 h.

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 Cpax was achieved.”® 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.*®
In addition, no issue with drug dumping has been
observed during the development of dexlansoprazole
MR. Furthermore, the terminal elimination t,,, 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.** 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.** 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.*>~*¢

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.*’” The pharmacodynamic
profile of dexlansoprazole was evaluated following oral
administration of dexlansoprazole MR or a standard
dose of lansoprazole.? 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)*’ 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.*®

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.*® 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.*° 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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Figure 4. Mean intragastric pH measurements for dexlansoprazole MR 60, 90, and 120 mg and lansoprazole 30 mg in
healthy subjects.
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Figure 5. Mean percentage of time pH was >4 for dexlansoprazole MR 60, 90, and 120 mg and lansoprazole 30 mg in
healthy subjects. *P < 0.05; 'P < 0.01; *P < 0.001.
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using currently available conventional formulations
and have the potential to improve clinical efficacy.**
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.*” *°

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 &t
Development Center, Inc. (TAP Pharmaceutical Prod-
ucts Inc. is now a part of Takeda Global Research &t
Development Center, Inc).

REFERENCES

DeVault KR, Castell DO. Updated guide-

treatment strategies with omeprazole.
International GORD Study Group. Eur J
Gastroenterol Hepatol 1998; 10: 119-24.

13

Hunt RH, Armstrong D, James C, et al
Effect on intragastric pH of a PPl with a
prolonged plasma half-life: comparison

lines for the diagnosis and treatment of 7 Feldman M. Gastric Secretion. In Sleisen- between tenatoprazole and esomeprazole
gastroesophageal reflux disease. Am J ger & Fordtran’s Gastrointestinal and on the duration of acid suppression in
Gastroenterol 2005; 100: 190-200. Liver Disease, 8th edn. Philadelphia, PA: healthy male volunteers. Am J Gastro-

2 Huang JQ, Hunt RH. Pharmacological and Saunders Elsevier, 2006. enterol 2005; 100: 1949-56.
pharmacodynamic essentials of H(2)- 8 Sachs G, Shin JM, Briving C, Wallmark B, 14 Metz DC, Ferron GM, Paul J, et al. Proton
receptor antagonists and proton pump Hersey S. The pharmacology of the gas- pump activation in stimulated parietal
inhibitors for the practising physician. tric acid pump: the H+K+ ATPase. Annu cells is regulated by gastric acid secretory
Best Pract Res Clin Gastroenterol 2001; Rev Pharmacol Toxicol 1995; 35: 277- capacity: a human study. J Clin Pharma-
15: 355-70. 305. col 2002; 42: 512-9.

3 Katz PO, Scheiman JM, Barkun AN. 9 Sachs G, Shin JM, Howden CW. Review 15 Horn JR, Howden CW. Review article:
Review article: acid-related disease-what article: the clinical pharmacology of pro- similarities and  differences among
are the unmet clinical needs? Aliment ton pump inhibitors. Aliment Pharmacol delayed-release proton-pump inhibitor
Pharmacol Ther 2006; 23(suppl 2): 9- Ther 2006; 23(suppl 2): 2-8. formulations. Aliment Pharmacol Ther
22, 10 Sachs G, Shin J, Vagin O, Lambrecht N, 2005; 22(Suppl 3): 20-4.

4 Fass R, Shapiro M, Dekel R, Sewell J. Sys- Yakubov I, Munson K. The Gastric H, K 16 Yacyshyn BR, Thomson AB. The clinical
tematic review: proton-pump inhibitor ATPase of a Drug Target: past, present, importance of proton pump inhibitor
failure in gastro-oesophageal reflux dis- and future. J Clin Gastroenterol 2007; pharmacokinetics. Digestion 2002; 66:
ease-where next? Aliment Pharmacol 41(Suppl 2): S226-42. 67-78.

Ther 2005; 22: 79-94. 11 Tonini M, DeGiorgio R, DePonti F. Novel 17 Stedman CA, Barclay ML. Review article:

5 Hunt RH. Review article: the unmet needs therapeutic strategies in acid-related dis- comparison of the pharmacokinetics, acid
in delayed-release proton-pump inhibitor orders. Expert Opin Ther Patents 2003; suppression and efficacy of proton pump
therapy in 2005. Aliment Pharmacol Ther 13: 639-49. inhibitors. Aliment Pharmacol Ther 2000;
2005; 22(suppl 3): 10-9. 12 Berardi RR. A critical evaluation of pro- 14: 963-78.

o

Carlsson R, Dent J, Watts R, et al. Gastro-
oesophageal reflux disease in primary
care: an international study of different

ton pump inhibitors in the treatment of
gastroesophageal reflux disease. Am .J
Manag Care 2000; 6(9 Suppl): S491-505.

Fass R, Murthy U, Hayden CW, et al
Omeprazole 40 mg once a day is equally
effective as lansoprazole 30 mg twice a

Aliment Pharmacol Ther 29, 928-937
© 2009 Takeda Global Research & Development Center, Inc.



©

©~

w

v

=

<

®

=1

o

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.
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.

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.
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.

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.
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.

Paes AH, Bakker A, Soe-Agnie CJ. Impact
of dosage frequency on patient compli-
ance. Diabetes Care 1997; 20: 1512-7.
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.

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.
Scarpignato C, Pelosini I, Di Mario F.
Acid suppression therapy: where do we
go from here? Dig Dis 2006; 24: 11-46.
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.
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
1Y-8119 in fasting male volunteers (abs-
tract). Clin Pharmacol Ther 1999; 65: 126.
Periclou AP, Goldwater R, Lee SM, et al. A
comparative pharmacodynamic study of

Aliment Pharmacol Ther 29, 928-937
© 2009 Takeda Global Research & Development Center, Inc.

3

3

N~

3

w0

34

35

3

o

3

=

3

®

3

©

40

REVIEW: MR TECHNOLOGY IN PROTON PUMP INHIBITORS 937

1Y-81149 versus omeprazole in patients
with gastroesophageal reflux disease. Clin
Pharmacol Ther 2000; 68: 304-11.
Datamonitor. Pipeline insight: upper GI
disorders. Report No.: DMHC2312. Avail-
able from: htip://www.datamonitor.com
(accessed 15 November 2007).

Vecta Ltd. Company profile. 2008 http://
www.vecta.co.il/about.html. Accessed
April 10.

Howden CW. Review article: immediate-
release proton-pump inhibitor therapy -
potential advantages. Aliment Pharmacol
Ther 2005; 22(Suppl 3): 25-30.

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.

Hunt RH, Armstrong D, Yaghoobi M,
et al. Tnhibition of acid secretion by a
novel proton pump inhibitor (abstract).
Gastroenterology ~ 2007; 132(suppl  2):
A486.

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.

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.

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.

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).

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:
bined analysis of randomized controlled
clinical trials. Curr Med Res Opin 2009;
25: 627-38.

a com-

41

4

o

4

@

44

4

«

46

4

<

4

™

49

50

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).

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).

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 Gasiroenterol 2008;
103(Suppl 1): S5-6 (abstract).

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.

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.

Howden CW, Larsen L, Palmer R, Perez
MC. Placebo-Controlled trial of 2 doses of
TAK-390MR, a PPl 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).
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.

Akaike H. A new look at the statistical
model identification. IEEE Transactions
on Automatic Control 1974; 19: 716-23.
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%o-
time pH>4. Am J Gastroenterol 2007;
102(suppl 2): S124 (abstract).

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.




Clinical and Experimental Gastroenterology Dove

3 ORIGINAL RESEARCH

Comparator pH study to evaluate the single-
dose pharmacodynamics of dual delayed-release
dexlansoprazole 60 mg and delayed-release
esomeprazole 40 mg
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Michael Kukulka' Background: This paper describes a Phase 1, single-center, randomized, open-label, two-period
Corey Eisenberg? crossover study which compared the pharmacodynamic effects of single doses of dexlansoprazole
y g y P p Y] g! P
Sai Nudurupati3 modified-release 60 mg and esomeprazole 40 mg on 24-hour intragastric pH in healthy adult

'Clinical Pharmacology, *Clinical mjric . s . .
Science, *Statistics, Takeda Global Methods: Forty-four subjects aged 20-54 years were randomized in a 1:1 ratio to two
Research & Development Center sequence groups defining the order in which they received dexlansoprazole and esomeprazole in

Inc;Reerfield;IL; USA periods 1 and 2. Primary pharmacodynamic end points over 24 hours postdose were percentage

of time with intragastric pH > 4 and mean pH, and secondary pharmacodynamic end points
were percentage of time intragastric pH > 4, and mean pH at 0—12 hours, and at >12-24 hours
postdose. Each drug was given after an overnight fast and one hour before breakfast. Continuous
pH recording began immediately before dosing through to 24 hours postdose.

Results: At 0-24 hours postdose, the mean percentage of time with pH > 4 for dexlansoprazole
and esomeprazole was 58% and 48%, respectively; the difference was statistically significant
(P = 0.003). The average of mean pH values at 0-24 hours postdose for dexlansoprazole
and esomeprazole were 4.3 and 3.7, respectively; the difference was statistically significant
(P < 0.001). At >12-24 hours postdose, mean percentage of time with pH > 4 and average
of mean pH were greater for dexlansoprazole (60% and 4.5, respectively) compared with
esomeprazole (42% and 3.5, respectively); the difference was statistically significant (P < 0.001

for both intervals). At 0—12 hours postdose, the difference in dexlansoprazole and esomeprazole
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for healing of and maintenance of healed erosive esophagitis
and treatment of heartburn associated with symptomatic,
nonerosive gastroesophageal reflux disease.

One of the limitations to the use of proton pump
inhibitors on a once-daily basis has been incomplete
acid suppression over the 24-hour postdosc interval.'
Dexlansoprazole modified-release is a formulation that
uses an innovative dual delayed-release (DDR™) delivery
system. DDR technology is designed to provide an initial
drug release in the proximal small intestine followed by
another drug release at more distal regions of the small
intestine several hours later.? As a result, dexlansoprazole
modified-release produces a plasma concentration-time
profile with two distinct peaks, whereby the first peak occurs
1-2 hours after administration, followed by a second peak
at 4-5 hours postdose.>* Esomeprazole is a delayed-release
formulation with single-release characteristics that produces
maximum plasma concentrations at approximately 1.6 hours
postdose.® Dexlansoprazole modified-release may be taken
without regard to meals.* In comparison, esomeprazole is
recommended to be taken at least one hour before a meal to
achieve maximal efficacy.’

The pharmacodynamic, pharmacokinetic, and safety
profiles of various proton pump inhibitors following
administration in humans have been extensively studied.>*” "
However, this is the first clinical study reported in the literature
as a head-to-head comparison of the pharmacodynamics of
dexlansoprazole modified-release and esomeprazole after
a single dose. Because the study population consisted
of healthy adult subjects, no efficacy endpoints were
evaluated in this study. Comparison of the single-dose
pharmacodynamics of dexlansoprazole modified-release and
esomeprazole in a well controlled crossover study adds to the
knowledge base for proton pump inhibitors without having
to compare across studies. It is known from the literature
that these two proton pump inhibitors have pharmacokinetic
differences. Esomeprazole exhibits a dose-dependent
and time-dependent pharmacokinetic profile that results
in an approximate 2.5-fold increase in bioavailability at
steady state and increased pharmacodynamic effects after
five days of once-daily dosing.'? The pharmacokinetics of
dexlansoprazole modified-release are time-independent and
the pharmacokinetic and pharmacodynamic profiles after
five days of once-daily dosing are similar (less than 10%
difference) to those observed after a single dose.>*

The objective of the current trial was to evaluate the
pharmacodynamic effects of single doses of dexlansoprazole
modified-release 60 mg and esomeprazole 40 mg on 24-hour

intragastric pH in healthy subjects. The dosage strengths
chosen for this study were the highest approved for healing
of erosive esophagitis (60 mg for dexlansoprazole modified-
release and 40 mg for esomeprazole).

Materials and methods

Ethics

The institutional review board (IntegReview,
Austin, TX) reviewed and approved the study protocol,
protocol amendment 1, and the informed consent form prior
to enrollment of subjects; all subjects were enrolled under
amendment 1. This study was conducted in accordance with
the International Conference on Harmonisation of Technical
Requirements for Registration of Pharmaceuticals for
Human Use Good Clinical Practice, the ethical principles
of the World Medical Association Declaration of Helsinki,
and local regulations.

Study population

Eligible subjects were adult men or women, aged 18-55
years inclusive, and in good health. Women of childbearing
potential were required to have negative urine pregnancy
tests at screening and at day -1 of period 1. Sexually active
women and men agreed to use acceptable contraception for a
period of time starting from signing of the informed consent
throughout the duration of the study and for 30 days following
the last dose of study drug.

‘Women who were pregnant or lactating, and any subjects
with an uncontrolled, clinically significant disorder or
abnormality which may have impacted the ability of a subject
to participate in the study or potentially confound the study
results were excluded as per the study exclusion criteria. In
addition, subjects were excluded if they had a hypersensitivity
to any component of dexlansoprazole modified-release,
esomeprazole, or related compounds, had any significant
findings from physical examination or clinical laboratory
test results, had positive test results on urine screens for
alcohol and drugs of abuse, a positive serum caffeine screen,
a positive breath test for Helicobacter pylori at screening,
or consumed any medication or foods contraindicated by
the protocol.

Medication or dietary products including grapefruit or
Seville oranges, nicotine-containing products, prescription
medication (except for hormonal contraceptives and hormone
replacement therapy, if on a stable dose for at least 90 days
prior to day 1 of period 1), hepatic or renal clearance altering
agents, over the counter medications, vitamin supplements,
and alcohol or caffeine-containing products were excluded
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during the screening and treatment periods. Occasional use
of acetaminophen (=2 g/day) was allowed, except on day 1
of each period.

Study design

This open-label, randomized, two-period crossover study
was conducted at a single study site. During each period,
subjects were confined to the study site from day -1 until
all study procedures were completed on day 2. A washout
interval of at least seven days separated doses of study
drugs in periods 1 and 2. This washout interval was
considered sufficient because the half-lives are 1-2 hours*
and approximately 1.6 hours® for dexlansoprazole and
esomeprazole, respectively, and it allowed intragastric pH to
return to baseline levels between doses of study drugs.

On day 1 of each period, study drug was administered at
approximately 8 am after an overnight fast of at least eight
hours and followed by a 60-minute postdose fast. Breakfast,
lunch, dinner, and an evening snack were served at hours 1,4,9,
and 12 postdose, respectively. During confinement in period 2,
subjects received meals identical to those received by the
confined subjects in period 1. Each meal was standardized to
contain approximately 25% fat. Blood samples were collected
at scheduled time points up to 24 hours postdose to quantify
dexlansoprazole and esomeprazole plasma concentrations.
Intragastric pH recording was performed for 24 hours
beginning immediately prior to study drug administration on
day 1 of each period. Subjects fasted overnight for at least
cight hours prior to collection of blood and urine samples for
safety laboratory tests on day 2 of each period.

Pharmacodynamic assessments
On day -1 of period 1, a single-channel antimony probe
attached to a Digitrapper® data recorder (Sierra Scientific
Instruments, Los Angeles, CA) was inserted intranasally
into the stomach to a distance of approximately 10 cm past
the lower esophageal sphincter. This procedure verified that
the subject could tolerate probe insertion and obtained the
length of the probe insertion that was used on day 1 of periods
1 and 2. The unit for measurement of intragastric pH was
calibrated with standard buffers (pH approximately 1 and
7) before each use. On day 1 of periods 1 and 2, intragas-
tric pH was recorded every four seconds over the 24-hour
postdose interval; however, median intragastric pH values
over 15-minute intervals were determined and used for the
calculation of pharmacodynamic parameters.

The primary pharmacodynamic parameters calculated
for each treatment regimen over 24 hours postdose were

percentage of time with intragastric pH > 4 (ie, percentage
of time that the medians over 15-minute intervals had pH
values > 4) and mean intragastric pH (ie, the average of the
medians over 15-minute intervals). Secondary pharmaco-
dynamic parameters were percentage of time with pH > 4
and mean intragastric pH calculated for the time intervals
0-12 hours postdose and >12-24 hours postdose.

Pharmacokinetic assessments

Blood samples for the determination of dexlansoprazole and
esomeprazole concentrations in plasma were collected into
chilled Vacutainers* containing dipotassium ethylenediamine-
tetraacetic acid (K,EDTA) according to the following
schedule: baseline (within 30 minutes prior to day 1 dosing)
and at hours 0.5, 1, 1.5, 2, 3,4, 5,6, 7, 8, 10, 12, 16, and
24 postdose. Plasma concentrations of dexlansoprazole and
esomeprazole were determined by liquid chromatography
and tandem mass spectrometry at PPD Development
(Middleton, WI), with validated concentration ranges of
2.00-2000 ng/mL for dexlansoprazole and 1.00-1000 ng/mL
for esomeprazole. Plasma concentrations below the lower
limit of quantification were set to zero for calculation of mean
plasma concentrations and derivation of individual subject
pharmacokinetic parameters.

The following pharmacokinctic parameters were
calculated for dexlansoprazole and esomeprazole plasma
concentration data: area under the plasma concentration-
time curve from time 0 to the time of the last quantifiable
concentration (AUC,) and to infinity (AUC_); maximum
observed plasma concentration (C, ); time to reach C
(T, ); elimination half-life; oral clearance; and apparent
volume of distribution. Pharmacokinetic parameters
were derived using noncompartmental methods with
WinNonlin® Enterprise, Version 5.2 (Pharsight Corporation,
Mountain View, CA). Actual sample times, rather than
scheduled sampling times, were used in all pharmacokinetic
computations involving sampling times.

Assessment of CYP2CI19 metabolizer
status

The cytochrome P450 (CYP) 2C19 isozyme is a polymorphic
enzyme that is involved in the metabolism of dexlanso-
prazole’ and esomeprazole.” One blood sample for DNA
isolation was collected before dosing on day | of period 1
from each subject in the study into plastic K,EDTA spray-
coated tubes and stored under frozen conditions. A portion
of the DNA sample was analyzed for the presence of
CYP2C19 allelic variants (Covance Central Laboratory,
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Indianapolis, IN). Genotyping and phenotyping analysis
for CYP2C19 was performed for all subjects to determine
CYP2C19 metabolizer status.

Statistical analysis

A sample size 0f 44 subjects, 22 subjects per sequence group,
allowed for up to four dropouts (an approximate 9% dropout
rate) and still provided at least 93% power to detect a 10%
difference in the percentage of time with intragastric pH > 4
over 24 hours between the two treatment regimens. The
sample size was calculated using 159.13 as the intrasubject
variance for the percentage of time with intragastric pH > 4,
which was estimated from a previous dexlansoprazole
modified-release study.® The power for detecting a differ-
ence of 0.5 in mean 24-hour pH between the two treatment
regimens was expected to be greater than 95%. Differences
were deemed statistically significant if P was =0.05.

An analysis of variance model that included fixed
effects of sequence, period, and regimen, as well as a
random effect of subject nested within sequence was fitted
to the pharmacodynamic parameters. Pairwise comparisons
between treatment regimens were conducted. Intragastric
pH values > 0 but =8 were included in the median
calculations. Only subjects who had valid pharmacodynamic
parameters estimated for both periods were included in the
pharmacodynamic analyses for that parameter. The effect
of CYP2C19 metabolizer status on the pharmacodynamics
of dexlansoprazole and esomeprazole was assessed by
performing an additional analysis of variance that excluded
the subjects identified as CYP2C19 poor metabolizers.

Descriptive statistics were used to summarize the plasma
concentrations of dexlansoprazole and esomeprazole and
their single-dose pharmacokinetic parameters from time
of dose (0 hour) to 24 hours postdose for all subjects who
completed at least one treatment period.

All data analyses were performed using SAS™ Version 9.1
(SAS Institute, Cary, NC). There was no imputation of
incomplete or missing data.

Safety analysis

All subjects who received at least one dose of study drug
were included in the safety analysis. All safety assessments,
including adverse events, clinical laboratory evaluations,
12-1cad clectrocardiogram results, vital sign measurements,
and physical examination findings were summarized by
treatment regimen with descriptive statistics, where deemed
appropriate. A treatment-emergent adverse event was defined
as an adverse event or serious adverse event that started or

worsened after receiving the first dose of study drug and
within 30 days after the last dose of study drug. Adverse event
verbatim reported terms were coded to system organ class
and then to the first listed preferred term using the Medical
Dictionary for Regulatory Activities, Version 13.1.

Results

Study population

This study was conducted between September 2010
and October 2010. Forty-four subjects, comprising
21 (47.7%) men and 23 (52.3%) women were enrolled, of
whom 43 completed the study in accordance with the protocol
and had complete pharmacodynamic and pharmacokinetic
data for both treatment periods. Ten of the 44 subjects
(22.7%) were black or African American, while the race
of the remaining 34 subjects (77.3%) was Caucasian. The
mean age was 36.7 (range 20-54) years, weight 73.1 kg,
height 170.4 c¢m, and body mass index 25.1 kg/m?. One
subject voluntarily withdrew consent for personal reasons
after receiving esomeprazole in period 1, but prior to
administration of dexlansoprazole modified-release in
period 2. Pharmacokinetic and safety data for this subject
from period 1 were included in the summaries. However,
because the analysis of variance required pharmacodynamic
data from both treatment regimens, this subject was not
included in the pharmacodynamic analysis. Forty-two of
44 subjects (95.5%) were extensive CYP2C19 metabolizers
and two subjects (4.5%) were poor CYP2C19 metabolizers.
Data from all subjects, regardless of CYP2C19 metabolizer
status, were included in the pharmacodynamic analyses and
pharmacokinetic summary because this was a crossover
study where subjects received both treatment regimens and
the subjects acted as their own control.

Pharmacodynamics
Mean intragastric pH over 24 hours after single doses of
dexlansoprazole modified-release and esomeprazole are pre-
sented in Figure 1. Period and sequence effects were not found
to be statistically significant. The pharmacodynamic profiles
at 024 hours after a single dosc of dexlansoprazole modi-
fied-release or esomeprazole were generally similar to that
reported in the literature.>**1%12

Over the 24-hour postdose period, the mean percentage of
time with intragastric pH > 4 was 58% for dexlansoprazole
compared with 48% for esomeprazole; the difference was
statistically significant (P = 0.003, Figure 2). Similarly,
>12-24 hours postdose, the mean percentage of time
with intragastric pH > 4 was 60% for dexlansoprazole
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Figure | Mean intragastric pH from 0 to 24 hours postdose after single oral doses of dexlansoprazole modified-release 60 mg (n = 43) and esomeprazole 40 mg (n = 44)

delayed-release capsules.

relative to 42% with esomeprazole, a difference that was
statistically significant (P << 0.001). At 012 hours postdose,
the mean percentage of time with pH > 4 for dexlansoprazole
and esomeprazole was 56% and 53%, respectively, and the
difference was not statistically significant.

Over the 24-hour postdose period, the average of mean
intragastric pH for dexlansoprazole was 4.3 compared with 3.7
for esomeprazole and the difference was statistically significant
(P <0.001, Figure 3). Likewise, >12-24 hours postdose, the
average of mean intragastric pH was 4.5 for dexlansoprazole

5 Mean: % of time pH > 4

- 60

A2 a9 o
S & o
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®

@
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W Esomeprazole

% of time pH >4
N
3
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0to24 hrs Oto12hrs
(sub analysis)

Post-dose interval

>12to 24 hrs.
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Figure 2 Mean percentage of time with intragastric pH > 4.0 at 0-24 hours,
0-12 hours, and >12-24 hours after single oral doses of dexlansoprazole modified-
release 60 mg and esomeprazole 40 mg delayed-release capsules (n = 43). Only
subjects who had valid phar dynamic parameters d for both periods
were included in the pharmacodynamic analyses for that parameter.

Notes: *P = 0.05; *#P << 0.01; *P < 0.001.

compared with 3.5 for esomeprazole and the difference was
statistically significant (P < 0.001). At 0-12 hours postdose,
the average of mean intragastric pH for dexlansoprazole was
4.2 compared with 3.9 for esomeprazole, and the difference
was not statistically significant.

Pharmacokinetics

The mean plasma concentration-time curves for dexlansopra-
zole and esomeprazole in our study were generally similar to
that reported in the literature.>"*-"* Following administration

Mean: Mean pH

4.5
45 4.3 42

39
N 27 35

0 Dexlansoprazole
W Esomeprazole

0to 24 hrs

Oto 12 hrs
(sub analysis)

>12to 24 hrs
(sub analysis)

Post-dose interval

Figure 3 Mean intragastric pH at 0-24 hours, 012 hours, and >12-24 hours after
single oral doses of dexlansoprazole modified-rel, 60 mgand le 40 mg
delayed-release capsules (n = 43). Only subjects who had valid pharmacodynamic
parameters estimated for both periods were included in the pharmacodynamic
analyses for that parameter.

Notes: *P = 0.05; **P <2 0.01; =P < 0.001.
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of a single dose of dexlansoprazole modified-release 60 mg,
the mean plasma concentration-time curve displayed two
peaks at approximately 2 and 5 hours postdose, which are
representative of the dual delayed-release characteristics of
the dexlansoprazole modified-release capsule; in addition,
plasma concentrations were generally detectable throughout
the 24-hour postdose interval. For esomeprazole, the median
T, occurred at approximately two hours after dosing,
and plasma concentrations rapidly decreased thereafter
(Figure 4). Concentrations of dexlansoprazole were detect-
able in the plasma of all subjects (100%) at 12 hours postdose,
in 38 of 43 subjects (88%) at 16 hours postdose, and 27 of
43 subjects (63%) at 24 hours postdose. In contrast, esome-
prazole was detected in the plasma of 35 of 44 subjects (80%)
at 12 hours postdose, 17 of 44 subjects (39%) at 16 hours
postdose, and four of 44 subjects (9%) at 24 hours postdose.
Plasma pharmacokinetic parameters for dexlansoprazole and
esomeprazole are shown in Table 1.

Effect of CYP2CI9 status on

pharmacodynamics and pharmacokinetics
Administration of a proton pump inhibitor with CYP2C19-
dependent metabolism may result in higher plasma concentra-
tions in subjects who are CYP2C19 poor metabolizers. Two
of the 44 enrolled subjects were determined to be CYP2C19
poor metabolizers. Both subjects had AUC values that were
substantially higher than the overall means for dexlansopra-
zole and esomeprazole. Data for these subjects were included
in the pharmacodynamic analyses and pharmacokinetic
summary because this was a crossover study where subjects
received both treatment regimens, and subject metabolizer

700
—e— Dexlansoprazole 60 mg
6004 —w— Esomeprazole 40 mg
500
400 4
3004

200

Concentration (ng/mL)

100 4

0 T T T ¥
o 4 8 12 16 20 24

Hours after dose

Figure 4 Mean plasma concentration-time curves of dexlansoprazole and
esomeprazole after single oral doses of dexlansoprazole modified-release 60 mg
(n = 43) and esomeprazole 40 mg (n = 44) delayed-release capsules in healthy subjects,
linear scale.

Table | Summary of plasma pharmacokinetic parameters for
dexlansoprazole and esomeprazole after single oral doses of
dexlansoprazole MR 60 mg and esomeprazole 40 mg

Pharmacokinetic Treatment mean + SD

parameter (unit) Dexl prazole E prazole

MR 60 mg 40 mg

n (N=43) n (N=44)
AUC (ng-hour/mL) 43 5666 + 47633 44 1877 + 1265.8
AUCe (ng - hour/mL) 32 6841 + 5787.7 41 1984 + 1254.3
C . (ng/ml) 43 1078 + 581.5 44 748+ 4446
T .. (hour) 43 500(1.0,1200 44 200(l.0, 10.0)
T, (hour) 32 283+2.174 41 1.35 + 0437
CL/F (L/hour) 32 13.83 £9.433 41 28.68 + 17.364
V/F (L) 32 5270+59.859 4l 51.29 + 31.140

Note: *T _ values presented are median (minimum, maximum).

Abbreviations: AUC, area under the plasma concentration-time curve from
time 0 to the time of last quantifiable concentration; AUC , area under the plasma
concentration-time curve from time 0 to infinity; CL/F, oral clearance; C_ .
maximum observed plasma concentration; MR, modified-release; N, number of
subjects; n, number of subjects for whom parameter could be calculated; T, half-
life; T, time to reach C__:V /F, apparent volume of distribution.

status was not expected to affect the overall conclusions of
the study. To confirm this assumption, an analysis of variance
model that was similar to the analysis for the complete data
was fitted to the pharmacodynamic data, excluding the data
from the two poor metabolizer subjects. Exclusion of the
pharmacodynamic data from the poor metabolizers did not
alter the statistical results obtained from the complete data
set. Additional descriptive statistics were calculated for the
pharmacodynamic and pharmacokinetic parameter data,
excluding the data from the poor metabolizers, and indicated
that inclusion of data from the poor metabolizers did not
affect the overall pharmacodynamic or pharmacokinetic
conclusions of the study (data on file at Takeda).

Safety

The incidence of treatment-emergent adverse events was
21% (nine of 43 subjects) and 14% (six of 44 subjects) after
single-dose administration of dexlansoprazole modified-
release and esomeprazole, respectively. All of the adverse
events were rated mild or moderate in severity and only one
adverse event (nausea) was considered related to the study
drug (dexlansoprazole modified-release) by the investiga-
tor. The most common adverse events reported by at least
two subjects with dexlansoprazole modified-release were
headache (four of 43 subjects, 9%), flatulence (two of
43 subjects, 5%), and joint injury (two of 43 subjects, 5%).
No adverse event was reported by two or more subjects with
esomeprazole. There were no serious adverse events, deaths,
or premature study discontinuations as a result of an adverse
event. No clinically meaningful changes in clinical laboratory
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values, physical examination findings, vital signs, or 12-lead
electrocardiograms were reported over the course of study.

Discussion

Proton pump inhibitors are the drugs of choice for the
healing of ecrosive esophagitis, maintenance of healed
erosive esophagitis, and sustained resolution of symptomatic,
nonerosive reflux disease. Limitations to the use of proton
pump inhibitors on a once-daily basis have been a delayed
onsct of action, incomplete acid suppression over the 24-hour
postdose interval, and the need for ingestion before a meal
to achieve maximal efficacy.'* To date, attempts to overcome
these issues have included the development of isomeric
proton pump inhibitors with stercoselective metabolism (ie,
dexlansoprazole [the R-enantiomer of lansoprazole] and
esomeprazole [the S-enantiomer of omeprazole]) and altera-
tions in drug delivery to prolong the inhibition of gastric
acid secretion.® The dexlansoprazole DDR technology is
designed to provide an initial drug release in the proximal
small intestine followed by another drug release at more distal
regions of the small intestine several hours later. As a result,
dexlansoprazole modified-release produces a dual-peaked
pharmacokinetic profile that prolongs the plasma concentra-
tion-time profile of dexlansoprazole.? Unlike esomeprazole,
which should be taken one hour prior to a meal,’ dexlansopra-
zole modified-release can be taken without regard to food.*
The aim of this study was to evaluate the pharmacodynamic
effects of single doses of dexlansoprazole modified-release
60 mg and esomeprazole 40 mg on 24-hour intragastric pH in
healthy subjects. The dosage strengths chosen for this study
were the highest approved for healing of erosive esophagitis
(60 mg for dexlansoprazole modified-release and 40 mg for
esomeprazole).

The measurement of intragastric pH is a well accepted
method for the assessment of the pharmacodynamic effects
of a proton pump inhibitor.'"* The present study is the first
head-to-head comparison of the pharmacodynamic effects for
a 24-hour period following single doses of dexlansoprazole
modified-release and esomeprazole in healthy subjects,
utilizing doses that are recommended for healing of erosive
esophagitis.

The results of this study indicate that the DDR formulation
technology of dexlansoprazole modified-release leads to an
extended duration of gastric acid control on day 1 compared
with the delayed-release formulation of esomeprazole. After
a morning dose of each study drug, the extended duration in
pharmacodynamic activity after dexlansoprazole modified-
release was demonstrated 0-24 hours postdose, mainly due to

the significant differences observed during the >12-24 hours
postdose interval relative to esomeprazole. The two proton
pump inhibitors had comparable pharmacodynamic activity
0-12 hours postdose.

Overall, the pharmacodynamic profiles in our study were
similar to those observed in other published reports.’ The
primary pharmacodynamic parameter, mean percentage of
time with intragastric pH > 4 from time 0-24 hours postdose,
was 58% for dexlansoprazole versus 48% for esomeprazole
(Figure 2). The literature reported that percentage of time
with intragastric pH > 4 from time 0—24 hours after the same
doses were approximately 60% for dexlansoprazole modi-
fied-release® and 54% and 52% for esomeprazole.'*'?

A sstrength of this study is its randomized, crossover design,
with each subject acting as his/her own control. A limitation
is the single-dose design, preventing extrapolation of the
results to a multiple-dose regimen. The study population of
healthy volunteers does not allow for assessment of clinical
efficacy, and no clinical significance is intended or implied.
Nevertheless, the comparison of two proton pump inhibitor
cnantiomers with different formulation characteristics is of
pharmacological interest. Although there are extensive data
available detailing the multiple-dose pharmacodynamics
and pharmacokinetics of proton pump inhibitors, this is
the first clinical study reported in the literature to provide a
comparison of the pharmacodynamics of dexlansoprazole
modified-release and esomeprazole after a single dose in a
well controlled crossover study.

In conclusion, a single dose of dexlansoprazole modified-
release 60 mg provided statistically significantly greater
pH control for the entire 24-hour postdose interval when
compared with a single dose of esomeprazole 40 mg. This
observed difference was mainly due to the statistically sig-
nificant greater pH control from dexlansoprazole modified-
release over the >12-24-hour postdose interval as compared
with esomeprazole. The two proton pump inhibitors had com-
parable pharmacodynamic activity at 0—12 hours postdose.
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