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Abstract. Over the last 10 years, 40% of approved oral drugs exhibited a significant effect
of food on their pharmacokinetics (PK) and currently the only method to characterize the
effect of food on drug absorption, which is recognized by the authorities, is to conduct a
clinical evaluation. Within the pharmaceutical industry, there is a significant effort to predict
the mechanism and clinical relevance of a food effect. Physiologically based pharmacokinetic
(PBPK) models combining both drug-specific and physiology-specific data have been used to
predict the effect of food on absorption and to reveal the underlying mechanisms. This
manuscript provides detailed descriptions of how a middle-out modeling approach,
combining bottom-up in vitro-based predictions with limited top-down fitting of key model
parameters for clinical data, can be successfully used to predict the magnitude and direction
of food effect when it is predicted poorly by a bottom-up approach. For nefazodone, a
mechanistic clearance for the gut and liver was added, for furosemide, an absorption window
was introduced, and for aprepitant, the biorelevant solubility was refined using multiple
solubility measurements. In all cases, these adjustments were supported by literature data
and showcased a rational approach to assess the factors limiting absorption and exposure.
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INTRODUCTION

The consumption of food around drug dosing time can
alter absorption of an orally administered medicine (1). Over
the last 10 years, 40% of the oral drugs approved by the FDA

or EMA show a significant effect of food on their pharma-
cokinetics (PK) (2). Therefore, determination of the magni-
tude and direction of food effect is required prior to drug
approval by health authorities and the result informs the drug
label on dosing recommendation (3, 4). Currently, a clinical
food effect study is the only data that is accepted by the
health authorities. However, on its own, a clinical study does
not provide mechanistic understanding for the food effect (2).

Since many mechanisms can lead to a food effect (5, 6),
physiologically based pharmacokinetic (PBPK) models, which
combine drug-related properties and physiology-specific data, can
be used to uncover the mechanisms underlying the effects of food
on oral absorption (7–9). It also helps in minimizing the number
of clinical FE studies by simulating the food effect when changes
are made to critical quality attributes of formulations during drug
development. In an accompanying manuscript, a unique ap-
proach was utilized to build and verify mechanistic PBPKmodels
for 30 compoundswhile controlling for common variables, such as
differences in input data, method of data generation, and
subjective optimization and/or verification (10). The focus of that
work was to identify food effect mechanisms associated with high,
moderate, or low prediction confidence. The levels of confidence
were defined based on the stage of drug development and an
assessment of how the PKparameters and profiles were captured.
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Out of the 30 drugs studied in this work, 8 compounds were
classified as a high confidence prediction, following a middle-out
simulation approach (11), after the initial bottom-up food effect
predictions did not capture theCmax and AUCwithin 2-fold. The
current manuscript describes the modeling approaches and
outcomes for nefazodone, furosemide, and aprepitant. The
middle-out approach integrates information from in vitro or in
silico experiments with information derived from observed
clinical studies, using both GastroPlus™ and Simcyp®. For
illustration purpose, only results from one software package are
presented for each drug. However, additional simulations are
performed to illustrate the mechanisms limiting the absorption of
the drugs studied here, and how they are captured by both
software platforms. In particular, the gastrointestinal (GI) fluid
volumes are varied to harmonize them across the two modeling
platforms and the impact on simulation results is presented.

MATERIALS AND METHODS

PBPK input parameters in this work such as permeabil-
ity, solubility, or dissolution were measured by consistent
methods. For more detailed description of methods used to
generate this data, the reader is directed to Emami Riedmaier
et al. (10). The surface pH of nefazodone HCl was deter-
mined according to Serajuddin et al. (12) with minor
modifications. Unbuffered solutions were prepared by
adjusting a 0.15-M NaCl solution to pH values of 2, 4, and 9
using HCl or NaOH. The pH of each unbuffered solution was
determined immediately before starting the experiment. For
nefazodone HCl, 3 mL of each solution was added to 500 mg
drug substance in an appropriate container, and stirred on a
vortex for 10 s, and the pH of the obtained slurry was
measured immediately and after 10 min, 1 h, 2 h, and 24 h.
The thresholds for definition of “no-food effect” for the drugs
of this study are based on the AUC ratio being comprised
between 0.8 and 1.25 (10).

Modeling Approach

PBPK models were built for furosemide in Simcyp®
V17.1 (Certara, USA, Inc.) and for nefazodone and
aprepitant in Simcyp® V18.0 (Certara, USA, Inc.). For
nefazodone and furosemide, GastroPlus™ V9.0
(SimulationsPlus) was used while for aprepitant,
GastroPlus™ V9.7 (SimulationsPlus) was used. A software
comparison was not the aim of this work. The modeling
strategy followed in this work is illustrated in Figure S0.1.
Model performance was assessed through the calculation of
average fold error (AFE) and absolute average fold error
(AAFE), from data points of the PK profiles or from
predicted and measured PK parameters according to the
following equations.

AFE ¼ 10
1
n�∑Log

predictedi
observedi

� �

AAFE ¼ 10
1
n�∑ Log

predictedi
observedi

� ����
���

The average fold error indicates whether the predicted
values underestimate or overestimate the observed values.

The absolute average fold error quantifies the absolute error
from the true value (13).

Nefazodone HCl

Nefazodone HCl is an antidepressant drug with BCS
class 1 characteristics at the clinical dose of 200 mg.
Barbhaiya, R. H., et al. reported that, while nefazodone HCl
is completely absorbed, it is subjected to large first-pass
extraction (14). Thus, the drug is reported to have an absolute
bioavailability of 15–27% with large inter-subject variability
and single-dose pharmacokinetic profiles show supra-
proportional increases in exposure with dose (14–17). The
main enzyme involved in nefazodone metabolism is CYP3A4
and nefazodone also inhibits that enzyme, leading to a more
linear exposure dose relationship after repeated dosing (17).
The approved label for Serzone indicates a 20% reduction in
exposure with food (18). Dockens et al. reported no effect or
a slight negative effect of food (19) based on average plasma
profiles. However, the same authors report a reduction of 7%
for the Cmax and 22% for the AUC in the presence of food
based on average PK parameters.

For nefazodone, the GastroPlus™ model was built using
a compartmental distribution model with parameters esti-
mated by fitting PK data from a 10-min intravenous (IV)
infusion of 5 mg dose reported for subject 9 in Barbhaiya, R.
H., et al. (14). Literature data for CYP3A4 metabolism of
nefazodone by human liver microsomes were used to
estimate model parameters for Vmax (10 nmol/min/mg pro-
tein) and Km (452 μM) (20). These values were integrated
using the GastroPlus™ conversion tool, assuming a micro-
somal fraction unbound of 2.46% as estimated by Austin’s
equation (21). The metabolic clearance was verified against
intravenous data. Human permeability values were estimated
from this work based on in vitro Caco-2 data and the gut
CYP3A4 Vmax scaling was adjusted to match the 200 mg
subject 9 oral data (14). The model was then verified on its
prediction of the non-linearity observed in the fasted state on
Cmax and AUC for oral nefazodone doses ranging from 50 to
500 mg. The prediction of the food effect was then compared
with data from Dockens et al. (19).

Furosemide

Furosemide is a powerful loop diuretic indicated in
resistant edema or hypertension at a dose ranging from 40
to 80 mg daily. The oral bioavailability of furosemide is
reported to be between 43 and 65% in healthy subjects, and
this drug can be considered BCS class 4 compound (22, 23).
Seventy-five percent of the drug is eliminated unchanged by
the kidneys (24). IV data and oral fasted state and fed state
data for 40 mg furosemide formulations were used to build,
validate, and evaluate the model (25). The PK profile
observed after administration of a 40-mg IV bolus injection
was fitted to a 3-compartment model and determined total
systemic clearance for the GastroPlus™ model. In
GastroPlus™, the renal clearance was 75% of the total IV
clearance and the rest of the clearance was considered to be
metabolic (23). The first-pass gut extraction was considered
negligible since liver metabolic first-pass extraction was
calculated at less than 3%. In GastroPlus™, a stomach transit

The AAPS Journal (2021) 23: 1212 Page 2 of 14



time of 2 h was used in the fed state for the solid formulation
instead of the default 1 h to reflect the 90 min emptying time
reported for solid formulations (26).1 Conflicting data exist
for furosemide’s permeability in human. The human jejunal
effective permeability was measured at 0.05 × 10−4 cm/s by
Lennernäs et al. with the Loc-I-Gut system, but in an open
perfusion system, furosemide permeability was measured at
0.5 × 10−4 cm/s in the jejunum and 0.2 × 10−4 cm/s in the ileum
by the same author (27). In another study, 40 mg furosemide
solutions were infused in the duodenum of humans and the
human Peff estimate for the duodenum was much higher at
7 × 10−4 cm/s (28), suggesting a narrow absorption window in
the upper GI tract. In GastroPlus™, a bottom-up approach
was attempted using a constant model human Peff of 0.5 ×
10−4 cm/s. However, this was not successful and so, using a
middle-out approach, the permeability of the GI tract
compartments was adjusted to capture the absorption window
and match the oral PK profile observed in the fasted state at
40 mg. The permeability in the duodenum was set to 1.2 ×
10−4 cm/s and the 0.5 × 10−4 cm/s measured by Lennernäs was
used in the jejunum. For all the subsequent GI compartments,
the value of 0.05 × 10−4 cm/s was used. Since this drug is a
substrate of P-gp, a more mechanistic approach was also tried
using the Tachibana model and is described in the
supplementary materials.

Aprepitant

Aprepitant, a selective high-affinity antagonist of human
substance P/neurokinin 1 receptors, is the active ingredient of
EMEND®, which has been approved by the FDA for the
prevention of chemotherapy-induced nausea and vomiting. The
early clinical formulation was a tablet with micronized particle
size, which showed positive food effect in healthy human
volunteers given a high-fat breakfast (2.8-fold increase AUC,
2.2-fold increase in Cmax) (29). The final marketed composition
capsules contain a nanosuspension, which improved oral bio-
availability compared to micronized formulations by approxi-
mately 2-fold in man in the fasted state. The marketed
formulation bioavailability is 67% at 80 mg and 59% at 125 mg.
Oral administration of the nanosuspension capsule with a
standard high-fat breakfast had no clinically meaningful effect
on the bioavailability of aprepitant (fed/fast AUC ratios: 1.09 and
1.2 at 80 mg and 125 mg, respectively) (30). PBPK models for
micronized and nanoparticle formulations were built in Simcyp®.
Aprepitant is a weak base in the physiological pH range with an
acid pKa of 9.15 and base pKa of 2.45 (31). The compound is
poorly soluble in aqueous media with reported solubility values
varying from 0.7 μg/mL in SIF at pH 6.5 to 7.0 μg/mL in water at
pH 8.0 (32, 33). The biorelevant solubility and dissolution in
biorelevant media for both micronized and nanoparticle
formulation were extracted from multiple references (33, 34)
and were used to estimate logKm:w values and diffusion layer
model (DLM) scalars using SIVA®2 or to fit the Z-factor model
in GastroPlus™ to the dissolution data for micronized formula-
tions (see supplementary material 4). The apparent permeability

(Papp) values measured by the IQ consortium inMDCK cell lines
for aprepitant (13.0 × 10−6 cm/s) were used to calculate a Peff,man

of 2.4 × 10−4 cm/s. The Papp (15.0 × 10−6 cm/s) of high
permeability calibrator propranolol in the same experiment was
used to obtain a scalar within Simcyp. The IV PK profile
observed after a 4-h infusion of 2 mg stable isotope-labeled
aprepitant dosed with 125 mg unlabeled aprepitant administered
orally was used to estimate the distribution parameters (Vsac,Kin,
and Kout) in Simcyp® (30) and the reported systemic CL was
incorporated into the model. Since aprepitant is predominantly
metabolized by CYP3A4 (35), the contribution of intestinal first
pass was incorporated using the default estimation method in the
Simcyp® simulator based on reported total clearance and
assuming 100% CYP3A contribution. Then, the oral PK profile
of 100 mg micronized aprepitant was simulated in fasted
individuals after incorporating physicochemical properties, per-
meability, and dissolution data described above (34). After
verification of successful prediction of the fasted state PO PK
profile, the model was used to predict the impact of food on oral
absorption.

RESULTS

Nefazodone HCl

The main model input parameters for nefazodone HCl
are given in Table I and detailed results on solubility and
surface pH are provided in supplementary material 1. The
default in vitro to in vivo scaling for liver CYP3A4
metabolism led to a good bottom-up prediction of the IV
profile for both software platforms and no scaling factor
adjustment was needed (supplementary material 5). The PK
profile simulation for an oral solution dosed to subject 9 is
shown in Fig. 1. The PBPK model was verified against
ascending dose PK data collected from multiple parallel
studies (14, 17, 19). The PK non-linearity observed on day 1
with dose for nefazodone HCl was well predicted with
GastroPlus™ even if the model tended to overpredict the
measured Cmax and to a lesser extent the AUC for the higher
doses (Fig. 2). The AFE and AAFE for the prediction of
AUC over the dose range of 50‑500 mg are of 1.04 and 1.09
respectively. The AFE and AAFE for the prediction of Cmax

over the dose range of 50‑500 mg are of 1.10 and 1.21
respectively. The prediction of Dockens et al. (19) fasted and
fed state median pharmacokinetic profiles following 200 mg
oral tablet administration is shown in Fig. 3. Since population
PK parameters report a 50% relative standard deviation
(RSD) in the fed state and 60% RSD in the fasted state, the
median PK profiles in both prandial conditions are plotted
with standard deviation calculated from these RSD values.
Profiles in the fasted state were predicted with single-phase
gastric emptying or using a double peak through the multiple
mixed dose (MMD) function of GastroPlus™. Indeed, the
median (n = 24) PK profiles for nefazodone tablet in the
fasted state show an apparent double peak and the occur-
rence of double peaks in the fasted state is in contrast with
the single peak observed for the oral 200 mg solution (Fig. 1).
There are multiple reasons for the occurrence of double
peaks in pharmacokinetics (40). Entero-hepatic circulation
was ruled out to explain this secondary peak, since the
phenomenon was not observed with the oral solution or IV

1 In GastroPlus™, the compartment transit time (T) is
the inverse of the transit rate constant: T ¼ t1=2Ln2

2 SIVA® is the Simcyp® in vitro (data) analysis toolkit
which allows to extract model parameters from in vitro data.
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infusion for this drug, and since subjects were fasted 4 h after
dosing (19), while the second peaks occurred around 2 h
after dosing. Two hypotheses can be put forward to explain
these second peaks: (A) Since both nefazodone-HCl

solubility and permeability are high, this drug could be a
marker of gastric emptying and partial gastric emptying has
been reported for other products in the literature (41, 42).
(B) Wettability issues and consequently slow dissolution
rates are reported for nefazodone-HCl tablets, despite the
high measured equilibrium solubility (43). This poor wetta-
bility seems to be a drug substance attribute, as it was also
observed in this work during the FaSSIF (but not during
FeSSIF) solubility measurements (Figure S1.1). This slow
dissolution could be responsible for incomplete release in the
stomach and further dissolution in the intestine. To test
hypothesis (A), the simulation with partial gastric emptying
was done to verify if both Cmax and AUC could be recovered
and what was the impact of double peaks in the first-pass
extraction. The MMD released an IR dose of 120 mg at time
0 and 80 mg at 1.3H. The hypothesis (B) was not tested since
the authors could not retrieve the dissolution data of the
batch used by Dockens et al. (19) in their study. However, a
slow dissolution in the GI tract would qualitatively lead to a
higher first-pass extraction similarly to slower gastric empty-
ing tested in this work.

Fig. 1. Prediction of pharmacokinetic profile in fasted state for
200 mg nefazodone solution in patient 9 from Barbhaiya, R. H.,
et al. (14) using GastroPlus™. Symbols show observed data

Fig. 2. Prediction of AUC (upper panel) and Cmax (lower panel) for various doses of
nefazodone HCl with GastroPlus™. Measured values from refs (14, 17, 19). Symbols show
observed data ± 1SD

The AAPS Journal (2021) 23: 12 Page 5 of 14 12



The simulation of the fasted state with double peak is
adequate for Cmax while the AUC is slightly underpredicted.
The AFE for profile prediction is of 0.81. The exposure in the
fed state is predicted to be lower than in the fasted state which
is consistent with a high first-pass extraction which could be
saturated in the fasted state. The AFE for fed state profile
prediction is of 0.79. In both prandial states, the fraction
absorbed is anticipated to be 100%, but the fraction escaping
first-pass gut metabolism (Fg) decreases from 31% (single
emptying phase) or 17% (double emptying phase) in the
fasted state to 13% in the fed state. The use of a mechanistic
first-pass gut extraction in the model can show the impact of
gastric emptying on the amount of drug lost by first-pass
extraction. In the case of nefazodone HCl, both partial and
multiphasic gastric emptying in the fasted state, or slower
emptying in the fed state when the drug is trapped in the
stomach with food, can reduce the Cmax and the exposure
compared to rapid gastric emptying where higher drug
concentrations in the lumen and the enterocytes saturate
first-pass gut extraction.

Furosemide

The model input parameters for furosemide are provided
in Table II. The simulation of 40 mg furosemide IV bolus is
shown in supplementary material 5. The oral PK profile
estimation with GastroPlus™ is provided in Fig. 4 for the
fasted and fed state. Using a bottom-up approach for the
fasted state with an effective jejunal permeability of 0.5 led to
PK predictions overestimating the AUC. Optimization
consisted of adjusting the permeability in GastroPlus™ along
the GI tract compartments to represent the upper GI
absorption window reported in the literature (28) using a
middle-out approach based on the fasted state data. Figure 4
shows the simulated profiles for the fasted and predictions of
fed states before and after optimization in GastroPlus™.
Predicted AUC and Cmax and their ratios to the fasted state
are within the 0.8–1.25 interval for GastroPlus™. The AFE
and AAFE for profile prediction in the fasted state are of 0.9
and 1.29 respectively. The AFE and AAFE for profile
prediction in the fed state are of 1.36 and 1.49 respectively.

Fig. 3. Prediction of pharmacokinetic profile in fasted (upper panel) and fed (lower panel)
states using GastroPlus™ for 200 mg nefazodone-HCl tablets. Data from Dockens et al.
(19). Symbols show observed data ± 1SD
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Additional simulations were conducted with GastroPlus™
v9.7 where default fixed fluid volumes were reduced to 7.5%
in the small intestine and 2% in the colon, or when the
dynamic 100% Mudie model was used to predict fluid
volumes in the GI tract (Fig. 5). In case of reduced fluid
volumes in the GI tract for GastroPlus™, the fasted state
simulation results between GastroPlus™ and Simcyp® are
consistent and underestimate the absorption rate for
furosemide.

Aprepitant

Since intrinsic solubility values reported in the literature
varied by approximately 10-fold, oral PK simulations for
100 mg micronized and 125 mg nanosized suspensions in
fasted state were compared using the low (0.7 μg/mL for
micro and 1.3 μg/mL for nano) and high solubility values
(7 μg/mL for both micro and nano) in Simcyp® which lead to
PK parameters (i.e., AUC and Cmax) which were under (0.39
and 0.25-fold) or overpredicted (2.2 and 1.63-fold) respec-
tively (see supplementary material 4). When an average
solubility value calculated from the low and high values
reported in the literature was used for simulating fasted PK

Fig. 4. Simulations of fasted (upper panel) and predictions of fed (lower panel) plasma
concentration time profiles for 40 mg furosemide tablets with GastroPlus™. Symbols show
observed data

Fig. 5. Simulated plasma profiles for a 40 mg furosemide tablet dosed
in the fasted state using default Peff values for Simcyp® and
GastroPlus™ but with fixed volumes in the GI tract for GastroPlus™
reduced to 7.5% in the small intestine and 2% in the colon or
dynamic 100% Mudie model in GastroPlus™ V9.7. Symbols show
observed data
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profiles for micro and nano formulations, predictions of AUC
and Cmax values were within the pre-specified tolerance. The
model input parameters for aprepitant are provided in
Table III. The difference in IV clearance for aprepitant is
related to different sources of measurement. As indicated in
the “MATERIALS AND METHODS” section, Simcyp®
model was built using the clearance measured using IV PK
generated on top of an oral dose, whereas GastroPlus™
model was build using the PK data generated from IV dosing
only. The Simcyp® model was used to predict the effect of
food on PK of a 100 mg micronized aprepitant formulation
and 125 mg nanoparticle suspension (Fig. 6). The predicted
increase in aprepitant AUC and Cmax in the presence of food
is within 0.75–1.25-fold of the observed values (34). The
model slightly overpredicted positive food effect but was
within the pre-specified tolerance (33). Additional simula-
tions with GastroPlus™, testing the impact of luminal volume
and absorption scaling factors, are shown in supplementary
material 4.

DISCUSSION

The tables summarizing predicted and measured PK
parameters for the three drugs and four formulations of this
work are found in supplementary material 6. This work
presented a middle-out approach where initial mispredictions
using a bottom-up approach for the fasted state were
corrected during model verification. This work illustrates the
need to sometimes inform models with in vivo data, for
parameters which cannot be informed through in vitro data
only, and more importantly, provides a framework to explore
model mispredictions and optimize models in a scientific way
(Figure S0.1). The hypotheses made during model verification
and optimization should be verified in vitro or in vivo as much
as possible. For these three examples, although the mecha-
nism of food effect could be well captured by at least one
software, the impact of GI fluid volume differences in both
simulation platform default settings led to quantitative
differences in the predictions. While the stomach fixed
volumes in the fasted (approx. 50 mL) and fed (approx.
1000 mL) are similar for both GastroPlus™ and Simcyp®, the
default volumes are very different for the small and large
intestine (Fig. 7). In Simcyp® (or in GastroPlus™ V9.7), the
fluid volumes are (or can be made) dynamic, reaching a peak
value due to the water transfer from the previous compart-
ment and water absorption by the gut membrane or transit to
the next compartment. Neither model considers the volume
of water present in the GI mucus as available for dissolution
or solute dilution, which, depending on the type of formula-
tion, may have an impact on the model performance and their
comparison. A calculation of the mucus volume along each
GI tract compartment is shown in supplementary material 7.

Default values for fixed fluid volume in GastroPlus™ are
2.7 times higher in the small intestine and 7.5 times higher in
the colon compared to default values in Simcyp® over 1 h.
When fixed volume occupation is reduced to 7.5% in the
small intestine and 2% in the colon in GastroPlus™, the
calculated luminal volumes are closer to that present in
Simcyp® and reported in the literature (52, 53). When the
dynamic 100% Mudie option is applied in GastroPlus™ v9.7,
the 1-h average fluid volume values are lower than thoseTa
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reported in the literature for the small intestine and colon.
The duodenal volumes in GastroPlus™ are particularly low
using the fixed volume reduction or 100% Mudie option over
1 h which could have an impact on the prediction of drug
precipitation.

Nefazodone is an example of a drug where neither
permeability, solubility, nor dissolution is limiting absorption.
The scaling of metabolism mediated by CYP3A4 from the
kinetic parameters measured in human liver microsomes was
successful to predict the in vivo liver clearance in both
software platforms (supplementary material 5). For
nefazodone, the prediction of food effect based on AUC

using GastroPlus™ was close to the population data (19) and
to the data reported in the drug FDA label (18), i.e., a
reduction of 20% exposure in the fed state. The main
mechanism for the negative effect of food is a higher
intestinal first-pass extraction in the fed state and this was
well predicted by GastroPlus™. For compounds subject to a
large first-pass extraction, and when the enterocyte free drug
concentration range covers the Km,u of the gut enzyme
isoforms, the gastric emptying pattern could be a key
determinant of the exposure. One refinement for PBPK
models in the future would be to calculate partial emptying
or gastric residence in a more mechanistic way, through for
example, a calculation of density, swelling, and disintegration

Fig. 6. Prediction of plasma concentration time profiles for fasted (upper panel) and fed state (lower panel) for 100 mg micronized
formulations (left) and 125 mg nanosized formulations (right) of aprepitant using Simcyp®. Symbols show observed data ± 1SD

Fig. 7. Luminal volumes in the fasted stomach, small intestine, and colon for GastroPlus™
(fixed default, fixed reduced, and 1-h average dynamic 100% Mudie model in v9.7) and for
Simcyp® (1 h average) compared to luminal volumes reported by Schiller and total luminal
and mucus volumes

The AAPS Journal (2021) 23: 12 Page 11 of 14 12



of the dosage form, use of the dosage form, aggregates, and
individual particles’ wettability and density to predict spatial
segregation in the fasted and fed stomach phases, together
with a more relevant description fluid velocities in relation to
the prandial states and gastric emptying patterns. Although
the same input parameters were used for Simcyp® for
nefazodone HCl, and similar absorption profiles were pre-
dicted, the intestinal first-pass extraction was predicted to go
down with food with this software. In both simulation tools,
the free drug concentration in the lumen and enterocytes was
lower in the fed state compared to the fasted state, consistent
with drug dilution in the higher chyme volume in the fed
state. GastroPlus™ predicted saturation of first-pass intestinal
extraction in the fasted state, since the enterocyte concentra-
tions were about 10-fold higher than the Km,u for CYP3A4.
However, in Simcyp, the fasted concentration in the
enterocytes was of the same order or lower than the CYP3A4
Km,u, and hence there was no saturation of first-pass intestinal
extraction in fasted or fed states. This observation can be
explained by a predicted higher drug fraction absorbed in the
upper part of the GI tract by GastroPlus™ and lower
volumes for the enterocytes in GastroPlus™ compared to
Simcyp® (supplementary material 3).

For furosemide, the adjustment of effective permeability
along the GI tract based on fasted data for this drug
(permeability was reduced from the duodenum to the colon)
is qualitatively aligned with PgP expression level in the PBPK
platform (expression goes up from the duodenum to the
colon). Although the negative effect of food on Cmax and
AUC0-t is correctly predicted by GastroPlus™, using calcu-
lated bioavailability for both prandial states, a reduction of
3% exposure is predicted for furosemide in the presence of
food (8% when using the more mechanistic P-gp model
shown in supplementary material 2), which is smaller than the
18% reduction in bioavailability observed in the presence of
food (25). Other phenomena could explain, for a solid dosage
form, a reduction in exposure in the presence of food, such as
a slower dissolution rate in the viscous environment of the
chyme reported for similar compounds in the fed state (54). It
seems that for both software platforms, the volume of fluid in
the GI tract compartments plays a role in limiting the
absorption rate in the fasted state for furosemide due to the
low solubility. With default fluid volumes in the GI tract in
GastroPlus™, the absorption rate is well estimated when
permeability values are optimized to account for the drug
absorption window (Fig. 4). However, when luminal volumes
are reduced to make them more physiologically relevant, the
absorption rate for furosemide is underpredicted by this
software but moves closer to predictions obtained with
Simcyp® (Fig. 5). The reason behind why default GI fluid
volumes work better for GastroPlus™ could be a rapid
diffusion of furosemide in the volume of water present in
the mucus, as discussed below. Indeed, the total physiological
fluid volume (lumen + mucus) is close to default fluid volumes
for the small intestine in GastroPlus™ (Fig. 7). Furosemide is
a small size drug and will be fully ionized with a negative
charge at the mucus pH of 6.5. Since mucus itself is negatively
charged (55), no significant barrier to diffusion is anticipated
for this drug.

For micronized aprepitant, the magnitude of positive
food effect predicted by Simcyp® is in agreement with the

clinical data. The increase in exposure is due to enhanced
dissolution, followed by rapid and complete absorption
predicted by the software in fed state. For nanosized
formulation in fasted state, the observed increase in oral
exposure compared to the micronized aprepitant in fasted
state was well predicted by Simcyp® due to higher amount of
dissolved drug in the duodenum and jejunum. Prediction of
exposure to nanosized or micronized aprepitant in the fasted
using GastroPlus™ was comparable to those obtained in
Simcyp® only when the fluid volume in the GI tract was
reduced to 7.5% in the small intestine and 2.5% in the colon
or when the dynamic 100% Mudie physiology was used
(supplementary material 4). Aprepitant will be neutral at the
mucus pH and since it is very lipophilic, the mucus diffusion
could be slower than for furosemide. Nefazodone free base
has similar physicochemical properties compared to
aprepitant, but the hydrochloride salt form would be ex-
pected to confer micro-environmental charges to the drug
particles during dissolution at intestinal pH, which could
enhance the polar interactions with the mucus.

Despite intestinal mucus being mostly composed of
water, drugs do not diffuse in the mucus with identical
diffusion coefficients as those measured in water or with a
given ratio based on size (56). This can be explained by a
complex mucus composition comprising almost a third of
lipids based on dry weight (57, 58). In addition, a monolayer
of phospholipids protects the mucus interface with the lumen
(59). For drug particles, mucus penetration is related not only
to size but also to the surface properties and charge of these
particles (60–62). The ionization of drug particles at different
pH could also contribute to changing these surface properties
(63) and favor polar interactions with the negatively charged
mucus (64). Incorporating mucus compartments to the PBPK
models, and predicting drug diffusion through its layer, as
well as mucus secretion rate and erosion in the lumen, would
bring the advantage to differentiate drugs, which dissolution
is limited by the luminal volume (when diffusion in the mucus
is slower than drug dissolution or transit or mucus secretion
rate), from drugs which can access the entire fluid volume
made from the lumen fluid and mucus fluid. In addition, for
solid particles sufficiently small and with the adequate surface
properties, accessing the mucus could prolong the GI transit
time and allow to dissolve closer to the absorptive surface. As
shown in Fig. 7, this adjustment is not trivial and would be of
great importance for BCS class 2 and 4 drugs.

CONCLUSIONS

The three examples presented in this paper show how
middle-out modeling approaches can be used to predict the
magnitude and direction of food effects provided the model is
verified on fasted state PK data (Figure S0.1). For
nefazodone, a mechanistic clearance for the gut and liver
was introduced. For furosemide, an absorption window was
introduced and for aprepitant, the biorelevant solubility was
determined from multiple solubility measurements. In all
cases, these adjustments were supported by literature data
and sensitivity assessment on the factors limiting absorption.

This modeling exercise has also shown how sensitive the
model results are to assumptions or model options around GI
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luminal fluid volume available for dissolution or diffusion. A
hybrid approach not only considering low volumes in the GI
lumen (similar to those observed in humans by MRI) but also
accounting for solute dilution or nanoparticulate dissolution
in the fluid volume present in the mucus is a recommended
approach for PBPK models, together with mechanistic
prediction of particle and drug dissolution and diffusion in
mucus. This could provide for a better estimate of the in vivo
dissolution for drug formulations which can access this mucus
volume, and those that are confined to the lumen. This
approach would also better estimate the local drug concen-
trations at the absorptive surface and in the enterocytes to
manage mechanistic models for permeation or first-pass gut
extraction. It is time to improve the GI tract compartmental
models to account for lost volumes!
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