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Abstract

Purpose of the review Acid suppression treatment has revolutionized the management of
the acid-related disorders since the introduction of the H2-receptor antagonists (H2-RAs)
and the proton pump inhibitors (PPIs). However, there has been increasing identification
of needs for improvement in antisecretory therapy, especially in gastroesophageal reflux
disease (GERD), the eradication of Helicobacter pylori (H. pylori), protection from aspirin
(ASA) and non-steroidal inflammatory drug (NSAID) injury and the management of upper
gastrointestinal (UGI) bleeding. There have also been increasing publications addressing
safety concerns of antisecretory drugs.
Recent findings The needs have been identified as shortcomings of the pharmacology
of the delayed release-PPIs (DR-PPIs), which have short plasma half-lives, required to
be given before a meal and show poor control of nocturnal acid secretion. New-
generation PPIs have been developed, including dexlansoprazole modified release
(MR), instant release omeprazole (IR-omeprazole), while metered release prepara-
tions such as Durasec™ or novel molecules such as tenatoprazole have also been
developed and achieve superior control of intragastric pH especially at night. The
major advance has been the development of the potassium channel acid blocking
drugs, which block the K+,H+-ATPase K+ channel, are food independent, reversible,
have a rapid onset of action, and maintain a prolonged and consistent elevation of
intragastric pH. Vonoprazan, the first P-CAB, has so far been introduced only into a
small number of Asian countries. Safety issues have been extensively addressed in
numerous publications. This review sets the needs, individual new drug classes and
key individual new treatments into clinical context.

http://crossmark.crossref.org/dialog/?doi=10.1007/s11938-018-0206-y&domain=pdf


Summary Acid suppression treatment is reviewed including the pharmacology, the
unmet clinical needs across the acid-related disorders, the place of new drug treat-
ments, and where superiority exists. The safety of antisecretory drugs is broadly
summarized with reference to several recent comprehensive reviews and set within
the clinical context of patient management, particularly those on long-term treat-
ment who are the greatest risk of some adverse events.

With the need for improved antisecretory drugs, the relative efficacy of new
treatments is usually compared by “potency.”However, this term is not defined
and so, is not helpful for making rational and evidence-based clinical decisions.
After more than two decades of delayed release proton pump inhibitors (DR-
PPIs), which have beenmarketed and prescribed as “one drug, once a day for all
acid related disorders,” we now have an increasing choice in our therapeutic
armamentarium [1, 2, 3•]. The evolution of several novel formulations of
existing PPIs and the introduction of the potassium-channel acid blockers (P-
CABs) in several jurisdictions, now offer the opportunity to consider how we
can best individualize the choice of drug and dose to both the patient and the
underlying condition [1, 2, 3•].

In the treatment of acid-related disorders, the criteria for efficacy in
healing duodenal and gastric ulcer as well as erosive esophagitis have been
defined as the degree of acid suppression and the duration of suppression
over 24 h and the length of treatment [4–6]. The duration of time that
intragastric acidity is measured pH ≥ 3 correlates with the healing of DU and
GU and pH ≥ 4 is correlated with healing of erosive esophagitis [4, 6]. These
parameters are appropriate to compare antisecretory treatments when
expressed as the pH holding time ratio: the ratio of the time period above
a given pH threshold, e.g., pH 3, 4, or 6, to the total continuous period of
monitoring. However, there is no evidence for any correlation with the
control of symptoms and there are no studies relating pH to symptoms
reported with the P-CAB class to date. Comparisons should also determine
time after dosing to antisecretory effect, the impact on nocturnal acid
secretion, duration of antisecretory effects, and if any meal effect is seen.
The importance of considering the potency of antisecretory drugs is to relate
the pharmacological properties to healing efficacy and symptom response.
The studies referenced above all confirm a shallow dose-response relation-
ship between the differing doses of antisecretory treatments and control of
pH and healing of acid-related disorders. A recent publication has suggested
that PPI’s are interchangeable based on relative potency [7•]. However, this
study did not analyze potency but rather reviewed data from randomized
clinical trials involving pH testing on day 5 of treatment with solid-dose
formulations of PPIs. From this, the authors calculated omeprazole equiv-
alency and employed percent time pH 9 4 over 24 h to compare therapeutic
effectiveness. As expected, the study concluded that at recommended doses
the DR-PPI’s are functionally equivalent and confirmed that increasing a
single daily dose achieves little or no increase in antisecretory effect.
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Unmet needs in acid-related diseases
Careful studies in patients with poor response to
antisecretory drugs have defined their shortcomings.
The first generation of DR-PPIs, while superior to the
H2-receptor antagonists (H2-RA), still show a significant
failure rate in gastroesophageal reflux disease (GERD)
[1, 8, 9]. Moreover, symptoms may still be problematic
in 50% of patients 3 days after starting treatment [10].

The DR-PPIs are all pro-drugs and require activation
in the secretory canaliculus of parietal cells and take 3–
5 days to reach a steady antisecretory effect and hence
symptom relief is slow. A key reason for failure with DR-
PPIs is the short plasma residence time of 1–1.5 h and
limited duration of effect. Little or no drug remains in
the circulation to bind to proton pumps 5–7 h after
dosing. The DR-PPIs also require ingestion 30–60 min
before a meal, usually breakfast, to ensure appropriate

drug levels ahead of proton pump activation. Conse-
quently, the duration of antisecretory effect is partly
dictated by the time of meals. Splitting the daily dose
or increasing a DR-PPI dose to b.i.d. with a pre-dinner
administration of the second dose does not achieve full
control of nighttime acidity [1].

Three key pharmacological requirements for new
antisecretory drugs are flexibility in time of dosing, rapid
onset of acid suppression, and predictability of
dose/antisecretory effect within the 24-h period, with
the opportunity to better control time periods, especially
the nighttime. These criteria are largelymet by the P-CAB
class which are not pro-drugs and can be taken indepen-
dent of meals, exhibit rapid onset of antisecretory effect,
and plasma levels are sustained with a more predictable
degree and duration of antisecretory effect [2, 3•].

Unmet needs in GERD

Unmet needs in the treatment of GERD include a significant improvement in
symptom control and faster assured healing, especially in patients with grades C
and D erosive esophagitis, Barrett’s esophagus, and extra-esophageal complica-
tions of GERD [8, 11–15]. Patients with refractory GERD continue to pose a
clinical problem for those with Los Angeles grade C or D esophagitis, where the
rate of unhealed ulcers with DR-PPIs is 39.6% at 4 weeks and 15% after 8 weeks
treatment for grade C disease and 58.4 after 4 weeks falling to 25.3% after
8 weeks treatment in grade D disease [16]. The promise of overcoming these
high rates of non-response of erosive GERD to DR-PPIs is seen with the initial
results with the P-CAB vonoprazan (see below).

The slow onset of symptom relief with DR-PPIs and nighttime and
postprandial heartburn also remain a problem in ~ 20% patients with
GERD. Dexlansoprazole-modified release (MR), a PPI with an extended
plasma residence time when given once daily, was as effective as a PPI twice
daily for controlling symptoms in patients with difficult-to-control reflux
disease [1, 17].

Poor response of reflux patients to treatment with a PPI requires the clinician
to determine that the symptoms are due to acid reflux rather than functional
heartburn [9, 18, 19]. Management options have been recommended by an
expert panel for patients with GERD and persistent symptoms on PPIs [20••].

Unmet needs in the treatment of Helicobacter pylori infection

PPIs display several pharmacological actions that give them a place in the
eradication regimens [21••]:
1. They exert an antibacterial action against H. pylori;
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2. By increasing intragastric pH, they allow the microorganism to reach the
growth phase and become more sensitive to antibiotics such as amoxicillin
and clarithromycin;

3. They increase antibiotic stability and efficacy; and

4. By reducing gastric emptying and mucus viscosity, they increase the gastric
residence time and mucus penetration of antimicrobials.
The importance of pH control in the management of H. pylori infection is

confirmed by the MACH-2 study [22], which showed that cure rates with
omeprazole and two antibiotics are significantly higher than the same two
antibiotics, given without omeprazole. A similar result was reported with
clarithromycin and tinidazole given with or without lansoprazole [23].

Prolonged acid suppression especially during the night is crucial forH. pylori
eradication [24, 25]. Confirmation of the importance of profound and long-
lasting acid suppression is illustrated by two studies reporting significantly
higher intragastric pH and lower percentage time spent at pH G 4 in patients
successfully cured versus those with persisting infection [26, 27]. Furthermore,
the eradication rate was higher in those without nocturnal acid breakthrough
(NAB) than in NAB-positive patients [26].

Antisecretory drugs which offer superior control of both day and nighttime
acidity could also improve compliance. Current PPIs must be taken at high
doses, twice daily, while a long-acting PPI could be given once daily, simplifying
treatment without impairing efficacy. Finally, it might be possible with a long-
acting acid inhibitor to achieve high eradication rates with dual therapy (e.g.,
amoxicillin/acid suppressant) alone [28, 29].

Unmet needs in the prevention and treatment of NSAID-
associated upper GI lesions

Gastro-duodenal mucosa possesses an array of defensive mechanisms and
non-steroidal anti-inflammatory drugs (NSAIDs) and aspirin have a delete-
rious effect on most of them. This results in a mucosa less able to cope with
even a reduced acid load. The presence of acid appears to be a conditio sine
qua non for NSAID injury, which is pH-dependent [30, 31] Indeed, the
higher the intragastric pH, the lower the extent and severity [31], as well as
probability, of mucosal damage [30]. There is a strong rationale for PPI use
in both treatment and prevention of NSAID-associated gastro-duodenal
ulcers [21••, 32••]. Unlike H2-RAs, PPIs protect from NSAID-injury not
only in the duodenum but also the stomach, where the majority of mucosal
lesions occur [33, 34].

However, while DR-PPIs promote healing of NSAID-related lesions, gastric
ulcers respond less well than duodenal ulcers. In the ASTRONAUT trial of
omeprazole versus ranitidine [35], 81% of patients with gastric ulcers healed
at 8 weeks with omeprazole compared with 92% with duodenal ulcers. This
difference was more marked at 4 weeks. Most patients continue to require their
NSAID, but there is loss of protection with time, even with continued PPI
treatment [35–37].

Most NSAIDs are taken more than once daily, or are “sustained release”
formulations to provide 24-h benefit. Some drugs (e.g., naproxen) undergo
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enterohepatic circulation, further extending GI exposure especially at night.
Thus, patients on NSAIDs taking a DR-PPI once daily will have residual acid
secretion during the 24-h period and continue to be at risk of GI injury [38]. All
these do represent unmet clinical needs [39]. A once-daily antisecretory drug
with true 24-h acid control would be expected to provide improved mucosal
protection and clinical trial data with P-CABs in the primary prevention of
NSAID ulcers are awaited with interest.

Unmet needs in upper GI bleeding

Treatment with PPIs is established in the management guidelines for upper GI
bleeding with initial intervention at the time of resuscitation before endoscopy
and then following endoscopic diagnosis and therapeutic intervention, if any
[40••, 41, 42]. Theory argues for powerful, prolonged acid suppression to raise
and maintain the pH of gastric juice to pH ≥ 6 since several studies have shown
that platelet aggregation is normal at pH 7.4 but decreases rapidly below pH 6.8
and is abolished at pH 5.9 [43]. In addition, fibrinolytic activity is enhanced in
patients with bleeding gastroduodenal ulcers and acid suppression decreases
this increased activity [44]. Guidelines recommend high-dose iv PPI to down-
grade stigmata of recent bleeding and, potentially, reduce the need for endo-
scopic treatment. This practice is endorsed although there is no evidence for a
reduction in the rate of re-bleeding, need for surgical intervention, or mortality
[41, 42].

Following endoscopy with or without therapeutic intervention, the objec-
tives of acid suppression continues to be reducing re-bleeding risk. This will also
heal any ulcer and prevent long-term ulcer recurrence. There is strong evidence
from meta-analyses for a significant reduction in re-bleeding (RR 0.40, 95% CI
0.28–0.59); need for surgery (RR 0.43, 95% CI 0.24–0.76); and mortality (RR
0.41, 95% CI 0.20–0.84) when iv PPI treatment (bolus followed by continuous
infusion) is compared for 72 h with no treatment [45]. In an iv comparative
study [46], high-dose omeprazole was superior to the H2-RA, ranitidine, at
maintaining intragastric pH 9 6. During the study period, the time pH G 6 for
omeprazole and ranitidine was 15.3 ± 5.9% and 61.8 ± 5.6% (p G 0.0001),
respectively.

There is considerable variation in the pH threshold maintained by different
DR-PPIs in this therapeutic indication andwith the treatment target tomaintain
pH 9 6 in [43] (vide supra). The new class of P-CAB drugs might fulfill the
unmet need in upper gastrointestinal (UGI) bleeding and improve outcomes
with respect to re-bleeding, transfusion requirements, surgical intervention, and
mortality.

PPIs: new formulations and combinations

A new esomeprazole salt (esomeprazole strontium) DR capsules (49.3 mg)
was recently approved in the USA via the 505(b)(2) NDA pathway. The
compound is bioequivalent with esomeprazole magnesium and considered
interchangeable. There are no specific clinical studies with esomeprazole
strontium DR capsules or pharmacodynamic (PD) comparisons with the
magnesium salt. The safety and efficacy data from the FDA’s approval of
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esomeprazole magnesium (40 mg) were used to support this new drug
application (NDA) (https://www.accessdata.fda.gov/drugsatfdadocs/nda/
2013/202342Orig1s000MedR.pdf).

Extended-release formulations of PPIs are increasingly important consider-
ations for control of nocturnal acid secretion because of their sustained release
[47]. The foremost is dexlansoprazole modified release (MR) formulation [48,
49], now marketed in the USA and some other countries. Pharmacokinetic
studies show a plasma concentration-time profile, with two distinct peaks,
occurring 1–2 h and 4–5 h after dosing, and 24-h intragastric pH-recordings
confirm a prolonged acid inhibition across all doses (60, 90, and 120 mg) [48].
An extended release formulation of rabeprazole [50] has also been developed
but not marketed.

While currently available DR-PPIs are orally administered as gastro-
protected preparations [47], the immediate release (IR) omeprazole formu-
lation consists of pure, non-enteric-coated (naked) omeprazole powder
(40 mg or 20 mg per unit dose) with 1680 mg of sodium bicarbonate
(containing 460 mg of sodium). This formulation displays different phar-
macokinetics and pharmacodynamics compared with the standard, DR-
omeprazole [51]. The antisecretory effect is faster than that observed with
DR-omeprazole, is food-independent and a bedtime dose assures a better
control of nocturnal acid secretion than lansoprazole or esomeprazole [51].
Immediate release formulations of esomeprazole have also been developed
[52, 53].

DR-PPIs are the standard of care for prevention and treatment of NSAID-
associated gastroduodenal ulcers in patients at GI risk [21••, 38]. However,
adherence to concomitant gastroprotective therapy is paramount to reducing GI
events among NSAID users and an inverse relationship between the incidence
of complications and the adherence rate has been reported [54]. A naproxen-
esomeprazole fixed combination is marketed in the USA, Europe, and Asia. In
this formulation, esomeprazole magnesium immediate-release covers an
enteric-coated core of naproxen [55] and a multilayer fixed-dose combination
is currently under development [56].

DR-PPIs are a key component of current treatments forH. pylori eradication,
as recommended by national and international guidelines [21••]. Given the
complexity (number of pills and number of drug administrations) and dura-
tion of treatments, compliance is an issue [57]. Compliance packages contain-
ing daily administration card and the drugs (usually a PPI plus two antimicro-
bials) are now marketed (e.g., PrevPAC™ in USA and Heli-Kit™ in some African
Countries). RHB-105 (also known as Talicia™, RedHill Biopharma) is a fixed-
dose combination therapy of two antibiotics (amoxicillin 250mg and rifabutin
12.5 mg) and a PPI (omeprazole 10mg) in an all-in-one capsule, four of which
are given three times daily. A phase III study (ERADICATE Hp trial) [58],
showed this combination achieved superiority (89.4% cure rate) over an his-
torical standard of care of 70% rate (p G 0.001).

Long-duration PPIs

Several new PPIs are still in preclinical development and five drugs are
actively being studied in humans (Table 1), while ilaprazole is already on
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the market in South Korea and China. Ilaprazole (IY-81149) is a benzimid-
azole synthesized at Il-Yang (South Korea) and developed by Livzon Phar-
maceutical Group Inc. (Zhuhai, China). Ilaprazole irreversibly inhibits
H+,K+-ATPase and aminopyrine accumulation in a dose-dependent manner
with a potency comparable to omeprazole. Compared with DR-PPIs,
ilaprazole displays an extended plasma half-life (i.e., 3.6 h), a metabolism
not significantly influenced by CYP2C19 genetic polymorphism and with
similar drug safety. This results in a low inter-individual variability, partic-
ularly in Asian populations, a faster and improved control of gastric acid
secretion, with better effect on nocturnal acidity and faster symptom relief
[60]. However, ilaprazole has not shown significant improvements over
DR-PPIs in GERD or H. pylori eradication.

AGN 201904-Z (Durasec™), developed by GI Logics Ltd., is the sodium
salt of an acid stable prodrug of omeprazole while tenatoprazole (TU-199)
synthesized by Mitsubishi Pharma (Japan) and developed by Sidem Pharma
(France), is a long-acting PPI that is not a benzimidazole derivative. The
clinical pharmacology of these compounds has previously been reviewed by
Scarpignato and Hunt [61]. They both have a half-life longer than the
current DR-PPIs (4.5 h and 9 h, respectively) and showed an extended acid
suppression, especially during the night with almost no occurrence of NAB.
A more recent dose-ranging study [62] showed that the Na salt of
tenatoprazole S-stereoisomer produced significantly greater and more
prolonged dose-dependent 24-h and nocturnal acid suppression than
esomeprazole. Both PPIs are therefore promising antisecretory drugs for
the treatment of acid-related diseases, where it has the potential to address
unmet clinical needs [12].

Azeloprazole (E-3710 or Z-215) synthesized by Eisai (Japan) is currently
at the end of phase II. Experimental studies [63] demonstrated a long-acting
inhibition of gastric acid secretion and a pharmacokinetic (PK)/PD study
[64] showed a linear PK profile and potent dose-dependent antisecretory
effect. Plasma concentrations of azeloprazole were similar among CYP2C19
genotypes, suggesting that clinical efficacy could be independent from
patients’ genetics. In a large, 8-week, multicenter, RCT [59], 503 patients
with GERD taking azeloprazole (10, 20 or 40 mg daily) or rabeprazole

Table 1. Novel PPIs, which have reached human testing

Compound Chemical class Development phase Company
Ilaprazole Substituted benzymidazole Marketed in South Korea and China II-Yang Pharmacy Co.

Durasec™ (AGN201904-Z) Substituted benzymidazole Phase I in Canada GI Logics

Tenatoprazole Imidazopyridine derivative Phase II in Canada and Europe Sidem Pharma

Azeloprazole Substituted benzymidazole Phase II completed in Japan Eisai

Anaprazole Substituted benzymidazole Phase II/III in China Sihuan Pharmaceutical

DLBS-2411* Bioactive fraction from
Cinnamomum burmannii

Phase III in Indonesia Dexa Medica

*DLBS-2411 (Redacid®) is a natural PPI, which decreases H+/K+-ATPase messenger RNA expression in rat gastric parietal cells in a dose-
dependent manner and acts as a competitive inhibitor of the gastric enzyme at various pH values [59]
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(10 mg daily), the healing rate was above 95% in all arms. Healing rates and
serum gastrin levels in the azeloprazole-treated patients were not influenced
by CYP2C19 and the safety profile of both PPIs (at any dose) was similar.

Anaprazole, synthesized by Sihuan Pharmaceutical Holdings Group Ltd.
(China) and developed by Xuan Zhu Pharma Co., Ltd. (Jinan, China), is a
new long-acting, substituted benzimidazole [65] while DLBS-2411 (Redacid®)
is a natural PPI. It is a bioactive fraction from Cinnamomum burmannii (Indone-
sian cinnamon, locally known as kayu manis) [66]. They are both in phase III in
China and Indonesia, respectively.

Potassium-competitive acid blockers

As discussed above, several new PPIs (see above) or alternative formulations of
existing drugs have been explored but only instant release omeprazole (i.e., IR-
omeprazole) and dexlansoprazole-MRhave been introduced in some countries.
Both represent a measurable but small incremental advance in the pharmaco-
logical control of acid secretion over the DR-PPIs but fall short of achieving the
ideal pharmacologic profile to control intragastric acidity in patients with more
complex clinical problems [3•].

A more innovative approach has been the development of the of H+,K+,
ATPase blockers, called potassium-competitive acid blockers (P-CABs) [2, 67,
68], which block the K+ exchange channel of the proton pump, resulting in a
very fast, competitive, reversible inhibition of acid secretion (Table 2) [2]. A P-
CAB offers a more rapid elevation of intra-gastric pH than a DR-PPI, while
maintaining the same degree of antisecretory effect, the duration of which is
dependent on the half-life and can be prolonged by extended release formula-
tions (Fig. 1).

The P-CAB class has attracted several pharmaceutical companies to this
avenue of drug development (Table 3). Almost all these new compounds
display rapid and effective antisecretory activity, but not all favorable phar-
macodynamic properties have translated into clinical benefits. The first P-
CAB (revaprazan, YH1885) [69], marketed in South Korea and India,
achieved healing rates in both duodenal [70] and gastric [71] ulcer, which

Table 2. P-CABs and PPIs: main differences in the mechanism of action (from Scarpignato and Hunt [2])

P-CABs PPIs
Acts directly (after protonation) on the H+,K+-ATPase enzyme Requires transformation to the active form, sulfenamide

Super-concentrates in parietal cell acid space (100,000-fold
higher than in plasma)

Concentrate in parietal cell acid space (1000-fold higher
than in plasma)

P-CABs binds competitively to the K+ binding site to H+,K+-ATPase Sulfenamide binds covalently to H+,K+-ATPase

Reversible binding to the proton pump Irreversible binding to the proton pump

Duration of effect related to half-life of drug in plasma Duration of effect related to half-life of the
sulfenamide-enzyme complex

Full effect from the first close Full effect after repeated doses
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were not significantly different from omeprazole. Similarly, large, random-
ized, controlled trials did not show superiority of linaprazan (AZD0865)
over standard-dose esomeprazole, for both healing [72] or symptom relief
[73] in GERD. However, the design of these studies as well as the P-CAB
dose used were not appropriate considering the short half-life of linaprazan.
These early poor results led to the conclusion that the P-CAB class was a
“promise unfulfilled.” Furthermore, linaprazan was associated with trans-
aminase elevation and development was stopped, as was the case for several
other P-CABs (e.g., soraprazan, CS526, YH4808), withdrawn from develop-
ment (Table 3).
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Fig. 1. Time course of acid inhibition by P-CABs and PPIs: computer simulation.

Table 3. P-CABs, which have reached human testing

Compound Chemical class Development phase Company
Revaprazan (YH1885) Pyrimidine Marketed in South Korea and India Yuhan

Linaprazan (AZD0865) Imidazopyridine Stopped after phase III AstraZeneca

CS526 (R105266) Pyrrolopyridazine Stopped after phase I Sankyo and
Ube/Novartis

Soraprazan (BY359) Imidazonaphthyridine Stopped after phase II Altana

YH-4808 Pyrrolo-pyridine Stopped after phase II Yuhan

Vonoprazan (TAK-438) Pyrrole Marketed in Japan Phase III in
Europe/USA

Takeda

Tegoprazan
(RQ-00000004)

Benzimidazole Phase III in South Korea Raqualia

DWP14012 Pyrrole Phase II in South Korea Daewoong

X842 (Linaprazan
pro-drug)

Imidazopyridine Phase II in Europe Cinclus Pharma AG
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Vonoprazan (TAK-438) is a novel and potent orally active P-CAB, developed
by Takeda and marketed in Japan since 2015 [74]. The drug is a pyrrole
derivative, displaying powerful inhibition of the proton pump compared to
PPIs and other P-CABs [75].

Vonoprazan has been in clinical use for almost 4 years and considerable
clinical data are available, detailed in extensive reviews [74, 76•, 77–80]. We
summarize below the PK and PD properties of vonoprazan as well as the
derived benefits in some acid-related diseases, referencing systematic reviews
and meta-analyses, where available.

PK and PD studies [81], performed in Japanese or Caucasian healthy
male volunteers, showed that vonoprazan displays almost linear pharma-
cokinetics and inhibits acid secretion (by 87 and 92% of the 24 h, respec-
tively) in a dose-dependent fashion. Holding times above pH 9 4 and pH 9
5 after the vonoprazan 40-mg dose were 100 and 99%, respectively, 12–
24 h post dose in the Japanese study and 90 and 79%, respectively, from
2000 to 0800 hours in the UK study. The increase in pH was reflected by an
increase in serum gastrin and pepsinogen I concentrations. The drug was
well-tolerated at all doses tested, with no changes in serum transaminase
levels. In another study [82], these pharmacological effects persisted with
repeated administration and, after 7 days of treatment, the mean 24-h
intragastric pH 9 4 holding time with vonozapran 40 mg was 100% in
Japanese subjects and 93.2% in UK volunteers; mean nocturnal times spent
at pH 9 4 were 100 and 90.4%, respectively. Conversely from esomeprazole,
the antisecretory activity of vonoprazan was independent of CYP2C19
genotype [83]. In H. pylori-negative healthy volunteers, the increase of
intragastric pH with vonozapran (20 mg) was higher and faster compared
to lansoprazole (30 mg) and similar to famotidine (20 mg) [84]. In
CYP2C19 extensive metabolizers, vonoprazan (20 mg) induced a more
rapid and sustained acid inhibitory effect than esomeprazole (20 mg) or
rabeprazole (10 mg), showing virtually no NAB [85].

A large meta-analysis [86], including 95 studies (411 arms) providing
intragastric pH data and 109 studies (243 arms) providing EE healing data
for three H2RAs, five PPIs, and placebo, demonstrated that any increase in
the time intragastric pH is pH G 4 during the 24 h (at steady state in healthy
volunteers) is associated with a decrease in the erosive esophagitis healing
rate at 4 and 8 weeks. The percent time that intragastric pH G 4 is a
significant predictor for esophagitis non-healing. As confirmed by a
dexlansoprazole-MR study [87], from the derived mathematical relation-
ship, it is possible to predict the healing rate of any new antisecretory drug.
As expected, the healing rate of reflux esophagitis after 8-week therapy with
vonoprazan was almost 100%. Moreover, while there were no differences
between vonoprazan (20 mg daily) and lansoprazole (30 mg daily) in
grades A and B esophagitis, the healing rate of vonoprazan was significant-
ly higher than with lansoprazole in grades C and D esophagitis [88], a
superiority maintained in CYP2C19 extensive metabolizers [89].
Vonoprazan is also effective in patients with PPI-resistant esophagitis,
inducing healing in 87.5% [90]. The efficacy of vonoprazan was main-
tained long-term, with post hoc analysis showing lower recurrence rates
compared to lansoprazole [91].
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In a randomized, double-blind, placebo-controlled, multicenter study in
patients with non-erosive reflux disease (NERD) [92], the number of days
heartburn-free with vonoprazan (10 mg or 20 mg daily) was not superior to
placebo, although the mean severity of heartburn was lower. Despite these
findings, the drug appears to be effective in PPI-resistant NERD. A small
retrospective study [93] found that 69.2% of patients reported an improve-
ment of symptoms and of quality of life (measured by GERD-Q score).
However, P-CAB-resistant NERD does also exist and it is mainly ascribed to
weakly acidic reflux or functional heartburn [94].

Helicobacter pylori infection and reinfection present serious challenges in
management. H. pylori resistance to antimicrobials (especially
clarithromycin, metronidazole, or levofloxacin) is high in most countries
[95] and the selection of a regimen to eradicate H. pylori in more than 90%
of infected patients, is critical. Control of intragastric pH, especially during
the night vide supra, to maintain bactericidal activity of combined antimi-
crobials, is crucial [3•, 12] and vonoprazan may represent a significant
advance over DR-PPI-based eradication therapies [96].

An early meta-analysis [97], including 10 studies and 10,644 patients,
showed that vonoprazan-based triple therapy was superior to PPI-based
triple therapy, with comparable tolerability and adverse events. This supe-
riority, was only evident in first-line H. pylori triple eradication therapies but
not in second-line treatments [98]. Moreover, a recent systematic review
with meta-analysis [99] pointed out that vonoprazan is superior to conven-
tional PPI-based therapy only for eradication of clarithromycin-resistant
H. pylori strains while vonoprazan- and conventional PPI-based therapies
are similarly effective in patients harboring clarithromycin-susceptible
H. pylori strains. Moreover, a retrospective study [100] found that
vonoprazan-based triple therapy was effective as susceptibility-guided triple
therapy for H. pylori eradication. A small study [101] in unselected patients
reported eradication rates with vonoprazan/amoxicillin therapy for first-
and second-line treatments as high as 95% (19/20) and 90% (18/20),
respectively. Therefore, provided this dual therapy can be optimized (dose,
number of drug administrations, and duration [102•]), it could provide a
simple, reliable, and effective first-line eradication treatment.

To date, only triple therapy is covered by the Japanese National Health
Insurance System and almost all studies with vonoprazan for H. pylori eradica-
tion have been conducted with the triple regimen (PPI or vonoprazan, amox-
icillin, and clarithromycin) [103]. More studies with vonoprazan-based alter-
native regimens will provide a better understanding of the efficacy of
vonoprazan in the eradication of H. pylori.

NSAID-gastropathy is a pH-dependent phenomenon: the higher the
intragastric pH, the lower the extent and severity, as well as the probability, of
mucosal damage [21••, 38]. A once-daily antisecretory drug with prolonged
control of acid secretion over the 24-h period is expected to display improved
mucosal protection [12]. Vonoprazan prevented recurrence of both aspirin
[104] and NSAID-associated [105] ulcers, but clinical trial data in the primary
prevention of NSAID ulcers are still awaited.

A sustained intragastric pH 9 6, to promote platelet aggregation, clot forma-
tion, and stability [106], should be of benefit in upper GI bleeding. Until now, it
has not been possible to attain a consistent intragastric pH of ≥ 6 in fed patients,
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with oral PPIs, even two or three times daily [107]. The pharmacodynamic
properties of oral vonoprazan are expected to achieve the same, or better
outcomes to those obtained with intravenous PPIs [107].

Tegoprazan (formerly RQ-00000004 or CJ-12420) is a benzimidazole de-
rivative [108] developed by RaQualia Pharma and CJ HealthCare, for treatment
of GERD and PU. The first human study [109] showed that single oral admin-
istration of tegoprazan provided rapid elevation of intragastric pH to 9 6 under
fasted condition in healthy subjects. A dose-ranging study [110] demonstrated a
linear PK profile after single and multiple administrations and a fast and dose-
dependent acid suppression. A phase III trial in GERD has been completed and
oneH. pylori eradication trial is ongoing in South Korea, where the drug should
be launched during the 2018.

Like vonoprazan, DWP14012 is a pyrrole derivative, developed by
Daewoong Pharmaceutical Co., Ltd. (Seoul, Korea). Preclinical pharmacology
demonstrated a fast, dose-dependent acid suppression, similar or greater to
vonoprazan [111]. A phase I study [112] showed that DWP14012 is well
tolerated, and induces a rapid and long-lasting gastric acid suppression in
healthy subjects. PK was linear after multiple ascending doses and the safety
profile, including hepatic tolerability, overlapped that of placebo. Phase II has
been completed (https://clinicaltrials.gov/ct2/show/NCT03184324) and phase
III studies are planned.

X842 is a pro-drug of linaprazan, developed in Europe by Cinclus Pharma
AG. The active metabolite has a comprehensive data base from 25 phase I
studies, including more than 600 subjects, and 2 phase II studies, including
2.973 patients. All these investigations showed linaprazan was well tolerated,
with a fast onset of action and full effect from the first dose. However,
linaprazan did not control 24-h intragastric pH, likely because of its short
plasma half-life [73]. In contrast, X842 has a longer half-life which provides
effective 24-h pH control.

The first human study of X842 [113] evaluated the PK and PD after
single and multiple ascending doses. Linaprazan rapidly appeared in plas-
ma, with the Cmax at ~ 2 h after oral administration. Plasma half-life was ≥
10 h, following doses of 1 mg/kg or higher. Linaprazan AUC linearly
correlated with the X842 dose with a dose-dependent acid inhibition over
the 24 h, and linear correlation between plasma concentrations of the active
metabolite (i.e., linaprazan) and intragastric pH. At doses of 2 mg/kg, X842
achieved effective acid control over 24 h without NAB. A phase 2 random-
ized, double-blind, active comparator study with four treatment arms in
some 310 patients with severe esophagitis, evaluating 4-week healing rates,
is planned in Europe and the USA.

Overuse and misuse of acid suppression

Studies suggest PPIs are frequently prescribed for inappropriate indications or
where there is little benefit [114]. The introduction of generic PPIs into the
market has been followed by an increasing rate of PPI prescribing related to
chronic treatments, unlicensed indications, and therapeutic substitutions [115].
Hospital patients are often started on PPIs inappropriately [116], and medica-
tions are continued, following discharge, by primary care physicians.
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Inadequate recommendations for PPIs in discharge letters are frequent [117]
and prescription habit may lead to a continuation of PPI. An Italian study [118]
found the persistence rate of PPI therapy is high after both appropriate and
inappropriate prescriptions (62 and 71%, respectively). The primary care atti-
tude to continuing or discontinuing PPIs depends on their knowledge and
perceptions of hospital physicians’ competence and the threshold to prescribing
in hospitals [119].

Inappropriate PPI use is a great concern, especially in the elderly, who often
have multiple comorbidities and take multiple medications. Long-term PPI-
related adverse outcomes and drug-to-drug interactions (DDIs) show a strong
relationship between the number of drugs and clinically relevant DDIs [120],
particularly in the elderly [121].

Opportunities exist to increase the effectiveness and safety of drug therapy as
well as minimize overall healthcare costs. Education is key and guidelines and
their implementation provide a rational approach [21••, 122]. Judicious sur-
veillance of hospital use and prescription refills in the outpatient settings [114],
with re-evaluation and justification for continued treatment, can minimize
potential for adverse effects and achieve cost saving. However, surveillancemust
be close and continuous since benefits could be short lasting. In a Canadian
study [123], deprescribing guidelines were associated with a decline in PPI use
during the initial 6 months but prescription patterns subsequently began to
climb.

Acid suppression: established benefits versus potential risks

Antisecretory drugs are among the most prescribed drugs worldwide and are
also widely available over the counter (OTC). Over the past 50 years, there have
been many concerns expressed about the potential adverse effects of
antisecretory drugs and, in particular PPIs and also now the P-CABs, which
have recently been introduced in some Asian countries.

The safety of long-term acid suppression has been long debated and focused
on gastrin levels and the development enterochromaffin-like cell (ECL) hyper-
plasia and the risk of proliferation of gastric microflora and nitrate-reducing
bacteria which might, theoretically, lead to gastric malignancy. These concerns
were extensively addressed at the Hanbury ManorWorkshop in 1995 [124] and
there has been no convincing evidence of neoplastic change in subsequent years
of follow-up.

At therapeutic doses, PPIs are more potent than H2-RAs for suppressing
gastric acid secretion and comparable studies with P-CABs confirm the
sustained and greater elevation of intragastric pH over the whole 24 h period
[3•]. The effect on gastrin is greater than that seen with DR-PPIs, which may be
at the upper limit of normal although invariably higher in patients colonized
with H. pylori than in uninfected controls [3•].

Publications concerning safety with DR-PPIs have increased dramatical-
ly with many widely publicized topics appearing in high profile journals or
the media. These focus on drug effects which alter the host physiology due
to exaggerated pharmacological effects as above and less commonly to
drug-related effects. Studies employ widely variable methodologies and
extensive data dredging of large treatment data bases which were not
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designed to answer the question being asked and may also include con-
founding factors [125••]. Some adverse events are plausible and predict-
able while others are idiosyncratic and rare. Several important papers have
shown the importance of critical evaluation and the application of strict
criteria to determine the strength and validity, if any, of a reported associ-
ation [125••, 126•, 127–129]. Overall, the concerns include rebound acid
hypersecretion on stopping treatment, hypochlorhydria associated with an
increasing risk of enteric pathogenic infections, C. difficile infection and
small intestinal bacterial overgrowth (SIBO).; disturbed electrolyte and
nutrient absorption; idiosyncratic reactions including microscopic colitis
and pancreatitis; effects on bone metabolism, bone density, osteoporosis,
and fracture risk; changes in drug absorption and interaction, e.g., with
clopidogrel and drugs metabolized by the cytochrome P450 2C19 path-
way; kidney function and interstitial nephritis; vitamin B12 deficiency,
altered β-amyloid levels, and dementia; myocardial infarction and reduced
nitrous oxide; pneumonia resulting from aerobic organisms colonizing the
stomach and associated with micro-aspiration and myositis and rhabdo-
myolysis in association with statins which are metabolized by the CYP3A4
pathway.

When reading reports of adverse effects, it is important to apply critical
appraisal to the population studied, seek evidence for biological plausibil-
ity and gradient, and explore the methods used to determine possible
association and the risk estimate and zone of potential bias [125••]. Much
of the evidence which has been reported to link PPI treatment with serious
long-term conditions is weak with very low OR [130]. In clinical practice,
therefore, it is important to balance the undoubted benefits of treatment
with PPIs with their alleged risks and review the indications for the choice
of drug and dose and to explain this carefully to the patient [21••, 122•,
126•].

Nearly all the adverse outcomes associated with PPIs occur among patients
who receive long-term therapy; minimizing the duration of treatment by peri-
odically reviewing a patient’s need for acid-suppressive therapy could eliminate
or substantially reduce the risk of adverse outcomes. Therefore, during contin-
ued long-term use, the clinical effects should always be reviewed and attempts
be made to stop any treatment that may not be needed. It is imperative to use
the lowest dose of drug required to achieve the desired therapeutic goals. This
may entail implementing discontinuation of treatment in asymptomatic pa-
tients as well as step-down, intermittent, or on-demand PPI therapy for main-
tenance of GERD.

The introduction of all new drugs is dependent on responsible market-
ing and thoughtful prescribing with careful monitoring of patients treated.
The safety profile of vonoprazan to date has proved to be excellent but
overuse and misuse can occur as with any new treatment. It is expected that
AE’s related to long acting acid inhibition will be seen [131]. PPI-related
adverse events are unlikely, due to the differing molecular structure of
vonoprazan. In any event the indications for treatment with vonoprazan
or other P-CABs should be for the difficult to treat acid-related disorders
and unmet needs where the benefit to risk would be expected to be most
favorable [2, 3•].
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