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Abstract

The goal of this study was to create a mass transport model (MTM) model for gastric emptying
and upper gastrointestinal (GI) appearance that can capture the /n vivo concentration—time profiles
of the nonabsorbable drug phenol red in solution in the stomach and upper small intestine by
direct luminal measurement while simultaneously recording the contractile activity (motility) via
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manometry. We advanced from a one-compartmental design of the stomach to a much more
appropriate, multi-compartmental ‘mixing tank’ gastric model that reflects drug distribution along
the different regions of the stomach as a consequence of randomly dosing relative to the different
contractile phases of the migrating motor complex (MMC). To capture the intraluminal phenol red
concentrations in the different segments of the Gl tract both in fasted and fed state conditions, it
was essential to include a bypass flow compartment (‘ magenstrasse’) to facilitate the transport of
the phenol red solution directly to the duodenum (fasted state) or antrum (fed state). The fasted
and fed state models were validated with external reference data from an independent aspiration
study using another nonabsorbable marker (paromomycin). These results will be essential for

the development and optimization of computational programs for GI simulation and absorption
prediction, providing a realistic gastric physiologically-based pharmacokinetic (PBPK) model
based on direct measurement of gastric concentrations of the drug in the stomach.

Keywords

Human gastric emptying; Bioavailability; Gastrointestinal mass transport model; Bioequivalence;
Aspiration/motility study; Phenol red; Paromomycin; /nn vivo dissolution; Oral absorption;
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Introduction

Following ingestion of an oral dosage form, the stomach is the first compartment where

the drug product will reside. Where the tablet or capsule initially resides and disintegrates
in the stomach may be determined by the motility patterns of the stomach and upper
gastrointestinal (GI) tract at the time of dosing. The interaction of the oral drug product
with the acidic pH of gastric fluids can have a further role in the drug’s behavior

along the intestinal tract. For example, a plausible longer residence time in the stomach
promoted intestinal absorption for the weak base posaconazole (pKa 3.6 & 4.6) after
administration of a 400 mg therapeutic dose with the acidic beverage Coca-Cola® [1]. For
the weakly acidic drug ibuprofen (pKa ~ 4.85), the onset of post-dose phase 11l contractions
(TMMC-I1) was correlated with the systemic Tax and Cpax Of the drug. The earlier this
strong burst of contractions (phase 111 of the migrating motor complex (MMC)) appeared
after oral ingestion of the immediate-release tablet of ibuprofen, the higher the maximal
concentrations of ibuprofen that were observed in plasma [2,3]. Thus, random dosing of a
drug product relative to the different phases of contractile activity of the migrating motor
complex (MMC) is itself a significant (random) variable in the subsequent systemic drug
exposure. The GI motility state at time dosing can lead to systemic availability variation that
is not product related but Gl state at the time of dosing related [4].

Recently, the stomach has received increasing attention as formulation and product
development scientists are aware of the fact that this distensible organ cannot be neglected in
predinical /n vitro models in order to optimize their predictions of the /n vivo performance
[5,6]. Presenting the stomach as a one-compartmental reactor oversimplifies the dynamic
gastric environment in terms of the present state of matility (7.¢e., contractile patterns),

the gastric mixing of drug content, solution and solid, with gastric fluids, and the
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gastric emptying of the administered fluid volume. Revisions and optimizations of gastric
compartments in different /n7 vitro models have been considered [7-9]. For example, the
gastric compartment of the TIM-1 model has recently been revised in order to reflect more
adequately the dynamic gastric conditions. In order to simulate mixing liquid velocity and
pressure (contractile) events, the stomach was redesigned to include separately controlled
motility for the body and antrum [10].

It has been shown that, depending on the time of administration relative to the MMC phase,
drug distribution along different regions of the stomach (/.e., antrum and body) can result

in an inhomogeneous (/.e., not well mixed) presence of the drug (solution and particles)

in the stomach [11]. The situation is even more complex in postprandial conditions, as

the intake of a meal significantly changes the physiological response of the Gl tract [12].
The intake of food will, typically, increase the gastric emptying time, increasingly with
greater caloric content (particularly fat content). The antral contractile waves (ACW) initiate
gastric mixing and the heterogeneous fluid shear forces (retropulsion) will aid in (i) particle
size reduction, (ii) stimulates contact between residual gastric fluids and food content and
(iii) partial digestion of the meal content in the stomach. After oral administration of the
nonabsorbable marker paromomycin (Biopharmaceutics Classification System (BCS) class 3
drug), multiple concentration peaks were observed in the individual duodenal profiles of five
healthy subjects in the fed state condition. The authors hypothesized that this phenomenon
might be due to the ‘Magenstrasse’(i.e., the stomach road), the route for liquids to travel
directly from the fundus (/.e., the upper part of the stomach) to the upper small intestine via
the antrum, independent of the ACW [13,14].

These results suggest that a new multi-compartmental paradigm is required and should
reflect drug distribution in the different regions of the stomach as a consequence of random
dosing relative to the different MMC phases (Fig. 1) [4,15-17].

As many /n vitro models take into account the complex situation regarding the stomach,
widely-used 7n sifico models still handle the stomach as a one-compartmental, well-stirred
design. Depending on the present motility at the time of administration, an inhomogeneous
distribution of the drug along the stomach can be notified and may have an immense impact
on gastric emptying of the drug. Especially when the rate-limiting step in drug absorption is
related to gastric emptying, processes such as intragastric drug distribution in the different
regions of the stomach should be considered to make the right predictions towards the

in vivo exposure of the drug. Moreover, whenever data from the abovementioned /n vitro
models will be used as an input for /n sificotools, a revision of the in silico gastric
compartment will be crucial and necessary in order to be adequately attuned to each other.

The aim of this study was to develop a mass transport model (MTM), based on the
continuous stirred-tank reactor (CSTR) concept, that adequately reflects the distribution of
the administered solution of a nonabsorbable marker throughout the stomach, duodenum and
jejunum. The scientific rationale of this MTM model is based on intraluminal concentration-
time profiles of phenol red (honabsorbable drug in solution), as administered to healthy
subjects with 250 mL of water in fasted and fed states [2,3]. The development and validation
of this model will be useful for a better understanding of drug delivery and distribution in
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the Gl tract and the corresponding implications for the systemic availability and variability
of orally administered drug products.

2. Materials and methods

2.1. Chemicals

2.2.

Phenol red was obtained from U.S. Pharmacopeia (Rockville, MD). Trifluoroacetic acid
(TFA), formic acid, methanol and acetonitrile were obtained from Fisher Scientific Inc.
(Pittsburgh, PA). All chemicals were of analytical grade or HPLC grade. Purified water (7.e.,
filtrated and deionized) was used for the analysis method of phenol red (Millipore, Billerica,
MA).

Intraluminal profiling of phenol red in Gl fluids of healthy volunteers

Intraluminal concentrations of phenol red were measured in aspirated gastric, duodenal

and jejunal fluids of healthy volunteers in fasted and fed state after oral administration

of a phenol red solution. Phenol red was introduced as a nonabsorbable drug in 1923

by Gorham and has been intensively used as an indicator to study gastric emptying and
intestinal transit times [18-20]. The drug is classified as a low permeable compound with
less than 10% secreted in the urine after oral administration [21,22]. The design of the
clinical study has recently been described by Hens et al. [2]. A total of 13 fasted state

(6 women and 7 men) and 11 fed state subjects (4 women and 7 men) drank a glass

of water containing phenol red. All subjects provided written informed consent before
participating the clinical study. Samples collected in this study were part of clinical trial
NCT02806869. The institutional review boards at the University of Michigan (IRBMED,
protocol number HUMO00085066) and the Department of Health and Human Services, Food
and Drug Administration (Research Involving Human Subjects Committee/RIHSC, protocol
number 14-029D), both approved the study protocol.

Upon arrival to the hospital, a customized multi-channel aspiration/manometry catheter
(body length 292 cm; diameter 7 mm; MUI Scientific, Mississauga, ON) was intubated

via the mouth and positioned in the distal/mid-jejunum, proximal jejunum, duodenum, and
in the antrum of the stomach (/.e., lower part of the stomach), confirmed by fluoroscopic
imaging. Each segment contains aspiration and motility channels to aspirate Gl fluids and to
measure pressure events along the Gl tract, respectively. Manometry was simultaneously
used to capture the contractile activity of the stomach and upper small intestine (7.e.,
duodenum and jejunum). Volunteers were asked to remain in a hospital bed in an upright
sitting position (during the baseline motility test as well as the study). After performing a
baseline matility test of 3-5 h (fasted state), an immediate-release tablet of ibuprofen (Dr.
Reddy’s Laboratories Limited (Shreveport, LA; IBU-lIbuprofen Tablets, USP, 800 mg, Lot
no. L400603)) was administered together with 250 mL of water containing 0.1 mg/mL USP
grade phenol red as a nonabsorbable marker for monitoring Gl fluid changes related to
dilution, secretion, and absorption. Dosing was random relative to the fasted state cyclical
contractile phase of the MMC in the stomach and upper small intestine. The use of phenol
red as a nonabsorbable marker has been extensively described in the literature [22-25]. To
induce the fed state condition, volunteers were asked to drink two cans of Pulmocare® (total
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volume of 474 mL, containing 29.6 g of proteins, 44.2 g of fat, 25 g of carbohydrates, and

a total amount of 710 calories) prior to dose administration. Volunteers were not obliged

to drink the total amount of administered water and/or liquid meal to avoid any feeling of
nausea prior to the start of the study. In the fasted state, volunteers drank on average 239 mL
of water (standard deviation of 30 mL). In the fed state, volunteers drank on average 200
mL of water (standard deviation of 67 mL) and 357 mL of Pulmocare® (standard deviation
of 131 mL). The study drug, water, and/or Pulmocare® (Abbott Nutrition, Lake Forest, IL)
were swallowed by the subjects rather than administered via the Gl catheter. Subsequently,
Gl fluids were aspirated for 7 h and analyzed for ibuprofen and phenol red. Motility patterns
were analyzed and classified as follows: powerful antral phase 111 contractions were defined
as the regular occurrence of at least 2 contractions per minute for a period of no less

than 2 min with an average amplitude of 75 mmHg. Duodenal phase 111 contractions are
characterized by a rate of at least 11 contractions per minute with an average amplitude

of 33 mmHg lasting at least 3 min [15]. The time of appearance of phase 11l post-dose
activity was an important physiological variable responsible for empty a large quantity of
drug product from stomach into small intestine [2,4].

Development of the MTM of phenol red and paromomycin in a multi-compartmental

in silico model in the fasted state

For the first approach, the average intraluminal phenol red concentrations of all volunteers
were adjusted by a three-compartment model in series representing the stomach, duodenum
and jejunum, respectively. We will refer to this model throughout the manuscript as ‘Model
1’ (Fig. 2). All simulations were performed in Berkeley Madonna (version 8.3.18, University
of California at Berkeley, CA). For the underlying equations that were used for this MTM,
the reader is referred to the supplementary information.

The different parameters that were used to simulate the average profile of phenol red for all
volunteers (n = 13) via Model 1 are depicted in Table 1.

A virtual run was simulated where the phenol red (0.1 mg/mL) was transported throughout
the different segments of the Gl tract. The software estimated half-life values in order to
adjust the observed /in vivo profiles from person to person. The mathematical software
modeling package curve-fitted the intraluminal profiles of phenol red in each segment,
representing the best value for each half-life value (as listed in Table 1 and highlighted with
an asterisk), the most adjacent to the /n vivo situation.

Models of increasing complexity were developed by including the following features:

. An equivalent pathway such as the ‘magenstrasse’to create a bypass flow to
simulate the observed rapid arrival of the phenol red solution to the antrum/
duodenum;

. A compartment in the bypass flow to modulate the emptying rate from the

bypass flow in the antrum (fed state) or duodenum (fasted state);

. A slow-equilibrating compartment linked to the antrum described as “dead
space”;
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. A second compartment in the stomach in series with the antrum that would
correspond anatomically with the stomach body.

The combination of these features resulted in 10 different structural stomach reactor models.
In order to select the adequate model, two criteria were used: (i) the goodness of fit indices
as the sum of squared residuals (SSR), Akaike Information Criterion (AIC) values (n)

and RZ and, on the other hand, (ii) the feasibility of the parameter values based on our
current knowledge of gastric and intestinal physiology. Finally, the model providing the best
fit while presenting parameters under physiological limits was selected. The final model,
‘Model 8’, that was evaluated for its predictive power using gastric, duodenal and jejunal
phenol red concentrations of fasted state subjects B004-F2, B0O05-F2, B006-F1, BO17-F2,
B055-F2 and B063-F1 as reference data (Fig. 3). These volunteers demonstrated a complete
dataset of phenol red concentrations in the stomach, duodenum and jejunum. Missing data at
certain time points, however, were due to an inability to obtain an aspiration sample from an
intestinal segment/aspiration port at that specific time point.

The different parameters to adjust the average phenol red concentration-time profile for all
participating volunteers via Model 8 are depicted in Table 2.

Model 8 was validated with external intraluminal data of another nonabsorbable marker,
paromomycin (BCS class 3) [13]. In an independent study, this marker was orally
administered to healthy volunteers as a solution (250 mL) in fasted and fed state conditions
after which gastric and duodenal fluids were aspirated and intraluminal paromomycin
concentrations were measured. Intragastric concentrations of this marker were also studied
after oral ingestion of an immediate-release tablet of paromomycin with 240 mL of tap
water to see how the drug would be distributed between antrum and body [11]. In all
paromomycin studies, volunteers ingested the total amount of co-administered water/meal.
This tablet was administered in a two-way cross-over study design: in the first arm, the
tablet was administered during a quiescent phase (phase | of the MMC; /.e., no contractions
observed); in the second arm, the tablet was administered during phase 1l of the MMC (/.e,,
phase of intermittent contractions). Extra parameters and equations were added to model

8 in order to describe dissolution following oral administration to the body and antrum.
The tablet was assumed to directly reach the body compartment after administration in the
simulation.

2.4. Development of the MTM of phenol red and paromomycin in a multi-compartmental
in silico model in the fed state

In a first experiment, average concentrations of phenol red were used as a reference and
compared with adjusted concentration-time profiles derived from Model 1 (Fig. 1). Ina
second experiment, concentration-time profiles of fed state subjects B020-P1, B026-P1 and
B060-P1 served as reference data and were compared with adjusted gastric, duodenal and
jejunal profiles derived from Model 10 (Fig. 4), as only these volunteers had complete
datasets of phenol red concentrations in the stomach, duodenum and jejunum.

To validate Model 10, external intraluminal data of another nonabsorbable marker,
paromomycin, was used once again [13]. Intraluminal gastric and duodenal concentrations
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of paromomycin were determined after oral administration of a solution of the marker to
five healthy subjects. The simulation of fed state conditions was also assessed in this study
by the oral administration of a liquid meal (Ensure Plus®). All volunteers ingested 400 mL
of Ensure Plus® 20 min prior to administration of the 250 mL of paromomycin solution.
All integrated parameters in Model 10 that were applied to describe the average phenol red
concentration-time profile of all participating volunteers (n = 11) are depicted in Table 3.

2.5. Phenol red & paromomycin bioanalytical method

2.6.

Phenol red concentrations were analyzed in gastric, duodenal and jejunal fluids for all
healthy volunteers that participated the clinical study. Bioanalyses of phenol red were
performed using an Agilent 1100 series high-performance liquid chromatography (HPLC)
system controlled by Chemstation® 32 software (version B.01.03) which is equipped with an
Agilent Zorbax Eclipse XDB-C18 (5 um, reversed phase) 4.6 x 150 mm column. A mixture
of 5% acetonitrile containing 0.1% TFA and 95% water containing 0.1% TFA served as
mobile phases as the initial condition of gradient mode at a flow rate of 1.0 mL/min at
ambient temperature. The acetonitrile gradient changes from 5% to 95% in a 14 min run

for phenol red. The UV detection was accomplished at 430 nm. The concentration was
calculated with the standard solution of phenol red and the bioanalysis method was validated
according to the FDA guidelines [29]. Paromomycin was analyzed in human gastric and
duodenal fluids by HPLC-FLUO as stated by Hens et al. [13]. Briefly, paromomycin was
derivatized with 9-fluorenyl methoxycarbonyl chloride (FMOC-CL). After centrifugation,
20 pL of the supernatant was added to 430 pL of borate buffer (0.4 M, adjusted to pH 8 with
50% w/v potassium hydroxide solution). Upon addition of 500 pL of an FMOC-CL solution
in acetonitrile (4 mM), the mixture was incubated in the dark and repeatedly vortexed to
allow for paromomycin derivatization. After 10 min, the reaction was stopped by adding

50 pL of glycine solution in borate buffer (0.1 M). Potential protein in the samples was
separated by centrifuging the samples. Subsequently, 10 uL of supernatant was injected into
the HPLC. An isocratic run with acetonitrile: water (87:13 v/v) was performed with a flow
rate of 1 mL/min to generate a retention time of 7.8 min. The bioanalytical method was
validated according to the FDA guidelines [29].

External data acquisition

Experimental data from paromomycin (solution and tablet) [11,13] were extracted from
literature data with the aid of “GetData Graph Digitizer” V.2.26.

3. Results and discussion

3.1.

MTM of phenol red and paromomycin in the fasted state

In the first set of experiments, the average concentration-time profiles of phenol red were
compared with the adjusted outcomes of Model 1: observed gastric, duodenal and jejunal
phenol red concentrations were directly compared with adjusted concentrations (Fig. 5).

It was clear that the predictions did not match with the observed data, especially not for the
initial gastric concentration-time points. Based on a previous magnetic resonance imaging
(MRI) study, it was shown that a liquid empties the stomach extremely fast, captured by a

Eur J Pharm Biopharm. Author manuscript; available in PMC 2022 February 28.
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first-order kinetic process [26]. However, to date, it is still a question how the administered
water would be distributed in the stomach after oral administration. To the extent of

our knowledge, only two external aspiration studies have been performed looking at the
intragastric distribution of a nonabsorbable marker in humans. In the first study, a solution
of paromomycin was administered to healthy volunteers and concentrations were measured
in the antrum and duodenum. Based on the results of this study, gastric concentrations

of paromomycin were very variable between subjects which could be attributed to (i) an
extremely fast gastric emptying process due to the early and high maximal concentration
of paromomycin in the duodenum after oral intake and/or (ii) inhomogeneous mixing of
the residual gastric fluids and the solution at the time of administration. Gastric emptying
time was measured in that particular study and confirmed the extremely fast process of
gastric emptying. To investigate the second hypothesis, a follow-up study looked at the
intragastric distribution of paromomycin in the body and antrum of the human stomach
after oral administration of an immediate-release tablet during a phase | and a phase |1
period of the MMC cycle. It was observed that administration of the tablet during the
more contractile phase 11 resulted in a more homogeneous distribution of the marker along
the stomach. Additionally, Imai et a/. have proposed, based on numerical simulations with
an anatomically realistic geometry, the existence of an area in the proximal stomach with
poor mixing, acting as a reservoir [30]. Urbain et al. clearly demonstrated the transit of

the stomach content from the upper stomach to the antral zone with peristaltic contractions
by applying a visualization technique with a radionuclide, demonstrating that the stomach
content mixing is neither instantaneous nor homogeneous [31]. More recently, Weitschies et
al. applied magnetic marker monitoring (MMM) of a solid dosage form and observed the
location of the tablet in the stomach after the oral administration [32]. The tablet resided

in the upper stomach for a while before transiting to the antrum. Based on these insights,
we extended Model 1 to Model 8, that divides the gastric compartment into three different
compartments: the body, the stomach and the bypass compartment, as demonstrated in
Fig. 3. The revised model was able to adequately simulate the intraluminal concentrations
of phenol red in the different segments of the Gl tract for fasted state subjects B004-F2,
B005-F2, B006-F1, B017-F2, B055-F2 and B063-F1 (Fig. 6).

Table 4 depicts the values of the different parameters that were integrated into model 8
in order to simulate the observed phenol red concentration-time profiles of the different
subjects.

The coefficient of variation (CV) is highly variable, which can be explained by the fact that
the phenol red solution will encounter a different chemical and physical environment in the
stomach, depending on the dosing time relative to the GI motility cycle. The parameters
displayed in Table 2 that were used to describe the average phenol red concentrations
across 13 subjects are in good agreement with the optimized parameters for each individual
subject as depicted in Table 4. For these 13 subjects, not a complete dataset of phenol

red concentrations was available in all the different segments (stomach, duodenum and
jejunum), but only partial data was available. The fraction of administered phenol red
solution that was directly emptied into the duodenum was on average 43%, which is
extremely high. The fast emptying of the administered solution was more pronounced for
subjects with an early onset of phase 111 contractions post-dose, as demonstrated in Fig. 7.
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The fraction bypassed correlated negatively with the time to the MMC phase 3 post-dose,
indicating that the motility state at the time of dosing is a principal determinant of initial
gastric emptying rate. This trend between the bypassed fraction and the time to appearance
of phase Il contractions (/.e., the house-keeper wave) post-dose clearly demonstrates the
motility-dependent gastric emptying of the phenol red solution. The same observations were
observed by Oberle et al. in 1990 who clearly demonstrated how the interdigestive MMC
influences the gastric emptying of liquids in humans after oral administration of 50- and
200 mL phenol red solutions [33]. In general, the gastric emptying of water in the fasted
state is an extremely fast process: a recent MRI study performed by Grimm and colleagues
showed the intersubject variability in gastric emptying of an administered glass of water.
The measured gastric emptying half-life was on average 7 + 4 min for the administered
water, whereas a delayed gastric emptying was observed for grapefruit juice (35 = 27 min)
and an isocaloric glucose solution (33 £ 22 min), most likely due to the caloric content of
these beverages [34].

In addition, Model 8 was applied in a next step to simulate the gastric and duodenal
paromomycin concentrations as observed in five healthy volunteers after oral administration
of a paromomycin solution. Gastric and duodenal fluids were aspirated from the stomach
and duodenum using two independent catheters (Salem Sump, TM PVC Gastroduodenal
Tube, 14 Ch (4.7 mm) - 108 cm; Covidien, Dublin, Ireland). The sampling procedure was
similar as performed at The University of Michigan. Observed and adjusted data are given in
Fig. 8.

Remarkably, the lower gastric concentrations that were observed in this study were hard

to explain by the authors. As there were no manometric recordings in this study, dose
administration could not be related to motility phase, which is an important variable in
explaining gastric emptying of liquids (reflected in the high variability of SEM as depicted
in Fig. 8). We estimated an average bypassed fraction of 49% approximately (Table 5).

To validate the impact of the body and antrum compartment in Model 8, we used
independent external reference data. In this study, an immediate-release tablet of
paromomycin was administered to healthy volunteers and gastric fluids were aspirated
from both segments in the stomach by two independent catheters [11]. The tablet was
administered on two separate days: on the first test day, the tablet was administered during
a phase | of the MMC cycle (Fig. 9A); on the second test day, the tablet was administered
during a phase 11 of the MMC cycle (Fig. 9B).

A summary of the obtained values to simulate the observed profiles is given in Table 6.

In some cases, a house-keeper wave (/.¢., strong burst of phase Il contractions) was
implemented in order to remove the drug out of the stomach compartment as the /in vivo
data demonstrated a major drop in gastric concentrations of paromomycin after a certain
time point. This was mostly seen for the second arm of the study when the tablet was
administered during the phase Il of the MMC cycle. For immediate-release dosage forms
of BCS class | compounds, the absorption rate will be determined by the rate of gastric
emptying [35]. The rate of gastric emptying for a 50 and 200 mL liquid is in the same
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line as observed for the immediate-release tablet of paromomycin, suggesting that if drug
dissolution is fast enough (/.e., 85% dissolved in less than 15 min), bioequivalence can be
insured as stated by the biowaiver guideline [35]. After administration, it is highly likely
that a phase Il contractile wave occurs in the subsequent two hours of the study time,
thereby removing the drug content out from the stomach. From a historical point of view,

it has always been assumed that no sex-related differences exist regarding gastric emptying.
However, this remains controversial since there is more evidence that women have slower
gastric emptying rates [36]. Gender-related differences in gastric emptying can also be
attributed to the stomach shape, which is one of the future topics to investigate by MRI
studies [36-42]. Differences in the half-life for dissolution between the body and antrum
can be explained by the differences in motility patterns between both segments: the body
and fundus are crucial for the accommodation of ingested food by acting as a distensible
reservoir through the regulation of gastric wall tonicity, whereas the antrum is responsible
for the mixing, propulsion and eventual expulsion of gastric contents from the stomach into
the upper small intestine. This facilitates the disintegration of the tablet and dissolution of
the drug compound [12].

MTM of phenol red and paromomycin in the fed state

Fig. 10 shows the average phenol red concentrations of all volunteers in the different
segments of the Gl tract using the simple Model 1.

Again, as seen for the fasted state adjustments, the simulated profiles did not capture the
observed profiles. The intake of food will delay the gastric emptying time (increasingly with
greater caloric density and fat content) as antral contraction waves (ACW) initiate digestion
of food content in the stomach. The drug will reside in the antrum for a longer period of time
compared to the fasted state due to the fact that the ACW primarily initiate food digestion in
the stomach causing a delay in gastric emptying [12,43]. However, as earlier mentioned in
the introduction, the gastric emptying of water is not necessarily influenced by the presence
of food. In the case of a liquid meal, it has been demonstrated that water directly reached

the antrum and was subsequently rapidly emptied from the stomach into the small intestine,
following the ‘Magenstrasse’[14,44].

Even for a solid meal, it was shown by Koziolek and colleagues that a fast gastric

emptying of water was observed, orally administered 30 min after ingestion of high-caloric,
high-fat standard breakfast [45]. After administration of a meal, the total gastric volume
can expand tremendously in response to the ingested meal, which is also known as

‘gastric accommodation’. The fundus will serve as a reservoir and the food will be slowly
transported to the antrum by gastric wall contractions. Due to the lipids present in the meal,
differences in density between the water and food content will result in a flow of water

that resides on top of the meal (as seen on MRI scans), resulting in a different distribution
of the administered water throughout the stomach [45]. Therefore, revision of the gastric
compartment is essential and necessary, both in the fasted as in the fed state. A recent study
demonstrated how the texture of the meal, in terms of fat content, was identified as highly
important for the formation of an intragastric pathway for water by performing MRI studies
[44].
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These insights led to Model 10 that describes the distribution of the drug in the body

and antrum and contains a bypass compartment that can easily transport the drug towards
the antrum after oral ingestion. Fig. 11 demonstrates the average and individual simulated
gastric, duodenal and jejunal concentration-time profiles of phenol red derived from Model
10 and compared with the average concentration-time profiles as observed in the clinical
study.

Table 7 demonstrates the applied values for the integrated parameters of Model 10 to
describe the simulated individual profiles.

The parameters displayed in Table 3 that were used to describe the average phenol red
concentrations across 11 subjects are in good agreement with the optimized parameters for
each individual subject as depicted in Table 7. To validate this model, external intraluminal
data of paromomycin concentrations were used. Twenty minutes after administration of the
400 mL liquid meal (Ensure Plus®), a 250 mL solution of paromomycin was administered
to 5 healthy volunteers. Subsequently, antral and duodenal fluids were aspirated using

two different catheters as a function of time and paromomycin concentrations were
measured in these aspirates [13]. Fig. 12 depicts the observed concentration-time profiles
of paromomycin versus the simulated ones, derived from Model 10.

Table 8 presents the applied values to simulate the individual observed concentration-time
profiles of paromomycin for each volunteer.

Half-life values are quite low as the administered paromomycin solution can easily flow to
the antrum and emptied rapidly into the duodenum. Gastric half-life values of the antrum are
in line with the gastric half-life values observed in the fasted state. This can be explained by
the fact that the gastric water emptying in the fed state can be as fast as in the fasted state, as
recently demonstrated by Grimm et al. [44].

Overall, the approach to develop a predefined model to adequately describe the passage
of water throughout the stomach and small intestine accurately simulates the experimental
observations. Moreover, the model highlights the importance of integrating more complex
yet essential aspects of Gl physiology especially related to the stomach, both in fasted and
fed state.

4. Conclusion and future directions

The present study developed a mechanistic, /n silico multi-compartmental model that
adequately simulates the mass transport of phenol red and paromomycin throughout the
stomach, duodenum and jejunum. In order to capture the intraluminal concentrations of
phenol red and paromomycin as observed in healthy volunteers, it was necessary to develop
a dynamic, physiologically-relevant model that could capture the different concentration-
time profiles in the several segments of the Gl tract. The results required a change from

a one-compartmental design of the stomach to a more accurate, multi-compartmental
approach in order to reflect drug distribution in different regions of the stomach as a
consequence of randomly dosing relative to the different contractile phases of the MMC.

In case of the fasted state simulations, the alternative route for liquids to travel directly
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from the upper part of the stomach to the upper part of the small intestine is a major
variable that must be considered for the volumes present in the intestinal tract for further
drug dissolution. In case of the fed state, it was of utmost importance to include a bypass
compartment to facilitate the transport of the phenol red solution directly to the antrum.
The fasted state and fed state models were validated with external reference data from an
independent aspiration study, using another nonabsorbable marker (paromomycin). Future
studies will focus on implementing time-dependent motility into both models in order to
evaluate the impact of motility pressure events on local drug concentrations along the Gl
tract. Furthermore, both models will serve as a template to simulate the MTM of ibuprofen,
a BCS class 2a drug compound, in the different segments of the GI tract in fasted and

fed state conditions. Additions to the models will be added in order to simulate intestinal
absorption and pH-dependent dissolution. The predictive power of both models will need to
be further validated by available intraluminal and systemic drug level results. Exploring the
various physiological variables simultaneously will allow us to create more insights into Gl
physiology and how it affects oral drug absorption and systemic availability [41].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Different segments of the upper Gl tract, representing the fundus, body and antrum (/.e., the
stomach) followed by the transfer to the duodenum (/.e., the upper small intestine).
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Model 1:
+ Stomach Reactor without Bypass
* Duodenum and jejunum reactors in series

‘ Water in (zero order)

Rw)J

KtJ (transit first order)

‘ ‘ Water out (first order)
Fig. 2.

Representative illustration of the MTM of ‘Model 1’ that consists of three reactors in series
representing the stomach, duodenum and jejunum, respectively. C4g stands for the initial
concentration of phenol red present in the glass of water; Qg stands for the input flow
(namely 250 mL in 2 min); Ry,p and Ryy; stands for the secretion rate constants in the
duodenum and jejunum, respectively; Ky, represents the water absorption rate constants,
present in the duodenum and jejunum; KtD and KtJ are the first-order transit rate constants
in the duodenum and jejunum, respectively.
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Model 8:
Qo, Cao » Stomach Reactor with two vessels in seris and WITH
Bypass Vessel

* Duodenum and jejunum reactors in series

Antrum
PR Dose

| é

Water in (zero order)

Bypass Tank
RwlJ

KtJ (transit first order)

Bypass Flow

‘ Water out (first order)

Fig. 3.

Representative illustration of the MTM of ‘Model 8’ that consists of a body and antrum

in series and a bypass compartment. Duodenum and jejunum reactors are connected in
series with the stomach compartment. The bypass compartment can directly empty the
administered solution of phenol red into the duodenum. C,q stands for the initial given dose
of phenol red present in the glass of water; Qg stands for the input flow (namely 250 mL in
2 min); Ry,p and Ry stands for the secretion rate constants in the duodenum and jejunum,
respectively; Kq,y represents the water absorption rate constants, present in the duodenum
and jejunum; KtD and KtJ are the first-order transit rate constants in the duodenum and
jejunum, respectively.
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Model 10:

Qo, Cao + Stomach Reactor with two vessels in seris and WITH
Bypass Vessel to lower stomach

* Duodenum and jejunum reactors in series

Bypass Flow

Antrum
Bypass Tank PR Dose

' é

Water in (zero order)

RwlJ

Kt (transit first order)

Water out (first order)

¢

Fig. 4.

Representative illustration of the MTM of ‘Model 10’ that consists of a body and antrum

in series and a bypass compartment that can transfer the phenol red solution directly to

the antrum. Duodenum and jejunum reactors are connected in series with the stomach
compartment. C,q stands for the initial concentration of phenol red present in the glass

of water; Qg stands for input water flow 7.e., 250 mL in 2 min; Ry,p and R,y; stands for

the secretion rate constants in the duodenum and jejunum, respectively; K, represents the
water absorption rate constants, present in the duodenum and jejunum; KtD and KtJ are the
first-order transit rate constants in the duodenum and jejunum, respectively.
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Jejunum

Time (h)

— -+ - Jejunum_pred

Average /n vivo (n = 13; mean + SD) and adjusted concentration-time profiles of phenol red
for all subjects in the stomach, duodenum and jejunum using Model 1.
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Fig. 6.

Ogserved and simulated average and individual fasted state concentration-time profiles
of phenol red as a function of time. Stomach concentrations refer to the concentrations
measured (/n vivo) and simulated (/n7 sifico) in the antrum. Adjusted values were derived
from the simulations of model 8.
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The bypassed fraction of phenol red for each subject as a function of the time when the first
phase 1l contractions were observed post-dose.
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Experimental and adjusted fasted state concentration-time profiles of paromomycin as a
function of time. Applied values were derived from the adjustments of Model 8. Observed
values are expressed as mean £ SEM (n = 5) and obtained from literature [13].
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Fig. 9.
(A) Experimental and adjusted concentration-time profiles of paromomycin after oral

administration of an immediate-release tablet of 250 mg of paromomycin during a

phase | contractile activity. (B) Experimental and simulated concentration-time profiles
of paromomycin after oral administration of an immediate-release tablet of 250 mg of
paromomycin during a phase |l contractile activity. All observed data were obtained from
literature [11].
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Fig. 10.

Average /n vivo (n = 11; mean + SD) and adjusted concentration-time profiles of phenol red
for all fed subjects in the stomach, duodenum and jejunum using Model 1. Observed data is
presented as average + SD.
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Fig. 11.
Observed and simulated average fed state concentration-time profiles of phenol red as a

function of time. Stomach concentrations refer to the concentrations measured (/n7 vivo) and
simulated (/n silico) in the antrum. Adjusted values were derived from the simulations of
Model 10.
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Fig. 12.
Experimental and simulated fed state concentration-time profiles of paromomycin as a

function of time. Applied values were derived from the adjustments of Model 10. Observed
values are expressed as mean + SEM (n = 5) and obtained from Hens et al. [13].
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Table 1

Integrated parameters that were used to describe the average phenol red concentrations along the different
compartments in Model 1. The parameters assigned with the asterisk “*” are the parameters that were subject

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

of optimization to estimate their value for each individual dataset.

Parameter Meaning Value  Reference

*112_stm Gastric half-life of emptying (min) 13 Optimized by curve fitting
*t1/2_duo Duodenal half-life of emptying (min) 10.8 Optimized by curve fitting
*12_jej Jejunal half-life of emptying (min) 25.6 Optimized by curve fitting
Vrstm Residual volume stomach (mL) 35 [26]

Vlduo Residual volume duodenum (mL) 6 [26]

Vriej Residual volume jejunum (mL) 12 [26]

Cao Initial dose phenol red administered (ug/mL) 100 [2]

Kans First-order absorption rate constant of water in duodenum and jejunum (min~!)  0.0096  [27,28]
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Table 5

Page 32

Applied values to simulate the average gastric and duodenal concentrations of paromomycin as a function of
time in fasted state conditions after oral administration.

Mean profile

ty2 (Min) antrum
ty2 (min) body

ty2 (Min) bypass
ty2 (Min) duodenum

Fraction bypassed

2.71
22.1
6

0.76
0.49
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Table 7

Applied values for fasted state subjects B020-P1, B026-P1 and B060-P1 to simulate the gastric (antral),
duodenal and jejunal concentrations of phenol red as a function of time.

B020-P1 B026-P1 BO060-P1 Median Mean SD CV%
ty2(min) antrum 24 16 10 16 17 7 42
ty/o(min) body 100 247 115 115 154 81 53
ty2(min) bypass 8 33 0 8 14 17 126
typ(min) duodenum 2 29 2 2 11 16 142
t12(min) jejunum 14 26 4 14 15 11 75
Fraction bypassed 0.40 0.43 0.20 0.40 0.34 0.13 36
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Table 8

Applied values to simulate the average gastric and duodenal concentrations of paromomycin as a function of
time.

Average profile

ty2 (Min) antrum 114
ty2 (min) body 276
ty/2 (Min) bypass 22.6

ty» (Min) duodenum 0.6
Fraction bypassed 0.45
Volume meal (mL) 400

Eur J Pharm Biopharm. Author manuscript; available in PMC 2022 February 28.



	Abstract
	Introduction
	Materials and methods
	Chemicals
	Intraluminal profiling of phenol red in GI fluids of healthy volunteers
	Development of the MTM of phenol red and paromomycin in a multi-compartmental in silico model in the fasted state
	Development of the MTM of phenol red and paromomycin in a multi-compartmental in silico model in the fed state
	Phenol red & paromomycin bioanalytical method
	External data acquisition

	Results and discussion
	MTM of phenol red and paromomycin in the fasted state
	MTM of phenol red and paromomycin in the fed state

	Conclusion and future directions
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Fig. 9.
	Fig. 10.
	Fig. 11.
	Fig. 12.
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6
	Table 7
	Table 8

