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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.

Keywords: Omeprazole; lansoprazole; pantoprazole; mathematical modeling; homeosta-
sis; pharmacokinetics; pharmacodynamics.

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 (H2COg3) is synthesized
intracellularly by action of carbonic anhydrase, and is broken down to provide protons (H*) that
are pumped out by active proton pumps into the gastric lumen in exchange for potassium (K*).
Blood chloride (Cl ) is exchanged with bicarbonate ions (HCO5 ) 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 shown are various stimulatory
and inhibitory receptors that respectively up- and down-regulate acid secretion.

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

1.1. Mathematical modeling

Several mathematical models describing acid secretion were previously published
[19, 20, 45, 46]. de Beus et al. [19] developed a model that provided insight into the
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Fig. 2. Shown is a schematic diagram of our model of gastric acid secretion as reported by
Joseph et al. [36]. This model is altered to re ect the presence of treatment with PPIs. The point
of interaction of PPIs within the model is shown above, and H>RA action is also illustrated. Cell
populations accounted for include: gastrin (Gas) secreting G cells in the antrum, somatostatin (SS)
secreting delta (D) cells in the antrum and corpus, histamine (Hist) secreting enterochroma n-like
(ECL) cells and parietal cells in the corpus.

coupling of gastric acid to bicarbonate secretion. In particular, they analyzed the
cascade of molecular and ionic events necessary for acid secretion. Likewise, Licko
et al. presented an extensive analysis of gastric acid secretion [46] in which they
explored mechanics of acid secretion as a sequential two-step process involving the
formation of acid that contributes to a storage pool and the subsequent transloca-
tion of the stored acid. Both models provided insights into parameters that were
not easily estimated experimentally.

We propose a pharmacodynamic/pharmacokinetic model of PPI action and de-
scribe how new parameters feed back into the baseline gastric acid secretion model
[36]. Pharmacodynamics quantitatively depict e ects of a drug on the body, while
pharmacokinetics describes e ects of physiological processes on a drug over a pe-
riod of time, such as absorption and clearance. Together, they provide a complete
picture of drug-target interaction.

Our goal is to derive useful inferences of therapeutic signi cance. Speci cally,
we begin by performing simulations to determine the time course of recovery of
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Fig. 3. Food function used in the acid secretion model. Food is administered thrice daily at 7
(breakfast), 14 (lunch) and 19 (dinner) hrs as indicated by the arrows. The phenomenological
equation implementing this function is discussed in [52].
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acid levels to baseline after administration of a single dose. Also of interest is that
recommended PPI dose values that are commonly prescribed by physicians to pa-
tients of acid-disorders, di er for each PPI [41]. We thus compare the extent of
acid suppression based on recommended dosing regimens for each PPI. In order
to compare e cacy, we measure acid levels after setting all PPIs to the same dose
value.

We conduct optimization studies based on ability of a drug to lower acid levels to
ascertain the best possible dosing time(s) for once-daily and twice-daily regimens.
Such experiments yield information on questions about whether di ering regimens
for the same dose (e.g. 20 mg once daily vs. 10 mg twice a day) have a signi cant
e ect on acid levels.

Lastly, we exploit our baseline acid secretion model [36] to study e ects of PPI
treatment on gastric health measured in terms of proliferation of various gastric
cell populations and on variations of e ector levels. Maintaining steady state is a
special property of complex systems, and this is the rst attempt to provide insight
into how treatment returns a perturbed system to acid homeostasis.

2. The Model

The baseline model of gastric acid secretion [36] is shown in Fig. 2. Food input
(Fig. 3) and both central neural system (CNS) and enteric neural system (ENS)
provide stimuli. The system is governed by a network of autocrine and paracrine
cells and their secreted products. Neural activity elicits a cascade of events charac-
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terized rst by release of gastrin, a stimulant of gastric acid secretion. At the site of
acid secretion (i.e., the stomach corpus region), both gastrin, histamine as well as
acetylcholine, a neurotransmitter, synergistically stimulate acid release from pari-
etal cells. Somatostatin, an acid inhibitor, is secreted and inhibits gastrin, histamine
and acid release thereby returning acid concentrations to basal levels. The math-
ematical equations are given in the Appendix [36]. We previously validated this
baseline model and performed a number of simulations, predicting new information
regarding the roles of cells and their secretory factors [36]. We now incorporate
treatment into our gastric acid secretion model by accounting for the e ect of PPIs
on proton pumps. To this end, we include proton pumps, PPIs and their e ects on
gastric acid as follows:

2.1. Proton pump categories

A schematic of the mechanism of acid secretion by parietal cells is provided in
Fig. 1. PPIs suppress acid secretion by non-competitive irreversible inhibition of
proton pumps that use ATP to actively move protons from the interior of the cell
into the gastric lumen in exchange for potassium [30].

The point of PPI interaction with the acid secretion system is shown in Fig. 2.
Di erent categories of proton pumps are shown:

1. Intracellular: Intracellular pumps are newly synthesized and are found in the
membrane of intracellular vesicles not yet fused with the cell membrane. These
pumps are non-functional [74].

2. Active: Active pumps are found solely in the cell membrane and are the only
proton pumps that contribute to maintenance of acid levels by active proton
transport across the membrane [74].

3. Inactive: Inactive pumps in the cell membrane are those that have been inhibited
by PPI action. Hence, inactive pumps also do not contribute to acid levels [74].

We consider only the active proton pump class and study the e ect of PPI
treatment on their concentration. Acid levels are slowly restored by cycling of proton
pumps, involving degradation of inactive pumps and fusion of vesicles containing
non-functional pumps with the cell membrane [1]. We assume that a turnover model
for enzyme concentration (Fig. 4) satisfactorily describes this cycling.

3. Model Equations
3.1. PPI blood concentration

The PPI blood concentration is described by a one compartment linear approach.
We assume that (1) drug is rapidly and uniformly distributed throughout the body
in a single compartment and (2) rate of elimination of drug is proportional to
amount of drug in the body [7]. Following administration of a given dose, the
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Fig. 4. Dynamics of active proton pump concentration. Proton pumps (PP) are synthesized at a
rate Ksyn and deactivated by PPI at a rate Ky. They also have a half life with degradation rate
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one compartment approach provides an equation for PPI blood concentration as a
function of time:

PPI(t) = V—Dm el Ke D, (3:1)

where D is the dosage in micrograms, m is the molecular weight of the PPI, V
is the volume of distribution, and Kg is the elimination constant. The volume of
distribution is an apparent volume that relates amount of drug in the body to
concentration in the measured compartment, blood in our case. Depending on its
chemical nature, a drug may be lipid soluble and consequently have a high V, or be
lipid insoluble and have a low value for V [49] (see Table 1 for their values for each
PPI). It is also important to note here that since elimination constants are derived
from tting to clinical data, they likely include all possible mechanisms of clearance,
including renal clearance and metabolism and thus their values are an upper bound
on actual values. Absorption time for orally administered PPIs (approx. 30 mins)
is much shorter than the time span of their action (almost a week). Hence, for the
sake of simplicity, we do not include absorption delays in our model.

We further assume that oral bioavailability of drug is 100%, which is the case if
the entire administered dose reaches systemic circulation. This is typically observed
with intravenous administration of drug. However, PPIs are usually taken orally
and are acid labile [80]. This means that they undergo degradation to some extent
when routed through the stomach. In this paper we assume 100% bioavailability.
The implications of this assumption are discussed in the Results section. The model
can easily be altered to handle less than 100% bioavailability.
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3.2. Dosing schedule

Following its administration PPI blood concentration over time is used to monitor
drug blood levels after a single dose. In order to account for daily dosing, we extend
this function by superposition to account for possible accumulation of drug in the
blood. The blood concentration function conceptually takes the form:

D D
= - ( Kei tl) ( Kei tl) . .
PPI1(t) = (day 1)V € + (day 2)—V e + 3:2)

for a once-daily dosing regimen. We model a standard dosing schedule of once-daily
dosing administered every morning with breakfast (7 am). The food function is
modeled as a standard American diet of three meals a day (Fig. 3).

By extension, a twice-daily dosing regimen (drug is administered twice a day at
times t; and t,) can be implemented by the following function:

PPI(t) = (day 1;dose l) e( Ker 1) 4+ (day 1;dose 2) - el Ka )

+ (day 2; dose 1) e( Ker t) 4 (day 2; dose 2) — ol Ker ©2) 4

(3.3)

In both cases, possible buildup of drug levels in blood is described by adding
blood concentration over time for each dose, starting from the rst dose (day 1).
Using di erent dosing schedules allows us to study the e ects of di erent dosing
times and dosing schemes.

3.3. Proton pump dynamics

The equations describing active membrane-bound proton pump cycling during
treatment is given by (Fig. 4):

d(PP (1))
dt
where Ksyn is the zero order de novo synthesis/induction rate for the proton pump,
Kdeg is the rst order decay rate, and K, is the bimolecular rate constant of the
PPI and the proton pump.

With no treatment, the active proton pump number should remain at an equi-
librium value of PPy = Ksyn=Kgeg. This is reasonable, since proton pumps in the
membrane are constantly being replaced even in the absence of treatment [30].

Ksyn is not an observable dynamic, and it is also not reasonable to de ne PP(t)
as the number of molecules in the system. However, since pumps are inducted into
the membrane due to histamine stimulation [27], synthesis rates should be rst order
and proportional to histamine concentration, rather than zero order rates. Problems
arise due to dearth of such values for humans. The proton pump turnover model
has also been developed previously and validated and presented elsewhere [1, 2, 69].
We use this same approach to capture proton pump turnover in our model system.

=Ksyn Ky PPI() PP(t) Kgeg PP(1); (3:4)
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Dividing Eg. (3.4) by the equilibrium value PP yields a normalized value for
PP(t):

d(PPn(t)
dt

This not only provides us with a relative number, it also eliminates the Ksyn
parameter, and the equation is now de ned in terms of parameters that are easily
identi able, and in fact have been extensively studied and recorded in literature
[37]. PP (%) is now a factor that varies between 0 and 1, and indicates the fraction
of pumps in a parietal cell that are uninhibited and still actively secreting acid into
the lumen of the stomach.

=Kgeg Kr PPI({) PPn(t) Kgeg PPn(t): (3:5)

3.4. Corpus gastric acid dynamics

The most critical aspect of this work is the coupling between the pharmacody-
namic/pharmacokinetic model and our gastric acid secretion model [36] (Fig. 2).
To incorporate treatment into the acid secretion model, we assume that (1) acid
levels are directly proportional to the number of active proton pumps and (2) inhi-
bition of proton pump activity is independent of secretion. This is reasonable since
PPIs inhibit only the last step in acid secretion and have no known direct e ect on
stimulus receptors on parietal cells. Since PPIs do not interact with any other cell
population or their e ectors, treatment will only a ect the equation representing
corpus acid in the gastric acid secretion model [36]. In particular, the product of the
PP (t) function and the parietal cell number P (t) de nes the reduced acid-secretion
capacity of the parietal cells in the stomach.

The modi ed acid secretion equation is given by (where bold shows change to
the original equation developed in [36]):

00 1
d[Ac()] _ g(% Kna[Nc (1)] §
2 —ppa(h) P
« (Ne]+ o) 1+ 50
o} SA 1
[Hc (1)) KealGtnc ()] §
Fe® 0 & ol on 1+ B2
o} 11 SA
Knal[Hc (1)] .
< =01 G MAdBd  AlAC()]:

(Ho®]+ 1a) 1+
SA

(3.6)

Rate of change of acid is a ected by terms that account for (1) increased acid
levels due to stimulation of the parietal cells, (2) loss terms due to reaction with
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bicarbonate, (3) wash-out [36]. Our work is based on this singular interaction with
the acid secretion model and how it then indirectly a ects other system components
through nonlinear interactions.

4. Parameter Estimation

Most PPI-related parameters were obtained from published experimental data on
humans. However, in vivo rates likely vary with each repeated experiment due to an
uncertainty (or intrinsic error) associated with each measurement. We evaluated the
e ects of uncertainty in values for these rates using C code based on Latin hypercube
sampling (LHS) [12, 33, 34]. The LHS method allowed simultaneous, random and
evenly distributed sampling of each de ned parameter that we varied over a wide
range. Having performed uncertainty analyses on the PPI-related parameters we
obtained order of magnitude estimates for use in our simulations. Model parameters
for the gastric acid secretion model in [36] are presented and discussed therein. We
summarize them in Table 2. Given below is a brief outline of new parameters
estimated for the proton pump model.

4.1. Elimination constants (Kg)

The elimination rates for omeprazole, lansoprazole and pantoprazole were taken
from a comparative study and are summarized in Table 1. These values were ob-
tained from single dose studies in humans [37].

Table 1. Pharmacokinetic parameters of the di erent PPls.

\ol. of
distribution Recommended

Kel Kdeg Ky Mol. wt. (Da) (liters) doses (mg)

(hr 1y (hr 1) (M thr 1) m Y D
Reference 17 17 17 1 27 1
Omeprazole (OPZ) 0.866 0.0252 1.34 345.42 43{53 20
Lansoprazole (LPZ) 0.462 0.0537 0.339 369.37 43{53 30
Pantoprazole (PPZ) 0.533 0.0151 0.134 432.4 43{53 40

4.2. Volume of distribution (V)

A range of values for volume of distribution was obtained from a study of lansopra-
zole on 16 healthy male volunteers [69]. Since all PPIs exhibit a largely conserved
chemical structure and clinical data indicates a wide range of possible values for V ,
we assume that these values are the same for omeprazole and pantoprazole as well
[31, 79, 83].
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4.3. Proton pump inactivation (K,) and decay (Kgeg) parameters

Proton pumps are synthesized (or rather inducted into the membrane and activated)
at a zero order rate, and decay at a rate proportional to their number in the
membrane ( rst order). Further, active pumps in the membrane are inactivated by
blood PPI at a rate proportional to the blood concentration of the PPl and the
active proton pump number, i.e., it is de ned by a bimolecular rate constant. The
values for these parameters were obtained from published data [37].

At a molecular level, each PPI binds to di erent sites on the proton pump.
While the binding action is assumed to be irreversible, evidence exists for the role
of a cellular non-enzymatic reducing agent known as glutathione that is involved
in partial recovery of inactivated proton pumps [58]. Hence, we assume that inter-
action with glutathione and extent of recovery also di ers for each of these drugs.
To accommodate this, we model Kgeg as a hybrid parameter accounting for both
natural decay of the proton pump (a system constant) and PPI dependent recov-
ery of the proton pump, which di ers between di erent PPIs. This is logical, given
that it is not experimentally feasible to discriminate between or quantify these pro-
cesses separately. Hence, the value of the Kgeg parameter is variable across di erent
PPIs [37].

5. Sensitivity Analysis

The LHS method not only allows us to obtain measures of uncertainty in parameter
values but also when used together with partial rank correlation gives a measure
of which parameters correlate to changes in the outcome variable (namely gastric
acid). We performed 20 simulations (each with a 300 hour timeframe) varying the
elimination constant (Kg) and proton pump inactivation (K,) rates simultaneously.
We then combined the resulting uncertainty data with partial rank correlation
(PRC) to determine the sensitivity of an outcome variable (i.e., acid levels) to
parameter variation. The Student’s t-test was used to determine the signi cance of
each factor yielding a standard measure of sensitivity. We were also able to evaluate
temporal changes in the signi cance of these parameters to acid levels.

6. Methods

Once we de ne the model and estimate parameters, we solve the system of ordinary
di erential equations to obtain temporal dynamics for each variable in our model.
To this end, we use appropriate numerical methods for solving the system of ODEs.
We use MatLab’s odel5s solver for sti  systems (The Math Works, Inc. Natick MA).
Simulation results are compared with available experimental data for validation.

6.1. Single dose pro le

The e ect of a single dose (administered only once at 7 am on day 2 of the simu-
lation) is studied using a recommended dose value of omeprazole (20 mg). Current
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data indicate that normal acid levels are restored approximately a week after the
last dose [43], irrespective of the duration of treatment. We perform a 300-hour
simulation to verify this.

6.2. Once-daily and twice-daily dose pro les

The e ect of a once-daily dosing regimen (administered once a day, day 4 onwards)
and a twice-daily dosing regimen (administered twice a day, day 4 onwards) on acid
secretion is studied using a recommended dose value of omeprazole (20 mg). 300-
hour simulations are run in both cases. We compare the di erence in mean 24-hour
gastric acid levels between these two regimens. Once daily dose pro les also allow
us to make important inferences about changes in drug bioavailability during the
course of treatment, and this is discussed in the Results section.

6.3. Dose comparison simulations

Of interest in the study of PPIs is the existence of several drugs, and although
they all have the same conserved structure and function [79] their pharmacological
properties are extremely varied (see Table 1). Further, which of omeprazole, lanso-
prazole and pantoprazole is the most e cacious in terms of acid suppression is long
debated [37, 79]. Another area of study is the recommended dosages of these drugs,
which are as described in Table 1. We use our model to compare all three drugs
based on recommended dosing, as well as on a per milligram basis. A PPI is con-
sidered more e cacious than another if it provides a greater degree of 24-hour acid
suppression at clinically tolerable doses. It is considered more potent than another
if lower doses are required to achieve a given degree of acid suppression.

To study the comparative e cacies of omeprazole (OPZ), lansoprazole (LPZ),
and pantoprazole (PPZ) based on recommended dosing (Table 1), we simulate treat-
ment under wild-type conditions, i.e., for a healthy individual. Treatment is initiated
on the third day of simulation with doses of 20 mg for OPZ, 30 mg for LPZ, and
40 mg for PPZ, and a once daily regimen at 7 am.

Comparative e cacy of OPZ, LPZ and PPZ are determined by setting equal
dose values for all three PPlIs, i.e., we evaluate them on a per-milligram basis. We
arbitrarily pick a value of 30 mg for the purpose of presenting our results, although
the model yields consistent outcomes for all possible dose values (data not shown).
Treatment conditions are similar to previous experiments.

6.4. Optimal dosing schedule and regimen

Several studies indicate better acid suppression with morning administration of a
PPI1 as compared to evening [17, 67]. We conduct experiments to determine whether
this observation is re ected in our model, and if so, to which model parameter is this
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schedule most sensitive. An optimal dosing time was de ned as one that provides
the lowest 24-hour mean acid level as compared to other dosing times.

We vary the dosing time for a once daily-dosing regimen over 24 hours to deter-
mine the best dosing schedule for both once daily and twice daily-dosing regimens.
For a once daily dosing-regimen, treatment was initiated with OPZ-20 mg once a
day, and dose time was varied in 1-hour increments. For each simulation, acid levels
are recorded.

For the twice-daily dosing regimen using OPZ-20 mg (10 mg twice a day), the

rst dose is maintained at the previously determined optimal time for once-daily
dosing, and variation in acid levels were recorded with change in timing of the
second dose.

6.5. Treatment simulations

We perform a novel experiment where we examine the use of PPIs in the treat-
ment of gastric disorders. There is a two-fold need for this study: (1) to determine
if recommended treatment periods of 4-8 weeks is su cient for recovery of gas-
tric cell populations and (2) whether PPIs are an appropriate means of treating
some common gastric disorders. The de nition of disease and recovery is crucial
in the context of the model. The acid secretion model has already been used to
perform simulations to ascertain critical elements in the acid secretion process [36].
Conditions such as excessive blood gastrin (e.g., hypergastrinemia) can be easily
simulated with the model, and thus we are able to study e ects of PPI treatment
on e ector levels and cell populations. Hyper-secretion of acid (hyperchlorhydria)
can be similarly modeled. While this logic may be extended to simulate other dys-
functions, we look solely at these two cases and illustrate how by simply exploring
a few model interactions a host of useful information may be obtained.

We simulate excess blood gastrin by elevating gastrin stimulation by 10 times its
normal value, which is consistent with diagnostic levels for hypergastrinemia [39].
Treatment is initiated after steady state levels have been achieved for all variables
in the system (e ector levels, cell populations, etc.), and temporal changes in these
variables are tracked. Simulations are conducted with a single dose regimen of OPZ-
20 mg. A similar experiment is conducted by elevating acid stimulation to simulate
excessive acid secretion, a condition known as hyperchlorhydria.

7. Results

To predict the e cacy of PPIs, we rst simulate the action of PPIs under various
conditions and compare with experimental data (Fig. 5). Having tested the model
for consistency with published data, we then perform simulations using di erent cri-
terion (see Methods section) and obtain time pro les for proton pump, PP (t) and
acid secretion, Ac(t) (Figs. 6{9). All simulations are performed using parameters
speci ed in Tables 1 and 2.
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Fig. 5. Comparison between model and experimental results in terms of acid secretion for OPZ-
30 mg, LPZ-30 mg, and PPZ-40 mg. Walt et al. observe a 94% decline in mean hourly acid
secretion with OPZ-30 mg, and this is comparable to our results [87]. We correlate LPZ-30 mg
results with baseline and pentagastrin stimulated acid secretion tests conducted by Bell et al., and
the mean values from both model and experimental approaches are shown [9]. Model PPZ-40 mg
data is corroborated with trials by Metz et al. on GERD patients [55].

7.1. Model testing

We perform simulations to verify our model by replicating experimental conditions
and comparing results obtained from published human models. Drug e cacy is nor-
mally measured by deviation from baseline, thus we validate our model by studying
the extent of suppression of acid secretion by each drug, rather than by absolute
acid levels. This is rational, since baseline acid secretion values can di er markedly
between individuals. The results for each drug are shown in Fig. 5. The data for
omeprazole are acquired from a clinical study of omeprazole | 30 mg on 9 patients
with duodenal ulcers and normal acid levels [87]. In another report, Allen et al. con-
ducted experiments to study changes in gastrin levels in healthy volunteers with
omeprazole 40 mg [3]. They observed an approximate two-fold increase in basal
gastrin levels, which is also re ected by our model (data not shown). We validate
simulation results for lansoprazole treatment by comparing with a study on healthy
male volunteers where pentagastrin (a synthetic polypeptide that mimics the e ect
of gastrin) infusion is used to stimulate acid secretion, and the ensuing suppression
of acid levels using lansoprazole 30 mg is recorded (Fig. 5) [9]. Pentagastrin tests
were simulated by maintaining constant gastrin levels. We verify pantoprazole e -
cacy with a study describing e cacy of pantoprazole to control gastric acid secretion
in GERD patients (Fig. 5) [55]. This is again possible since GERD patients exhibit
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Fig. 6. Panels A, B and C (gastric acid, relative proton pump concertration and PPI blood
concertration, respectively) show the e ect of a single dose of OPZ-20 mg administered on day
2 of simulation. The acid levels closely follow the active proton pump concertration (Panel B),
and return to normal values within 8{10 days. The comparativ ely shorter blood persistence of
the drug re ects the fact that duration of acid suppression is dictated mostly by proton pump
cycling. Panels D, E and F similarly indicate the e ect of once-daily dosing with OPZ-20 mg
daily, simulated from day 4 onwards. Once again, acid levels closely re ect active proton pump
concertration. The cumulativ e e ect of drug administration on blood levels is not signican t, yet
suppressed acid levels are seento stabilize by the second day of simulated treatment.



