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Developing drugs to treat gastric acid related illnesses such as ulcers and acid re ux
disease is the leading focus of pharmaceutical companies. In fact, expenditure for treat-
ing these disorders is highest among all illnesses in the US. Over the last few decades,
a class of drugs known as a proton pump inhibitors (PPIs) appeared on the market
and are highly e ective at abating gastric illnesses by raising stomach pH (reducing
gastric acid levels). While much is known about the action of PPIs, there are still open
guestions regarding their e cacy, dosing and long-term e ects. Here we extend a pre-
vious gastric acid secretion model developed by our group to incorporate a pharmaco-
dynamic/pharmacokinetic model to study proton pump inhibitor (PPI) action. Model-
relevant parameters for speci c drugs such as omeprazole (OPZ), lansoprazole (LPZ)
and pantoprazole (PPZ) were used from published data, and we conducted simulations
to study various aspects of PPI treatment. Clinical data suggests that duration of acid
suppression is dependent on proton pump turnover rates and this is supported by our
model. We found the order of e cacy of the di erent PPIs to be OPZ > PPZ > LPZ
for clinically recommended dose values, and OPZ > PPZ = LPZ for equal doses. Our
results indicate that a breakfast dose for once-daily dosing regimens and a breakfast-
lunch dose for twice-daily dosing regimens is recommended. Simulation of other gastric
disorders using our model provides atypical applications for the study of drug treatment
on homeostatic systems and identi cation of potential side-e ects.
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1. Introduction

Monitoring stomach acid levels has long been regarded as a means of verifying
gastrointestinal health. A complex network of neural stimuli and e ectors interact
to provide regulation of gastric acid levels. These interactions involve positive and
negative feedback mechanisms that act in concert to maintain a strict pH range of
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1{3 within the stomach (i.e., acid homeostasis). This range is optimal and neces-
sary for activation and catalytic activity of inactive enzyme precursors involved in
protein digestion. While an intermittent deviation from this range is permissible,
continued hyper- or hypo-acidity can result in gastric dysfunction.

Control of acid secretion by parietal cells in the stomach and the resulting
maintenance of stable acid levels is critical for limiting corrosive damage to cel-
lular environments [84]. To protect gastric epithelia from corrosive e ects various
mechanisms have evolved. These include, but are not limited to

(1) secretion of a mucus layer that maintains a million-fold acid concentration
gradient between the stomach lumen and cells lining the surface of the stomach;

(2) cardiac and pyloric sphincters that prevent premature ow of gastric contents
into the esophagus and duodenum respectively; and

(3) secretion of bile into the small intestine that serves to neutralize chyme.

The past three decades have seen many advances in the eld of gastroenterology
and management of associated gastric disorders. Prior to the advent of revolutionary
histamine receptor antagonist (H,RA) and proton pump inhibitor (PPI) therapies,
acid-related disorders were managed by dietary modi cations, antacid administra-
tion, or surgical intervention [78]. Although a last resort, surgeries such as highly
selective vagotomies proved highly e ective at reducing complications from acid
hypersecretion. However, an e ective but less invasive alternative to surgical inter-
vention was sought.

By the early 1960s, it was apparent that acid secretion is a highly regulated
process involving positive and negative feedback mechanisms. Work conducted by
Popielski (1920) implicating histamine in stimulating acid secretion together with
the development of a class of histamine antagonists by Bouvet (1955) for treat-
ing allergies led Black (1972) to propose the use of histamine antagonists to treat
acid-related disorders [11, 65, 75]. In 1970, the rst gastric selective H,RA (i.e.,
burimamide) was synthesized. Other HoRAs such as cimetidine, famotidine, ran-
itidine and nizatidine are now commonly used in the treatment and prevention
of ulcers as well as gastroesophageal re ux disease (characterized by reverse ow
of acid into the esophagus, commonly known as GERD). Not surprisingly, a re-
producible relationship is observed in people su ering from peptic ulcers or acid
re ux disease between suppression of acid secretion via treatment, a corresponding
elevation of gastric pH, and tissue healing rates [10, 14].

While H,RAs are still commonly used, recent studies consistently observe drug
resistance [59] and a return of acid to pre-treatment levels in patients upon admin-
istration of HoRAs [24, 62]. Although H2RA inhibition correlates with blood con-
centration of drug, the e ect is short-lived due to reversibility of inhibition. These
drawbacks make H,RAs considerably less e ective in restoring normal function
during extremely debilitating gastric diseases. However, they are still prescribed
for treatment of mild hyper-acidity and are available over-the-counter for this
purpose [21].
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These drawbacks warranted the development of more e ective drugs and the last
two decades have seen the emergence of a class of potent acid suppressants. This
class of drugs lowers acid levels by irreversibly inhibiting proton pumps [30]. Proton
pumps are found in the membrane of parietal cells (Fig. 1) and are responsible
for secretion of protons into the stomach lumen. These drugs, known as proton
pump inhibitors (PPIs), are now the treatment of choice for acid-related disorders.
Omeprazole is the most widely used, followed by lansoprazole, pantoprazole, and
rabeprazole. Because of irreversible inactivation of proton pumps, the time pro le
of action of the PPI depends on the cycling rate at which pumps are synthesized,
inactivated and degraded and it does not depend on blood concentration [47]. This
ensures a long-lasting inhibitory e ect during PPl administration as compared with
H>RA treatment. Results from several clinical trials and analysis of these studies
consistently indicate that PPIs are more e ective than H,RAs at suppressing gastric
acid levels and providing relief from acid related symptoms [42, 66].

PPIs signify an important advance in treatment of acid related disorders. While
their pharmacological properties have been extensively studied, there is still a need
to provide conclusive results about various PPIs in context of their e cacy, optimal
dosing schedule and long-term e ect on gastric health. Several studies describing
the e ect of single and repeated daily dosing of PPIs on acid levels have been
published. Howden et al. provided early results on the e ects of a single dose and
a once-daily dosing regimen of omeprazole 10 mg on 6 healthy volunteers [29].
Chiverton et al. found that omeprazole (20 mg) in the morning was signi cantly
better than an evening dose for controlling gastric acid levels [17]. Timmer et al.
showed that lansoprazole (30 mg) twice daily was more e ective at acid suppression
than 60 mg once daily [82]. Studies by Landes et al. revealed that lansoprazole
exhibits an extremely fast onset of action as compared to omeprazole [43]. They
also concluded that acid levels returned to normal approximately 7 days after the
last administered dose of PPI. Review articles by Stedman et al. and Katashima
et al. list over 50 comparative studies on PPl e cacies and failing to nd any
consistency, conclude that all PPIs have equivalent potency [37, 79]. While such
studies do provide evidence of acid suppression, the e ect of PPI treatment on
other components of homeostatic mechanisms regulating gastric acid secretion still
remains to be determined.

Our work attempts to extend current speci c¢s about the action of PPIs on
gastric acid secretion by making predictions regarding the e cacies of PPIs in
suppressing acid secretion. To this end, we build on a previously published math-
ematical model developed by our group describing gastric acid secretion and reg-
ulation to develop a treatment model by including the e ects of PPI action on
acid levels [36]. Our original gastric acid secretion model tracks four cell popula-
tions in the stomach considered critical for acid secretion: G, D, ECL and pari-
etal cells, and the e ectors secreted by them that regulate acid secretion (gas-
trin, somatostatin, histamine and hydrochloric acid, respectively) [36] (Fig. 2). The
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Fig. 1. Schematic of acid secretion by the parietal cell. Carbonic acid (H2CO3) is synthesized
intracellularly by action of carbonic anhydrase, and is broken down to provide protons (H*) that
are pump ed out by active proton pumps into the gastric lumen in exchange for potassium (K *).
Blood chloride (ClI ) is exchanged with bicarb onate ions (HCO ;) and is then pumped into the
gastric lumen in symport with potassium. Note that inactive proton pumps and intracellular
vesicle bound proton pumps do not contribute to this process.Also shawn are various stim ulatory
and inhibitory receptors that respectively up- and down-regulate acid secretion.

use of mathematical modeling to study such complex processerovides a unique
opportunity to conduct studies not preserily possible through clinical or experi-
mental protocols.

1.1. Mathematic al modeling

Seeral mathematical models describing acid secretion were previously published
[19, 20, 45, 46]. de Beuset al. [19] developed a model that provided insight into the



