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Preface to ”Regional Intestinal Drug Absorption:
Biopharmaceutics and Drug Formulation”

The gastrointestinal tract (GIT) can be broadly divided into several regions: the stomach,

the small intestine (which is subdivided to duodenum, jejunum, and ileum), and the colon.

The conditions and environment in each of these segments, and even within the segment, are

dependent on many factors, e.g., the surrounding pH, fluid composition, transporters expression,

metabolic enzymes activity, tight junction resistance, different morphology along the GIT, variable

intestinal mucosal cell differentiation, changes in drug concentration (in cases of carrier-mediated

transport), thickness and types of mucus, and resident microflora. Each of these variables, alone

or in combination with others, can fundamentally alter the solubility/dissolution, the intestinal

permeability, and the overall absorption of various drugs. This is the underlying mechanistic

basis of regional-dependent intestinal drug absorption, which has led to many attempts to deliver

drugs to specific regions throughout the GIT, aiming to optimize drug absorption, bioavailability,

pharmacokinetics, and/or pharmacodynamics. In the book “Regional Intestinal Drug Absorption:

Biopharmaceutics and Drug Formulation” we aim to highlight the current progress and to provide

an overview of the latest developments in the field of regional-dependent intestinal drug absorption

and delivery, as well as pointing out the unmet needs of the field.

Arik Dahan and Maria Isabel Gonzalez-Alvarez

Editors
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Abstract: The gastrointestinal tract (GIT) can be broadly divided into several regions: the stomach,
the small intestine (which is subdivided to duodenum, jejunum, and ileum), and the colon. The
conditions and environment in each of these segments, and even within the segment, are dependent
on many factors, e.g., the surrounding pH, fluid composition, transporters expression, metabolic
enzymes activity, tight junction resistance, different morphology along the GIT, variable intestinal
mucosal cell differentiation, changes in drug concentration (in cases of carrier-mediated transport),
thickness and types of mucus, and resident microflora. Each of these variables, alone or in combi-
nation with others, can fundamentally alter the solubility/dissolution, the intestinal permeability,
and the overall absorption of various drugs. This is the underlying mechanistic basis of regional-
dependent intestinal drug absorption, which has led to many attempts to deliver drugs to specific
regions throughout the GIT, aiming to optimize drug absorption, bioavailability, pharmacokinetics,
and/or pharmacodynamics. In this Editorial we provide an overview of the Special Issue "Regional
Intestinal Drug Absorption: Biopharmaceutics and Drug Formulation". The objective of this Special
Issue is to highlight the current progress and to provide an overview of the latest developments in
the field of regional-dependent intestinal drug absorption and delivery, as well as pointing out the
unmet needs of the field.

Keywords: biopharmaceutics; drug absorption; drug solubility/dissolution; intestinal permeability;
oral drug delivery; regional/segmental-dependent permeability and absorption

Oral administration is without a doubt the most preferred and convenient way of drug
delivery. Oral drug products are easy to use and usually do not require hospitalization
or the assistance of medical staff. Oral intake of drugs may also prevent both the local
side effects and the risk of systemic infections associated with injections. However, orally
taken drugs must enter the enterocytes and cross through the gastrointestinal tract (GIT)
membrane in order to reach the systemic circulation and exert their pharmacological effect.
The GIT membrane acts as a barrier against the absorption of xenobiotics, and while
some drugs easily overcome this barrier, many other drugs fail to penetrate through this
membrane and have to be administered parenterally. These drugs include antibodies,
protein/peptides, hormones, and even small molecules. Orally swallowed drugs are
very much influenced by the physiological/biochemical conditions throughout the GIT,
which may dictate their absorption potential, resulting in significant diversions from the
predicted/desired pharmacokinetics and pharmacodynamics.

The GIT can be broadly divided to several regions: the stomach, the small intes-
tine (which is subdivided into the duodenum, jejunum, and ileum), and the colon. The
conditions and environment in each of these segments, and even within the segment,
are dependent on many factors, e.g., the surrounding pH [1–6], fluid composition [7–9],

1



Pharmaceutics 2021, 13, 272

transporters expression [10–12], metabolic enzymes activity [13,14], tight junction resis-
tance [15,16], different morphology along the GIT [17,18], variable intestinal mucosal
cell differentiation [19,20], changes in drug concentration (in cases of carrier-mediated
transport), thickness and types of mucus [21], and resident microflora [22–24]. Each of
these variables, alone or in combination with others, can fundamentally alter the sol-
ubility/dissolution, the intestinal permeability, and the overall absorption of various
drugs [25–28]. This is the underlying mechanistic basis of regional-dependent intestinal
drug absorption, which has led to many attempts to deliver drugs to specific regions
throughout the GIT, aiming to optimize drug absorption, bioavailability, pharmacokinetics
and/or pharmacodynamics.

The objective of this Special Issue is to highlight the current progress and to provide
an overview of the latest developments in the field of regional-dependent intestinal drug
absorption and delivery, as well as pointing out the unmet needs of the field.

Nowadays, the “3R’s Principle”, that is, replacement, reduction, and refinement, has
greatly influenced scientific research in oral drug development, and several preclinical
models have been developed to predict intestinal absorption process, aiming to reduce
or even replace human/animal experiments. These methods are thoroughly evaluated
in this Special Issue. The differences in anatomical and physiological features along the
GIT complicate absorption predictions. Rezende’s group demonstrated that the BAMPA
(biomimetic artificial membrane permeability assay) over Franz cell apparatus showed
acceptable log-linear correlation (R2 = 0.664) with fraction of dose absorbed in humans
(Fa%), as seen for Papp in Caco-2 cells (R2 = 0.805), and, thus, both methods are acceptable
for BCS classification [29]. Caco-2 cell predictability has been widely studied, and several
authors demonstrated the correlation between Caco-2 cells and structure–activity of the
drug [30–32]. In this issue, Huong Ta et al. developed a QSAR model (quantitative structure–
activity relationship) using a machine learning-based hierarchical support vector regression
(HSVR) scheme [33]. This tool allowed for the development of a model to predict Papp in
Caco-2 cells permeability for drugs that are transported across the intestinal membrane not
only in passive diffusion but also in transporter-mediated active transport. The group of
Bermejo and González-Álvarez demonstrated that in vitro permeability studies in Caco-2
can be used to compare formulation performance and even to explain bioequivalence
failures associated with excipient effect on the intestinal membrane [34]. In this study,
Ruiz-Picazo et al. showed that permeability differences in rat vs. Caco-2 cells of pravastatin
formulations (a BCS class III compound) can explain the bioequivalence failure and the
higher Cmax due to excipient effects on the intestinal membrane in the nonequivalent
formulation. In the same article, the authors demonstrated non-similar dissolution profiles
with USP apparatus and the relevance of using 500 mL instead of 900 mL [34]. A great
research effort is focused on the development of new dissolution systems, mono- and
multi-compartmental dynamics models. The adequate in vitro model should be chosen
depending on the BCS classification of the studied drug and its physicochemical properties.
These in vitro systems combine dissolution and absorption processes and simulate pH
or peristaltic changes in luminal conditions; therefore, a mechanistic, physiologically
based biopharmaceutics modeling (PBBM) approach to assess the in vivo performance
of orally administered drug products (IVIVC) should be used to model the obtained
data. These models are more complicated and require adequate software but generate
better correlations between in vitro and in vivo values, as demonstrated by Bermejo at
al. in their study of different ibuprofen formulations [35]. Several absorption models can
be tested with different software, such as Phoenix WinNonlin® [35] or the GastroPlus™
simulator, as was demonstrated by Dahan's group [36], studying the rather complicated
intestinal permeability of the BCS class IV drug furosemide that shows high dependency
on many biochemical/physiological variables. Another common piece of software in the
population pharmacokinetic area is NONMEM, which can be used in modelling absorption
due to the flexibility of using custom-made empirical, semi-mechanistic, or physiological-
based absorption approaches. Transit compartment models, absorption with and without
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lag time, or passive/active absorption kinetics models can be applied. In this context,
Ruiz-Garcia et al. modeled dacomitinib absorption differences in the presence/absence of a
proton pump inhibitor by comparing several physiologically based absorption models [37].

The behavior of controlled release formulations and the difficulties in predicting the
human situation are studied in this Special Issue. Lennernäs et al. thoroughly discuss the
predictive ability of rat colon studies in relation to human data and conclude that improved
predictability is needed for controlled release formulations, and the use of permeation en-
hancers to increase colonic permeability could have higher risks than potential rewards [38].
Langguth's group studied the relevance of dissolution and disintegration of controlled re-
lease (CR) dosage forms, obtaining good correlations between the two processes [39]. This
work may have significant regulatory impact, as it opens the way to extend the dissolution-
based waiver concept beyond immediate-release dosage forms. However, the authors
conclude that the extrapolation of these results to the in vivo situation should be done with
caution due to additional factors that should be considered, e.g., transporter saturation
effects, interplay with food and gastric emptying effects, and different hydrodynamics or
mechanical stresses; these factors may complicate the correlation between disintegration
and bioavailability [39]. Dahan's group investigated the role of segmental-dependent in-
testinal absorption in controlled release (CR) drug product development. The studied drug
was carvedilol due to its zwitterionic nature; thus, this compound changes solubility in
different conditions throughout the GIT [40]. The solubility, permeability, and dissolution
of the drug were investigated in silico, in vitro, and in vivo, focusing on location-dependent
effects. The authors demonstrated that a CR product could modify the drug solubility
behavior from class II to I; these results are highly relevant in the decision-making process
regarding the development of new CR drug products. The increased interest in drug
delivery to the last segments of the GIT has led to new insights in the design of colonic
delivery devices; Christfort et al. studied cylindrical, triangular, and cubic microcontainers
with amoxicillin and showed that shape and surface texture of microcontainers influence
the ex vivo mucoadhesion (cubic microcontainers are more adhered to intestinal mucus
than cylindrical microcontainers), and the absorption of amoxicillin was higher from cubic
microcontainers than from cylindrical or triangular microcontainers [41].

This Special Issue also includes two highly relevant review articles: the group of K.
Sandy Pang focus on intestinal and liver metabolism and drug–drug interactions [42], and
Tongzhi et al. focus on regional gut stimulation, concluding that the region of the gut ex-
posed to intraluminal stimuli is of major relevance to the secretion profile of gastrointestinal
hormones and associated metabolic responses [43].

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: A major parameter controlling the extent and rate of oral drug absorption is permeability
through the lipid bilayer of intestinal epithelial cells. Here, a biomimetic artificial membrane
permeability assay (Franz–PAMPA Pampa) was validated using a Franz cells apparatus. Both high
and low permeability drugs (metoprolol and mannitol, respectively) were used as external standards.
Biomimetic properties of Franz–PAMPA were also characterized by electron paramagnetic resonance
spectroscopy (EPR). Moreover, the permeation profile for eight Biopharmaceutic Classification System
(BCS) model drugs cited in the FDA guidance and another six drugs (acyclovir, cimetidine, diclofenac,
ibuprofen, piroxicam, and trimethoprim) were measured across Franz–PAMPA. Apparent permeability
(Papp) Franz–PAMPA values were correlated with fraction of dose absorbed in humans (Fa%) from
the literature. Papp in Caco-2 cells and Corti artificial membrane were likewise compared to Fa% to
assess Franz–PAMPA performance. Mannitol and metoprolol Papp values across Franz–PAMPA were
lower (3.20 × 10−7 and 1.61 × 10−5 cm/s, respectively) than those obtained across non-impregnated
membrane (2.27 × 10−5 and 2.55 × 10−5 cm/s, respectively), confirming lipidic barrier resistivity.
Performance of the Franz cell permeation apparatus using an artificial membrane showed acceptable
log-linear correlation (R2 = 0.664) with Fa%, as seen for Papp in Caco-2 cells (R2 = 0.805). Data
support the validation of the Franz–PAMPA method for use during the drug discovery process.

Keywords: Franz–PAMPA; BCS drugs; biomimetic membrane; Franz cell; passive drug transport

1. Introduction

Favorable absorption, distribution, metabolism, and excretion (ADME) of orally administrated
drugs are essential for therapeutic activity in vivo. Poor oral bioavailability contributes to a very
high failure rate during pre-clinical drug development [1,2]. In this regard, the Biopharmaceutic
Classification System (BCS) proposed by Amidon and co-workers [3] have been widely used as an
important tool to support early drug development [4–6]. For orally administered drugs, gastrointestinal
physiology is a key factor impacting on the rate and extent of drug absorption [7]. Transcellular passive
diffusion across membranes is the major route and is governed by several molecular properties such as
partition and distribution coefficient, as well as molecular weight [8,9].

Currently, important tools based on physicochemical properties and in vitro assays are used to
predict in vivo gastrointestinal absorption [10]. In vitro methodologies include animal [11,12] or human
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tissues [13], cultured cells [14,15] and artificial membranes [16–18]. The Caco-2 cell monolayers in vitro
model is thoroughly studied and generally mimics major transport pathways in the gastrointestinal
tract [19]. However, this method is limited by long cell growth and differentiation cycles, risks of
microbial contamination, and high implementation costs [19–21].

Cell-free permeation systems using artificial membranes are gaining progressively more interest as an
alternative model to cell-based systems that can be simpler, less time consuming, and cost-effective [22,23].
Depending on the composition of the barrier, it can be classified as biomimetic barrier which is constructed
from (phospho)lipids or, alternatively, from non-biomimetic barrier containing dialysis membrane [24].

Particularly, there is a growing interest in PAMPA studies with direct comparisons to Caco-2
cells using a consistent number of drugs displaying equally well prediction of in vivo data between
them [25]. In this regard, major differences of key components amid cell-free membranes currently
used in permeability systems was highlighted by Berben et al. (2018) [23].

Here, a previously validated biomimetic artificial permeability membrane comprising of a
microfilter impregnated by a phospholipid solution [5] was mounted on horizontal Franz-cells
diffusion chambers (Microette™, Hanson Research) [20]. This new setup approach, herein called
Franz–PAMPA (Figure 1), was challenged to assess permeability of BCS model drugs simulating
gastrointestinal permeation. Therefore, the aim of this study was to validate this Franz–PAMPA system
by evaluating the correlation power between apparent permeability (Papp) for BCS model drugs to
their fraction of drug absorbed (Fa%) in humans for rapid and reliable information about passively
transported drugs [25,26].

 

 

A B C 

Figure 1. Franz cells apparatus (Microette™, Hanson Research) mounted with a previously validated
PAMPA membrane from Corti et al. [5,16] for simulating gastrointestinal permeation. (A) System control
for injection pistons of upper chambers; (B) upper and lower diffusion chambers with temperature and
stirring control; (C) automated module for sampling and collection.

2. Materials and Methods

2.1. Materials

Membrane supports were purchased from Millipore® (Mixed Cellulose Esters VCWP 047000;
0.1 µm × 47 mm, white plain, New York, NY, USA). All 19 compounds for permeation studies (acyclovir,
amoxicillin, atenolol, caffeine, cimetidine, diclofenac, furosemide, hydrochlorothiazide, ibuprofen,
mannitol, metoprolol, naproxen, piroxicam, propranolol, ranitidine hydrochloride, trimethoprim,
and verapamil hydrochloride) were of analytical grade and kindly supplied by ICF (Pharmaceutical
Sciences Institute, Goiânia, Brazil). All organic solvents were of HPLC grade and solid reagents were
of analytical grade.

The spin labels 5-doxyl stearic acid (5-DSA) and 16-doxyl stearic acid (16-DSA) used for
electron paramagnetic resonance (EPR) spectroscopy were purchased from Sigma-Aldrich Chem Co.
(St. Louis, MO, USA). The spin labels 1-palmitoyl-2-stearoyl-(5-doxyl)-sn-glycero-3-phosphocholine
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(5-PC) and 1,2-dipalmitoleoyl-sn-glycero-3-phosphocholin (16-PC) were purchased from Avanti (Avanti
Polar Lipids, Inc., Alabaster, AL, USA).

2.2. Methods

2.2.1. Impregnation of Membrane Support

Membranes were impregnated by immersion for 60 min (22 ± 1 ◦C) with a lipid solution (mixture
of phospholipids), as previously reported [5]. Briefly, the lipid phase solution for impregnation
was a mixture of 1.7% phospholipids (Lipoid® E 80, Ludwigshafen, Germany), 2.1% cholesterol
(Sigma–Aldrich Chemical Co., Milan, Italy), and 96.2% n-octanol (Synth, Diadema, Brazil). Excess
lipid was absorbed with cellulose filter paper over 30 min. Next, all impregnated membranes (N = 20)
were weighed on a microanalytical scale (Mettler Toledo, mod. XPE56DR, Columbus, OH, USA) and
evaluated to check for its accuracy (211.2 mg ± 6.0%). Prior to use, impregnated membranes were
protected from moisture atmosphere and refrigerated (−8 ◦C, 24 h). It is worth mentioning that all
membranes were stabilized prior to use. Stabilization was confirmed by EPR spectra which did not
show any signals of physicochemical degradation: none of membranes showed any difference on
14N-hyperfine coupling constant value (14.8 G) demonstrating its stability [25]. EPR signals were
compared just after 24 h of refrigeration and post-run permeability studies as well as after a month of
refrigerated storage time (data not shown).

2.2.2. Electronic Paramagnetic Resonance (EPR)

The biomimetic membranes were impregnated, as described above. Spin labeling technique
was employed to examine the conformational structure of the membrane using 5-DSA or 16-DSA.
EPR was performed using a Bruker ESP 300 spectrometer (Bruker, Rheinstetten, Germany) equipped
with an ER 4102 ST resonator. The instrument settings were microwave power of 2 mW; modulation
frequency of 100 KHz; modulation amplitude of 1.0 G; magnetic field scan of 100 G; sweep time of
168 s; and a detector time constant of 41 ms. EPR spectral simulations were performed using the
nonlinear-least-squares (NLLS) program for an isotropic model. The biomimetic membrane was
introduced into flat, quartz EPR cell to perform the EPR measurements at room temperature (~25◦C).

2.2.3. Permeation Studies

Permeation studies were performed using a Franz vertical diffusion cell (MicroettePlus, Hanson
Research, CA, USA). Impregnated artificial membranes (Franz–PAMPA) were positioned between
upper and lower part of diffusion cells and, the donor (1 mL) and receptor (7 mL) compartments
holding phosphate-buffered solution (PBS) pH 7.4 (USP 32). In order to minimize the unstirred
water layer (UWL), receptor compartment media was stirred (500 rpm). The temperature was
kept constant (37.0 ± 0.5 ◦C). Each drug (n = 3) was added in the donor compartment at a fixed
concentration (=10 mg/mL). One milliliter of saturated drug solutions was transferred to the donor
compartments and capped to prevent evaporation. The experiments were performed under ‘infinite
dose’ conditions [26,27], except for caffein, metoprolol, propranolol, naproxen, ranitidine, and atenolol
(D0 ≤ 0.01). Individual drug solubility is further shown in results section. Metoprolol was used as
a low/high BCS permeability class boundary reference drug for the Franz–PAMPA assay [28].

Samples from permeation studies were collected during 12 h (0.25; 0.5; 1.0; 2.0; 3.0; 4.0; 5.0;
6.0; 10.0, and 12.0 h) and analyzed by HPLC (Shimadzu Class VP; Kyoto, Japan or Agilent 1220,
Santa Clara, CA, USA) according to official compendiums (USP 32 or Brazilian Pharmacopeia 4th
edition). The sampling volume was immediately replaced with the same volume of fresh PBS
prewarmed solution at 37◦ ± 0.5 ◦C. Calibration curves were performed at least at three concentration
levels for each drug tested, in a GLP-accredited laboratory (Institute of Pharmaceutical Sciences, Goiânia,
Goiás, Brazil). The validated chromatographic conditions used for the drug permeability assay are
given in Table 1.
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Table 1. Pharmacopeial methods applied on drug analysis and their respective limit of quantification (LOQs).

Drug Chromatographic Conditions (Stationary and Mobile Phase; λ; Flow Rate; Injection Volume) LOQ (µg/mL)

Acyclovir C-18 (5 µm; 250 × 4.2 mm), acetic acid: water (1:1000); 254 nm; 3.0 mL/min; 20 µL 46.3

Amoxicillin C18 (5 µm; 250 × 4.0 mm); acetonitrile e phosphate buffer pH 5.0 (4:96); 230 nm, 1.5 mL/min, 10 µL 1.00

Atenolol C-18 (5 µm; 300 × 3.9 mm); Dissolve 1.1 g of sodium heptane sulfonate and 0.71 g of sodium phosphate dibasic anhydrous in 700 mL of water. Add 2 mL
of dibutylamine. Adjust pH 3.0. Add methanol (300 mL); 226 nm; 0.6 mL/min; 10 µL 3.4

Caffeine C-18 (5 µm; 150 × 4.6 mm); Solution of 1.64 g anhydrous sodium acetate in 2000 mL of water. Take 1910 mL of this solution add acetonitrile (50 mL),
tetrahydrofuran (40 mL). Adjust pH 4.5 with glacial acetic acid; 275 nm; 1.0 mL/min; 10 µL 19.0

Carbamazepine CN ((250 mm × 4,.6 mm); Water, methanol, and tetrahydrofuran (85:12:3), 0.22 mL formic acid and 0.5 mL triethylamine; 230 nm, 1.5 mL/min, 20 µL 0.03

Cimetidine C-18 (5 µm; 300 × 3.9 mm); 20% methanol in 0.3% phosphoric acid solution; 220 nm; 2.0 mL/min; 50 µL 1.0

Diclofenac sodium C-8 (5 µm; 250 × 4.6 mm); phosphate buffer pH 2.5 and methanol (30:70); 254 nm; 1.0 mL/min; 10 µL 0.20

Furosemide C-18 (5 µm; 250 × 4.6 mm); Water, tetrahydrofuran, and glacial acetic acid (70:30:1); 254 nm; 1.0 mL/min; 20 µL 16.6

Hydrochlor-thiazide C-18 (5 µm; 150 × 4.6 mm); Solution A: acetonitrile and methanol (3:1). Solution B: 0.5% formic acid. Gradient: 0–3 min. Sol A: Sol B (3:97), 5–14 min. Sol
A: Sol. B (3 to 36:97 to 64), 14–18 min. The Sol. A: Sol B (36 to 3:64 to 97), 18–20 min. Sol A: Sol B (3:97); 275 nm; 1.0 mL/min; 10 µL 7.8

Ibuprofen C-18 (5 µm; 250 × 4.6 mm); 4% chloroacetic acid pH 3.0 and acetonitrile (40:60); 254 nm; 2.0 mL/min; 10 µL 13.9

Ketoprophen C18 (3 µm; 150 × 4.6 mm); water, acetonitrile, and phosphate buffer pH3.5 (55:43:22); 233 nm, 1.0 mL/min, 20 µL 1.56

Metoprolol C-18 (5 µm; 300 × 3.9 mm); 961 mg of pentane sulfonate, 82 mg of anhydrous sodium acetate, 550 mL of methanol, 470 mL of water and 0.57 mL of acetic
acid; 254 nm; 1.0 mL/min; 30 µL 13.8

Methyldopa C18 (5 µm; 300 × 3.9 mm); Monobasic phosphate buffer pH 3.5; 280 nm, 1.0 mL/min, 50 µL 0.12

Naproxen C-18 (5 µm; 150 × 4.6 mm); Acetonitrile, water, and glacial acetic acid (50:49:1); 254 nm; 1.2 mL/min; 20 µL 3.6

Piroxicam C-18 (5 µm; 250 × 4.6 mm); Buffer solution containing 7.72 g of anhydrous citric acid in 400 mL of water and 5.35 g dibasic sodium phosphate in 100 mL
of water, mix the two solutions and adjust volume to 1000 mL with water.Mix buffer and methanol (55:45); 254 nm; 1.2 mL/min; 20 µL 4.0

Propranolol C-8 (5 µm; 250 × 4.6 mm); Dissolve 0.5 g of sodium dodecyl sulfate in 18 mL of 0.15 M phosphoric acid. Add 90 mL of acetonitrile, 90 mL of methanol,
dilute with water to complete 250 mL; 290 nm; 1.5 mL/min; 20 µL 8.2

Ranitidine C-18 (3.5 µm; 10 × 4.6 mm); buffer phosphate pH 7.1: acetonitrile (80:20); 230 nm, 1.5 mL/min, 35◦C, 10 µL 7.4

Trimethoprim C-18 (5 µm; 250 × 4.2 mm); 1% glacial acetic acid: acetonitrile (21:4); 254 nm, 2 mL/min, 10 µL 0.15

Theophylline C-18 (5 µm; 300 × 4.0 mm); 7% acetonitrile in sodium acetate buffer; 280 nm, 1 mL/min, 10 µL 0.22

Verapamil C-18 (5 µm; 150 × 4.6 mm); 0.015 N sodium acetate in 3.3% glacial acetic acid. add acetonitrile and 2-amino-heptane (70:30:0.5); 278 nm; 0.9 mL/min; 10 µL 0.50
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2.2.4. Permeability Calculations

The diffusion area (A) was calculated from the radius of the Franz cell and was 1.77 cm2. Flux
through membrane to receptor compartment (J; µg/cm2/s) was calculated by dividing the amount of
drug accumulated in the receptor compartment by A. The Fick’s first law was derived to calculate flux
(J) at steady state (Equation (1)):

J = dQ/dt*A (1)

where dQ is the amount of drug across the membrane (in moles), dt the permeation time (in seconds),
and A the diffusion area (in cm2). Note that J was obtained from the slope of the curve at steady state
from typical mean cumulative concentration-time plots (minimum of triplicates), as further shown in
results section (Figure 2). Coefficient of variation (CV) of flux for each drug was also measured.

 

 

τ

τ − τ
−

Figure 2. Experimental (solid line) and best-fit (empty circles) EPR spectra for several spin labels in
BAMPA. The isotropic 14N-hyperfine coupling constant, a0, showed equal spectra values of 14.8 G,
consistent with a spin label in phospholipidic bilayer of eukaryotic cells. The rotational correlation
time value, τC, is also showed. 5-DSA or 16-DSA: 5- or 16-doxylstearic acid); 5-PC or 16-PC:5-0r
16-phosphatidylcholine).

The apparent permeability (Papp) was calculated normalizing the flux (J) over the drug
concentration in the donor compartment C0, as described by the following Equation (2):

Papp= J/C0 (2)

This approximation was used in all cases, even when sink conditions do not hold and donor
concentrations change with time, as already described for some experiments [29]. In addition, the following
equation was used to account for the fact that in most cases sink conditions were not maintained [30].

Creceiver,t =
Qtotal

Vreceiver + Vdonor
+

(

(Creceiver,t−1· f ) −
Qtotal

Vreceiver + Vdonor

)

·e−Pe f f ·S·( 1
Vreceiver

+ 1
Vdonor

)·∆t
(3)
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where Creceiver,t is the drug concentration in the receiver chamber at time t, Qtotal is the total amount
of drug in both chambers, Vreceiver and Vdonor are the volumes of each chamber, Creceiver,t−1 is the drug
concentration in receiver chamber at previous time, f is the sample replacement dilution factor, S is
the surface area of the membrane, ∆t is the time interval and Peff is the permeability coefficient. This
equation considers a continuous change of the donor and receiver concentrations, and it is valid
in either sink or non-sink conditions. The curve-fitting is performed by non-linear regression, by
minimization of the sum of squared residuals (SSR), where:

SSR =
∑

[Cr,i,obs − Cr,i(tend,i)]
2 (4)

Cr,i,obs is the observed receiver concentration at the end of interval i, and Cr,I(tend,i) is
the corresponding concentration at the same time calculated according to Equation (3) [29].

Classification as high permeability was established if the calculated permeability (under sink or
non-sink conditions was higher than 0.8* metoprolol permeability [31].

The in vitro permeability (Papp) of each drug studied was compared to in vivo absorption in
humans (Fa%), Papp in Corti artificial membrane [16], and Papp in Caco-2 cells.

3. Results

3.1. EPR Analysis and Membrane Stability

The Franz–PAMPA was characterized by EPR spectroscopy of lipid spin labels of doxyl class.
The spectra showed a movement consistent with lipid bilayer (Figure 1). Two analogs of stearic acid,
5-DSA and 16-DSA, and two analogs of phosphatidylcholine, 5-PC and 16-PC, having the nitroxide
radical positioned at the 5th and 16th carbon atom of the acyl chain, respectively, were used to examine
the molecular dynamic at two regions into the bilayer. The EPR spectra of these four spin labels are
shown in Figure 2.

The EPR parameter—isotropic 14N-hyperfine coupling constant, a0—increased with increasing
dielectric constant (i.e., solvent polarity) in which the nitroxide radical is dissolved. The measured
value of 14.8 G is consistent with a spin label in a membrane [32]. The spin labels 5-DSA and 5-PC with
the nitroxide moiety in the region near the polar head group of the bilayer showed more restricted
rotational motion relative to their positional isomers 16-DSA and 16-PC, in which the nitroxide radical
is more deeply inserted in the hydrophobic core. These results indicate the existence of a gradient
of flexibility along the acyl chain, with more restricted motion in the polar region. This pattern is
consistent with the properties of lipid bilayers from eukaryotic cells. The rotational motion at the polar
interface of the membrane was more restricted for the spin label analog of phosphatidylcholine (5-PC)
with τC of 14.2 × 10−10 s than for the stearic acid one (5-DSA) whose τC was of 8.4 × 10−10 s (Figure 2).

Membrane barriers from similar models such as PAMPA and PVPA have been proven to be stable
in a pH range from 2 to 8 [33]. Here, EPR spectra were also recorded before and after permeation
studies to check for the integrity of biomimetic membranes. No leaching of barrier-constituents
such as phosphatidylcholine and lipids into the donor compartment could be evidenced as none of
membranes showed any difference on 14N-hyperfine coupling constant value (14.8 G) demonstrating its
stability [34]. Likewise, using the same chemical composition as Corti (2006) [5], acidic and basic drugs
also showed pH-dependent permeability according to the pH partition theory [25,35]. Accordingly,
close Person’s correlation coefficient was seen (r = 0.7355) to our data from Franz–PAMPA versus

PAMPA pH 7.4 data from literature.
In this regard, pHs of drug solutions were all measured to assure buffer capacity and drug stability.

Some authors correlated membrane flux with the fraction absorbed in human, showing that the flux
through the egg lecithin/dodecane membrane correlated better than octanol/water logD values with the
fraction absorbed in humans [17]. Later, an in-depth investigation of pH impact on drug Franz–PAMPA
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permeability will be necessary to increase the biomimetic and absorption predictive power of this
method, although the study of this factor was beyond the scope of this work.

3.2. Membrane Validation and Performance

Studies here deals with a modified PAMPA method over Franz cell apparatus. The biomimetic
membrane (Franz–PAMPA) has been previously described by Corti and coworkers [5] as a modified
version from Kansy et al. (1998) [36]. Mannitol and metoprolol were used as a marker for the cutoff
point between low and high permeability drugs.

The apparent permeability coefficient (Papp) values found for mannitol and metoprolol, over
the lipid impregnated membrane (2.27 × 10−5 and 2.55 × 10−5 cm/s, respectively) were higher when
compared to the non-impregnated one across Franz–PAMPA (3.20 × 10−7 and 1.61 × 10−5 cm/s,
respectively), indicating the resistivity of the lipid membrane itself.

Membrane performance was assessed using 14 representative model drugs (Table 2) cited in
the FDA BCS guidance [37]. Class I model compounds were caffeine, metoprolol, propranolol and
verapamil. Class II model compounds were diclofenac, ibuprofen, naproxen and, piroxicam. Class III
model compounds were atenolol, cimetidine, ranitidine, and trimethoprim. Class IV model compounds
were acyclovir, furosemide and hydrochlorothiazide. This classification was based in the permeability
class indicated in the FDA guidance [37] and, on solubility from literature [28].

Cumulative drug transport through Franz–PAMPA was plotted over 12 h and the Papp
was calculated from the slopes obtained from linear regressions (Figure 3, Table 2). Of the 21
compounds studied by Corti and coworkers and of the 14 compounds studied here, there were 11
common compounds tested in both studies: acyclovir, atenolol, caffeine, cimetidine, furosemide,
hydrochlorothiazide, metoprolol tartrate, naproxen, propranolol, ranitidine, and trimethoprim. For
these drugs Caco-2 Papp values were also surveyed from literature and compared here (Table 2).

For high permeability drugs (BCS I and II, Table 2), the Papp values showed to be in the range of
4.6–75.2 × 10−6 cm/s in Franz–PAMPA. For Caco-2 assay, values were narrower (15.8–52.5 × 10−6 cm/s)
and, for Corti membranes they were most narrow (39.7–48.8 × 10−6 cm/s).

For low permeability drugs (BCS III and IV, Table 2), the Papp coefficient found were consistently
much lower than high permeability drugs. Franz–PAMPA, Caco-2, and Corti membrane provided
value ranges of 0.2–24.6 × 10−6 cm/s, 0.1–83.0 × 10−6 cm/s, and 3.2–45.5 × 10−6 cm/s, respectively.
Permeability of most drugs tested here showed Papp >1.0 × 10−5 cm/s (Figure 4).
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Figure 4. Permeability values for Franz-PAMPA versus D0 drugs using metoprolol as reference drug.
Most drugs (•; 14 out of 19) were in accordance with previous Biopharmaceutic Classification System
(BCS) classification. Some of them (�; 5 out of 19) disagreed.

14



Pharmaceutics 2020, 12, 988

Table 2. Papp calculated values in Franz-PAMPA and using Non-Sink Artursson equation. BCS classification of studied drugs and literature data to all other parameters.

Drug 5 BCS 1 Fa(%)

Papp × 10−6 cm/s
5 LogP 5 Log D pH 7.4 5 pKa

4,5 Intrinsic
Solubility
(mg/mL)

Franz–
PAMPA

Non-Sink
Arthurson

1 Caco-2 2 Corti
3 PAMPA

pH 7,4
3 Permeapad™

Metoprolol

I

95 15.8 (HP) 59.0 23.7 (HP) 48.1 (HP) 3.5 1.0 1.9 −0.2 9.6 1000.0
Caffeine 100 36.2 (HP) 53.3 30.8 (HP) 41.1 10.8 20.4 −0.1 0.02 0.6 21.17

Propranolol 93 33.1 (HP) 88.4 41.9 (HP) 39.7 23.5 nC 2.65 1.3 9.5 33.0
Theophylline 97 22.1 (HP) — 25.0 (HP) 40.5 – 7.2 −0.25 −0.05 0.6 & 8.55 8.33

Carbamazepine

II

100 5.97 — - - 11.3 nC 2.5 1.8 1.0 & 13.9
15.96, −3.8 0.12

Diclofenac 100 68.1 (HP) 104.9 - - 12.5 nC 4.4 1.2 3.99 0.001
Ibuprofen 93 57.5 (HP) 36.0 52.5 (HP) - 6.8 16.6 3.1 0.7 4.9 0.01

Ketoprofen (AT) 100 12.1 — 20.1 42.7 16.7 nC 3.3 −1.51 4.5 0.051
Naproxen 98 2.89 (HP) 1.7 39.5 (HP) 48.8 (HP) 10.6 nC 3.2 0.2 4.2 33.0
Piroxicam 100 11.0 9.6 35.6 (HP) - 8.2 nC 2.0 −0.07 2.33 & 5.1 0.11

Verapamil (AT) 98 5.39 5.0 15.8 41.6 7.4 9.3 3.8 2.7 8.9 0.44

Atenolol

III

52 25.8 (HP) 22.0 0.2 20.9 0.0 4.3 0.2 9.6 26.5
Cimetidine 93 35.6 (HP) 31.0 0.7 - 0.0 nC 0.4 0.4 6.8 6.0
Methyldopa 41 — — 0.2 3.2 – nC 0.4 1.7 & 9.9 10.0

Ranitidine (AT) 55 6.81 5.3 0.5 21.5 0.5 nC 0.3 −0.3 2.1 & 8.1 100.0

Acyclovir

IV

21 0.40 0.4 0.3 9.1 0.0 7.9 −1.7 −1.7 2.3 & 9.3 10.0
Amoxicillin 93 0.85 0.07 0.8 - 1.5 nC 0.9 — 3.2 & 11.7 4.0
Furosemide 60 4.57 4.5 0.1 27.5 0.6 nC 2.3 −0.7 3.5 & 10.6 0.01

Hydrochlorothiazide 70 2.74 2.7 0.5 31.0 0.1 nC −0.1 −0.1 7.9 1.0
Trimethoprim (AT) 97 6.61 7.7 83.0 (HP) 45.5 5.0 nC 0.9 0.7 7.1 0.4

nC = non classified 1 Yamashita et al., 2000 (17) and Zhu et al., 2002 [38]; 2 Corti and co-workers, 2006 [5]; 3 Di Cagno et al. [22]; 4 Lindenberg et al. 2004 [39], 5 Kasim et al., 2004 [28] (AT)
actively transported drugs. (HP) high permeability drug [38]—Data not available for non-sink calculations.
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Typically, PAMPA methods are affected by high variability, and therefore, data can be somehow
noisy for poorly permeable drugs. Variability is also an issue that impacts permeability for Caco-2 [5]
and other in situ [19] and in vivo [24] models. For low permeability drugs (Fa < 80%), Avdeef and
coworkers (2003) [6] measured variability for more than 200 different drugs accounting for more than
600 measurements. Papp values close to 10 × 10−6 cm/s showed variability of around 10%. Such error
can increase slightly for higher Papp values but is larger for Papp < 0.1 × 10−6 (60%), with 0.01 × 10−6

values exhibiting variability of 100% or more. Although, currently BBB (blood brain barrier) [40] or
Skin-PAMPA [41] methods can achieve higher precision and reproducibility with some other controlled
protocols. Specific adjustments include setting incubation time as low as possible, increasing sensitivity
of analytical methods, controlling membrane homogeneity either on the filter or among filters, besides
the rationale for compounds dataset amongst others.

Likewise, permeability of small hydrophilic compounds is frequently underestimated in PAMPA
since the membrane has hydrophobic nature besides being a cell-free system [42]. For the FDA-listed
drugs, PAMPA Papp displayed values ranged from 0.00 to 2.35 × 10−5 cms−1, indicating it was not
sensitive enough to discriminate and rank poorly permeable compounds. In contrast, Franz–PAMPA
showed values in a wider Papp range of 0.4–68.1× 10−6 cm/s. This could be tentatively explained due to
the hydrophilic nature of membrane support and pH-dependent characteristics of the drugs [22,24,31].
Moreover, Franz cell stirring clearly reduces the unstirred water layer resistance in the system.

Additionally, variability of Papp values was also addressed by the calculation methods. A more
sophisticated analysis is done using Artursson’s equation [15] for sink and non-sink conditions as well
as checking the impact of extracting a permeability coefficient from data that are not at true steady
state and, thus, possibly impacted by dose depletion. Note that for both the sink and the non-sink
equation, Papp values showed a particularly good correlation between them (0.8984). Similarly, Papp
values obtained by us showed to be very alike to values calculated according to Artursson’s non-sink
equation (Table 2, Figure 5). The reason is that we used the same systematic procedure, i.e., the best fit
method through the linear portion, to calculate all the slopes characterizing an accurate permeability
flow, so that the impact from dose depletion is considered not above average. As a result, all drugs got
the same BCS classification in both methods.

 

  
(a) (b) 

Figure 5. Papp calculations using equations by (a) per Artursson non-sink versus sink conditions and,
(b) per Artursson non-sink compared to sink conditions best fit method of the linear portion.

In this context, Franz–PAMPA profile is mimicking biological permeation in a graphical pattern
related to permeation through Caco-2 cells (R2 = 0.826). Obtained Papp values versus fraction of dose
absorbed in humans (Fa%) showed log linear correlation (Figure 6), as also described by Zhu et al. [38]
when analyzing permeability performance of 93 commercial drugs as for artificial membranes. As
expected, Franz–PAMPA also showed a significantly improved log linear correlation (R2 = 0.6982) when
actively transported compounds ranitidine, trimethoprim, and verapamil were not incorporated in the
regression analysis. In contrast, the Fa% versus. Corti membrane correlation was linear (R2 = 0.904).
Such discrepancy from Franz–PAMPA and Caco-2 reveals that passive permeability of tested drugs
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through Corti membrane was greater and better suitable, especially for low and moderate permeability
drugs, as discussed elsewhere [39]. PAMPA and Caco-2 technique would be best suited for compounds
with medium and high permeabilities. For low permeability compounds, small differences in measured
Papp are expected to yield large differences in Fa% values resulting in imprecise measurements.

 

 

■


−

Figure 6. Demonstration of method suitability from Franz–PAMPA assay permeability and fraction
of dose absorbed in humans (Fa%) compared to Caco-2 cells (o) and Corti membrane (�). Actively
transported drugs were removed for R2 calculation. Corti membrane Papp (

 

■
rane Papp ()

−

) correlation to %Fa
(R2 = 0.890) was essentially unchanged.

Currently, a promising biomimetic barrier also adapted to Franz diffusion cells Permeapad™— [22]
was reported for six drugs concurrent to our model (acyclovir, atenolol, caffeine, ibuprofen, and
metoprolol). Even if a satisfactorily comparative analysis was not straightforward, BCS classification
of most drugs (4 out of 5) showed to be identical with similar Papp rank order (Table 2).

4. Conclusions

The Franz–PAMPA method provided a permeability pattern similar to those from Caco-2.
Methodologically, the advantages of Franz–PAMPA over Caco-2 are the lower costs and simplicity of
membrane preparation (e.g., reagents and artificial membrane are commercially available). Furthermore,
the method is very versatile and could be transformed in a high-throughput in vitro method to detect
and classify compounds absorbed by passive diffusion.

Using metoprolol as a high permeability marker (Papp = 1.61 × 10−5 cm/s; Figure 1), seven
drugs were classified as highly permeable (best fit method): atenolol, caffeine, cimetidine, diclofenac,
ibuprofen, naproxen, and propranolol (Table 2). Only atenolol and cimetidine were misclassified as
highly permeable drugs, relative to their prior literature classification as BCS 3 drugs.

Additionally, 10 out of 17 drugs were classified as low permeability drugs in Franz–PAMPA.
Nevertheless, only naproxen, piroxicam, and verapamil (3 out of 10) had their permeability
underestimated according to BCS, as they performed as low permeability drugs instead of BCS2 drugs.

Summing up, a potential limitation of our study is that the Papp values were calculated with an
equation in which the underlying assumptions are constant donor concentration and sink conditions.
In order to account for that, we also did the calculations to estimate permeability values under non-sink
conditions. The obtained values are about the same compared with the true values (i.e., assuming
donor concentration change and non-sink conditions). Although the relative estimation error does
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change across high versus low permeability compounds [29], the practical implications for predicting
oral fraction absorbed would only be a “shift” to the left on the abscissa. In the case of a direct
correlation with Caco-2 values, it would be reflected in a different slope, but it would not change the
significance of the regression line. In the case of the use of the apparent permeabilities for classification
of compounds, the reference value of metoprolol is also underestimated, so the classification outcome
would not be changed [29].

As a final comment, the ability of Franz–PAMPA to classify drugs was good and can be potentially
challenged at different pH conditions to predict intestinal permeability of drugs showing passive
transport. Eventually, the Franz–PAMPA cell diffusion can be modulated in lipid composition and
may be a suitable alternative for studying other biological barriers such as blood–brain barrier, skin,
and mucosal barriers as buccal or nasal. The current dataset adds valuable information for future
analysis of drug-molecular interactions at the lipid layer and in silico model development. Additionally,
all apparatus and supplies experimentally used on Franz–PAMPA are commercially available and
affordable to facilitate drug discovery method application.
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Abstract: Drug absorption is one of the critical factors that should be taken into account in the
process of drug discovery and development. The human colon carcinoma cell layer (Caco-2) model
has been frequently used as a surrogate to preliminarily investigate the intestinal absorption. In
this study, a quantitative structure–activity relationship (QSAR) model was generated using the
innovative machine learning-based hierarchical support vector regression (HSVR) scheme to depict
the exceedingly confounding passive diffusion and transporter-mediated active transport. The HSVR
model displayed good agreement with the experimental values of the training samples, test samples,
and outlier samples. The predictivity of HSVR was further validated by a mock test and verified by
various stringent statistical criteria. Consequently, this HSVR model can be employed to forecast the
Caco-2 permeability to assist drug discovery and development.

Keywords: intestinal absorption; intestinal permeability; human colon carcinoma cell layer (Caco-2);
hierarchical support vector regression (HSVR)

1. Introduction

Clinically, the majority of drugs are orally administered [1]. Prior to reaching the blood
circulation system, the administered pharmaceutical agents have to pass through the in-
testinal barrier via passive diffusion, active uptake, and/or efflux transport processes [2–4],
as illustrated by Figure 10.2 of Proctor et al. [2]. In passive diffusion, drug molecules
can permeate the epithelial cell layers through the transcellular pathway, in which they
penetrate through the cell membrane, or the paracellular pathway, in which they can cross
the epithelial cell layer through the tight junction between cells [5]. The significance of
active transporters on intestinal absorption has been detailed elsewhere [6]. Principally,
active transport can be modulated by the efflux transporters of the ATP-binding cassette
(ABC) family as well the influx transporters of the solute carrier (SLC) family [6], of which
the efflux transporters can pump the administrated drugs out of enterocytes, leading to
the reduction of the accumulated concentration, whereas the influx can enhance the in-
testinal uptake, resulting in the increased drug accumulation [7]. Of various active influx
and efflux transporters, P-glycoprotein (P-gp), also termed multidrug resistance 1 protein
(MDR1/encoded by ABCB1 gene), breast cancer resistance protein (BCRP/ABCG2), or-
ganic anion transporting polypeptide 2B1 (OATP2B1/SLCO2B1), and peptide transporter 1
(PEPT1/SLC15A1) play predominant roles in intestinal absorption [8].

Passive diffusion depends on a number of physicochemical properties, whereas active
transport relies on the characteristics of specific binding sites on the transport proteins [9].
The uncharged and modest hydrophobic drugs such as testosterone [10] can permeate
through the membrane. Conversely, it is very difficult for highly hydrophobic molecules
to get across cells, since they can be adhered to the membrane [5]. On the other hand,
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hydrophilic drugs such as mannitol predominantly pass through the paracellular path-
way [10].

Of various drug absorption, distribution, metabolism, elimination, and toxicity
(ADME/Tox) properties, drug absorption plays a pivotal role in drug discovery, since
they substantially contribute to the earlier preclinical go/no-go decisions for the drug
candidates [10,11] to achieve the “fail fast, fail early” paradigm [12]. As such, numerous
in vivo and in situ assays have been developed to evaluate the intestinal absorption [13,14].
For instance, the in situ single-pass intestinal perfusion (SPIP) model measures the appear-
ance of the drug in plasma after intravenous and intraintestinal drug administration [13,15].
The drug is orally administrated or directly given into the intestine or stomach in some
animal species in in vivo assay [13,14,16].

In addition to in vivo and in situ assays, various in vitro assays have been devised,
since they have more advantages such as low cost and time efficiency as compared with
their in situ and in vivo counterparts [15]. Of various in vitro assays to evaluate intestinal
absorption, human colon carcinoma monolayer cells (Caco-2) [3], parallel artificial mem-
brane permeability (PAMPA) [17,18], and Madin–Darby canine kidney cells (MDCK) [19]
are most frequently used. In fact, a comprehensive drug absorption profile should include
the Caco-2, MDCK, and PAMPA permeability data to explore drug solubility and bioavail-
ability [20]. Moreover, Caco-2, which can be adopted to evaluate the drug permeability
through the cytoplasm (transcellular uptake) or between cells (paracellular uptake) and
active transport [6], has become the golden standard for predicting intestinal drug perme-
ability and absorption because of its similarity in morphology and function with human
enterocytes [21–23]. The Caco-2 protocol has been clearly described in detail by Hubatsch
et al. As compared with the biological membrane, the Caco-2 system still suffers from a
range of disadvantages such as high technical complexity, the limitations related to the
differences between cell monolayers and intestinal membrane structurally and function-
ally [24], in addition to its long culture periods (21-24 days) with the significantly extensive
costs, contributing to the major concerns in practical applications [21,25].

The Caco-2 permeability is normally expressed by the apparent permeability co-
efficient (Papp), in which the drug solution is added to the apical side, viz. the donor
compartment, and the Papp value in the basolateral side, viz. the receiver compartment, is
measured [23]

Papp =
dQ

dt
×

1
(A × C0)

(1)

where dQ/dt is the linear appearance rate of mass in the receiver solution transported
during sink conditions, A is the membrane surface area, and C0 is the initial concentration at
the donor compartment [26]. However, it is not uncommon to observe in vitro permeability
variations among different from research groups, because the cultured cells can vary based
on culture conditions, passage number, monolayer age, seeding density, and stage of
differentiation [27,28], as exemplified by those compounds listed in Table 3 of Lee et al. [29].
Furthermore, Yamashita et al. have found that the different pH values of apical medium
and the different solvents can produce different drug absorption values [30]. For instance,
the Papp values of alprenolol are (6.06 ± 0.18) × 10-6 cm/s and (30.0 ± 1.8) × 10-6 cm/s at
pH 6.0 and pH 7.4, respectively. More examples of Papp variations at different pH values
can be found in Table 1 of Yamashita et al. [30].

In silico technologies have become an essential component in drug discovery and
development according to the fact that they can provide guidance in the early stages in
the drug discovery process such as the activity classification (high/moderate/poor) or
quantitative predictions [31,32]. As such, a great number of in silico models have been
established to predict the ADME/Tox properties [33]. The relationship between biological
activity and chemical characteristics can be established by quantitative structure–activity
or structure–property relationships (QSAR and QSPR) [34]. Numerous QSAR models have
been generated to predict Caco-2 permeability based on a variety of physicochemical and
physiological descriptors [35–51]. Nevertheless, the difficulties in developing sound in
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silico models to predict the intestinal permeability still remain unanswered mainly due to
the fact that Caco-2 permeability is a dramatically perplexing process that can take place
through numerous non-linear routes (vide supra).

More specifically, the ABC transporters, which are efflux transporters, can reduce
the drug absorption, whereas the SLC transporters, which are influx transporters, can
enhance the drug uptake, leading to the decrease and/or increase of drug absorption,
respectively. In fact, such controversy can establish a paramount barrier in model devel-
opment. For instance, the number of aromatic rings (nAr) can enhance the compound
hydrophobicity [52] and facilitate the passive diffusion consequently. Conversely, nAr is
also an important feature for P-gp substrate recognition and modulates the compound
efflux correspondingly [53]. Thus, nAr can simultaneously affect the active efflux and
passive diffusion.

It is exceedingly difficult, if not nearly impossible, to derive a robust in silico model,
which can properly render the complex relationships between the selected descriptors and
Caco-2 permeability. However, the hierarchical support vector regression (HSVR) scheme,
which is an innovative machine learning-based scheme initially developed by Leong
et al. [54], can properly address the complicated and varied dependencies of descriptors
that, in turn, can be greatly contributed to its advantageous features of both a local model
and a global model, namely wider coverage of applicability domain (AD) and a higher
capability of prediction, respectively. When comparing with most theoretical models, which
are vulnerable to the outliers that represent mathematic extrapolations, HSVR can still
show consistent performance, as demonstrated elsewhere [1,54–57]. Herein, the objective
of this study was to develop an in silico model based on the HSVR scheme to predict Caco-2
permeability in conjunction with previously published PAMPA permeability, intestinal
absorption, and MDCK efflux in silico models [1,55,57] to facilitate drug discovery and
development, since medicinal chemists can employ these models to predict the drug
absorption of (virtual) hit compounds as well as drug metabolism and pharmacokinetics
(DM/PK) scientists can adopt these models to prioritize the lead compounds.

2. Materials and Methods
2.1. Data Collection

The Papp values were collected from the various sources after a comprehensive litera-
ture search [22,23,58–66]. Assay systems were carefully scrutinized to ensure data consis-
tency, since various assay conditions such as pH value and solvent system, for example, can
affect the Caco-2 permeability [30]. Only Papp values, which were measured in the Hank’s
balanced salt solution (HBSS) buffer and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) including ca. 1% dimethylsulfoxide (DMSO) at pH 7.4 were chosen in
this study. The average Papp value was selected to warrant better consistency in case
there was more than one Papp value for a given compound within a near range. Finally,
144 compounds were chosen in this study and their corresponding logarithm Papp values,
simplified molecular input line entry system (SMILES) strings, Chemical Abstracts Service
(CAS) registry numbers, and references to the literature are listed in Table S1.

2.2. Molecular Descriptors

The density functional theory (DFT), Becke 3-parameter Lee–Yang–Parr (B3LYP)
method was employed to do full geometry optimization by the Gaussian package (Gaus-
sian, Wallingford, CT, USA) for all recruited samples with the selection of basis set 6-31G
(d,p). The solvent system was taken into consideration by the polarizable continuum model
(PCM) [67,68]. The atomic charges, upon which the dipole moments depend, were cal-
culated by the molecular electrostatic potential (MEP) [69]. The frontier orbitals energies,
namely the highest occupied molecular orbital energy (EHOMO) and the lowest unoccupied
molecular orbital energy (ELUMO), molecular dipole (µ), as well as the maximum absolute
component of µ (|µ|max) were also recovered from the optimization calculations.
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In total, more than 100 descriptors, which feature one-, two-, and three-dimensional
ones and can be categorized into a variety of classes consisting of topological descriptors,
electronic descriptors, thermodynamic descriptors, structure descriptors, spatial descrip-
tors, and E-state indices, were enumerated by Discovery Studio (BIOVIA, San Diego, CA,
USA) and E-Dragon (available at the website http://www.vcclab.org/lab/edragon/). The
logarithm of the n-octanol–water partition coefficient at pH 7.4 (log P) was calculated by
XLOGP3 of SwissADME (available at the website http://www.swissadme.ch/index.php).
Furthermore, the cross-sectional area (CSA), which has been implicated in membrane
permeability [70,71], was calculated using the method modified by Muehlbacher et al. [72].
The collected compounds were divided into 4 ion classes [73], namely zwitterion, base,
acid, and neutral ions according to their pKa values. The neutral ions only have one pKa
value, the zwitterion ions are those whose strongest acidic pKa values are larger than 7 and
the strongest basic ones are smaller than 7, the acidic ions have all their pKa values smaller
than 7, whereas the basic ions have all their pKa values larger than 7.

2.3. Descriptor Selection

Descriptor selection was initially executed by removing those descriptors missing
more than one molecule or displaying little or no distinction among all molecules. Further-
more, the Spearman’s matrix between calculated descriptors was constructed to minimize
the chance of spurious correlations, and those descriptors with intercorrelation values of
r2 > 0.80 were discarded, since the threshold was proposed by Topliss and Edwards [74].
In this study, a more conservative value of r2 ≥ 0.64 was taken to further ensure the quality
of derived models.

Descriptor values can span a wide range due to their diverse nature (vide supra). It is
of necessity to transfer descriptors into a more consistent range to decrease the chance of
descriptors with broader ranges overriding those with narrower ranges [75]. Accordingly,
descriptors were subjected to normalization by centering and scaling

x̂ij =
xij −

〈

xj

〉

√

∑
n
i=1
(

xij −
〈

xj

〉)2/(n − 1)
(2)

where xij and x̂ij symbolize the jth original and normalized descriptors of the ith molecule,
respectively;

〈

xj

〉

is the average value of the original jth descriptor; and n is the number
of molecules.

The descriptor selection is of pivotal importance in the performance of QSAR mod-
els [76]. Thus, genetic function approximation (GFA) bundled in the QSAR module of
Discovery Studio was used for the initial descriptor because of its effectiveness and effi-
ciency [77]. The recursive feature elimination (RFE) scheme was adopted for additional
selection, in which the model was repeatedly generated by all but one descriptor. The
descriptor, which had the less contribution in predictive performance, was removed after
ranking their contributions [78].

2.4. Dataset Selection

It is not uncommon to identify the outliers and remove them from data collection
for model development [79]. As such, outliers were recognized by inspecting molecular
distribution in the chemical space [80], which was created by principal components (PCs)
using the Diverse Molecules/Principal Component Analysis embedded in Discovery
Studio, followed by discovering the outliers.

The remaining molecules were arbitrarily allocated into the training set and test set
with an about 4:1 portion as recommended [81] to generate and verify the built model,
respectively, using the Diverse Molecules/Library Analysis function within Discovery
Studio. Golbraikh et al. have postulated that a sound model can be resulted only when
both samples in the training set and test set can show high levels of chemical and biological
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similarity [82]. Thus, the data distributions in the training and test set were carefully
checked to ensure the high similarity degrees biologically and chemically in both datasets.

2.5. Hierarchical Support Vector Regression

Leong et al. originally invented HSVR [54] which was evolved from support vector
machine (SVM) proposed by Vapnik et al. [83]. Initially, SVM was designed for classifi-
cation only and the regression function, termed as support vector regression (SVR), was
introduced later [84]. HSVR has a higher level of predictivity and broader applicability
domain (AD) as compared with SVR, since it can seamlessly combine the advantages of the
local model and global model [56]. More significantly, the superiority of HSVR has been
revealed by some studies [1,54–57].

The theory and fulfillment of HSVR have been delineated in detail elsewhere, and
the schematic presentation of HSVR can be depicted by Figure 1 of Leong et al. [54].
Basically, an SVR ensemble (SVRE) is used to build an HSVR model, and SVR models
in the ensemble are generated from different descriptor combinations and function as
local models with their own ADs. Briefly, the svm-train module in LIBSVM (software
available at http://www.csie.ntu.edu.tw/~cjlin/libsvm/) was employed to build various
SVR models using those samples in the training set with different descriptor combinations
and SVR run conditions. The module svm-predict in LIBSVM was adopted to validate
the produced SVR models using the samples in the test set. Radial basis function (RBF)
was the designated kernel function due to its simplicity and better functionality [85]. Both
ε-SVR and ν-SVR regression functions were tested. The SVR runtime conditions including
ε-SVR and ν-SVR, their associated ε and ν, the kernel width γ, and cost C were tuned by
the grid-search technique.
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Figure 1. The chemical space spanned by three principle components (PCs) displays the distri-
bution of the data samples in the training set (solid circle), test set (gray square), and outlier set
(open triangle).

According to the principle of Occam’s razor, i.e., the principle of parsimony, the
number of descriptors selected to build SVR models should be minimized as much as
possible. This principle was also applied to the construction of SVRE, which demanded
the minimum number of ensemble members [86]. Initially, the combinations of two SVR
models were adopted to generate the HSVR model; this process was repeated until the
production of a predictive HSVR. Otherwise, the combinations of three- or even four-
member SVRE were used to develop the HSVR models if the two-SVR ensembles failed to
perform well.
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2.6. Predictive Evaluation

The residual yielded by the difference between the observed value (yi) and the
predicted value (ŷi) for the ith molecule was computed based on the following equation:

∆i = yi − ŷi (3)

In addition, standard deviation (s), maximum residual (∆Max), root mean square error
(RMSE), and mean absolute error (MAE) in a dataset with n samples were evaluated.

RMSE =

√

n

∑
i=1

△2
i /n (4)

MAE =
1
n

n

∑
i=1

∣

∣

∣

∣

∣

∆i

∣

∣

∣

∣

∣

(5)

Various statistic metrics were adopted to evaluate the produced models. The squared
correlation coefficients including r2 and q2 in the training set and external set, respectively,
were computed by the following equation.

r2, q2 = 1 −
n

∑
i=1

(ŷi − yi)
2/

n

∑
i=1

(yi − 〈ŷ〉)2 (6)

where 〈ŷi〉 represents the average predicted value, and n is the number of samples in
the dataset. The derived models were subjected to the 10-fold cross-validation using the
function embedded in LIBSVM to give rise to the squared correlation coefficient of 10-fold
cross-validation q2

CV. Another internal validation was carried out by the Y-scrambling
test [87], in which the log Papp values were randomly permuted and then reapplied to the
previous developed model without altering the descriptors. This process was repeated
25 times as suggested [87] to generate the average squared correlation coefficient

〈

r2
s

〉

.
The external dataset was evaluated predictivity by the squared correlation coeffi-

cients q2
F1, q2

F2, and q2
F3, and the concordance correlation coefficient (CCC) [88–93] using

QSARINS [94,95].

q2
F1 = 1 −

nEXT

∑
i=1

(yi − ŷi)
2/

nEXT

∑
i=1

(yi − 〈yTR〉)
2 (7)

q2
F2 = 1 −

nEXT

∑
i=1

(yi − ŷi)
2/

nEXT

∑
i=1

(yi − 〈yEXT〉)
2 (8)

q2
F3 = 1 −

[

nEXT

∑
i=1

(yi − ŷi)
2/nEXT

]

/

[

nEXT

∑
i=1

(yi − 〈yTR〉)
2/nTR

]

(9)

CCC =

2
nEXT
∑

i=1
(yi − 〈yEXT〉)(ŷi − 〈ŷEXT〉)

nEXT
∑

i=1
(yi − 〈yEXT〉)

2 +
nEXT
∑

i=1
(ŷi − 〈ŷEXT〉)

2 + nEXT(〈yEXT〉 − 〈ŷEXT〉)
2

(10)

where 〈yTR〉 is the averaged observed values in the training set, 〈yEXT〉 and 〈ŷEXT〉 are the
averaged observed and predicted values in the external set, respectively; nTR and nEXT
stand for the numbers of samples in the training set and external set, respectively.

In addition, some modified squared correlation coefficients r2 were estimated [96,97]

r2
m = r2

(

1 −
√

|r2 − r2
o |

)

(11)

r′
2
m = r2

(

1 −
√

∣

∣

∣
r2 − r′2o

∣

∣

∣

)

(12)
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〈

r2
m

〉

=
(

r2
m + r′

2
m

)

/2 (13)

∆r2
m =

∣

∣

∣
r2

m − r′
2
m

∣

∣

∣
(14)

(

r2 − r2
o

)

/r2
< 0.10 and 0.85 ≤ k ≤ 1.15. (15)

To externally evaluate the predictivity of the generated models, the most stringent crite-
ria validation values jointly proposed by Golbraikh et al. [82], Ojha et al. [96], Roy et al. [98],
and Chirico and Gramatica [89] were adopted

r2, q2
CV, q2, q2

Fn ≥ 0.70 (16)
∣

∣

∣
r2 − q2

CV

∣

∣

∣
< 0.10 (17)

∣

∣

∣
r2

0 − r′
2
0

∣

∣

∣
< 0.30 (18)

r2
m ≥ 0.65 (19)

〈

r2
m

〉

≥ 0.65 and ∆r2
m < 0.20 (20)

CCC ≥ 0.85 (21)

where r2 in Equations (15) and (18)-(20) symbolize r2 and q2 in the training set and external
set, respectively. The q2

Fn in Equation (16) stands for q2
F1, q2

F2, and q2
F3.

3. Results
3.1. Dataset Selection

Of all the molecules enrolled in this study, 104 and 26 molecules were randomly
selected as the training set and test set, respectively, giving rise to a ca. 4:1 ratio as
suggested [81]. The chemical space with the projection of all molecules is displayed in
Figure 1. Three principle components (PCs), which accounted for 97.94% of the variance in
the original data, were used to create the chemical space. This figure shows that samples
in the training set and test set had similar distribution in the chemical space. The high
levels of the biological and chemical similarity between both datasets can be illustrated by
the histograms of log Papp, molecular weight (MW), surface area (SA), polar surface area
(PSA), number of hydrogen bond acceptor (HBA), number of hydrogen bond donor (HBD),
and n-octanol-water partition coefficient (log P) in the density form (Figure S1). Thus, it is
plausible to assert that the substantial bias did not appear in the data partition.

It is of great significance to characterize the AD of the predictive model and to ex-
clude the outliers from data collection [94]. Various methods to detect outliers have been
proposed [99]. The scheme based on the chemical similarity/dissimilarity using principle
component analysis (PCA) was adopted in this study [94]. Accordingly, 14 molecules were
specified as outliers, which are substantially dissimilar to those ones in both the training
and test sets, as shown in the chemical space (Figure 1), from which it can be observed that
they are located far from the others. The distinction between the outliers and the others
can be actually recognized by the fact that they contain more than nine rings or more than
12 HBAs as compared with the other molecules.

3.2. SVR Models

Numerous SVR models were generated using different descriptor combinations and
runtime conditions. Three SVR models, coined as SVR A, SVR B, and SVR C, were
assembled to establish the SVR ensemble, which was successively utilized to generate the
HSVR model by another SVR. The optimal runtime conditions of SVR A, SVR B, SVR C,
and HSVR are listed in Table S2.

SVR A, SVR B, and SVR C adopted five, five, and seven descriptors, respectively,
with different combinations (Table 1). These SVR models in the ensemble were assembled
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according to their performances on the molecules and statistical assessments in the training
set and test set. Their runtime conditions and their predicted log Papp values are listed in
Tables S1 and S2, respectively. Tables 2 and 3 record their associated statistical evaluations
in the training set and test set, respectively.

Table 1. The list of ensemble support vector regression (SVR) models and their descriptors, the correlation coefficient (r)
with Papp, and their descriptions.

Descriptor SVR A SVR B SVR C r Description

log P X † X 0.15 Logarithm of the n-octanol-water partition coefficient
nAr X −0.07 Number of aromatic rings
PSA X X −0.56 Polar surface area

µ X −0.27 Dipole moment
|µ|max X X −0.08 The maximum dipole component

α X −0.34 Sum of atomic polarizabilities over all the molecule atoms
nRing X −0.31 Number of rings
Vm X −0.35 Molecular volume
nRot X −0.21 Number of rotatable bonds in a molecule
HBD X X −0.40 Number of hydrogen-bond donors

pKa(Max) X X −0.13 The maximum pKa for a molecule
ion class X N/A‡ Four classes are separated by the pKa of molecules

† Selected. ‡ Not applicable.

Table 2. Statistic metrics including r2, ∆Max, mean absolute error (MEA), s, root mean square error
(RMSE), q2

CV, and
〈

r2
s
〉

assessed by support vector regression (SVR) A, SVR B, SVR C, and hierarchical
support vector regression (HSVR) in the training set.

Statistic Metrics SVR A SVR B SVR C HSVR

r2 0.69 0.77 0.76 0.91
∆Max 1.31 1.19 1.66 0.98
MAE 0.28 0.17 0.17 0.1

s 0.25 0.28 0.29 0.18
RMSE 0.38 0.32 0.33 0.2

q2
CV 0.16 0.19 0.21 0.81
〈

r2
s
〉

0.05 0.03 0.03 0.03

Table 3. Statistic metrics including q2, q2
F1, q2

F2, q2
F3 CCC, ∆Max, MAE, s, and RMSE assessed by SVR

A, SVR B, SVR C, and HSVE in the test set.

Statistic Metrics SVR A SVR B SVR C HSVR

q2 0.50 0.58 0.60 0.75
q2

F1 0.42 0.58 0.59 0.71
q2

F2 0.41 0.57 0.59 0.71
q2

F3 0.30 0.50 0.50 0.70
CCC 0.62 0.74 0.77 0.85
∆Max 1.27 1.06 0.88 0.72
MAE 0.42 0.35 0.39 0.33

s 0.35 0.31 0.23 0.20
RMSE 0.54 0.46 0.45 0.38

The observed versus the predicted log Papp values by SVR A, SVR B, SVR C, and
HSVR are displayed by the scatter plot in Figure 2, from which it can be observed that SVR
A, SVR B, and SVR C predicted the observed values well for the majority of the molecules
in the training set, producing small MAE and s values consequently (Table 2). Moreover,
it can be found from Figure 2 that the points predicted by SVR B are generally closer to
the regression line than SVR A and SVR C. SVR B, consequently, gave rise to the lowest
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∆Max (1.19), MAE (0.17), and RMSE (0.32), and the largest r2 (0.77), suggesting that SVR B
performed marginally better than SVR A and SVR C in the training set.
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Figure 2. Observed log Papp versus the log Papp predicted by SVR A (gray circle), SVR B (gray triangle), SVR C (open
diamond), and HSVR (solid square) for the training samples. The solid, dashed, and dotted lines represent to the
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prediction, respectively.

Furthermore, the difference between r2 and q2
CV evaluated by SVR B was 0.58 when

subjected to the leave-one-out cross-validation, indicating that SVR B was over-trained
which, in turn, can severely limit its application. Over-training was also associated with
SVR A and SVR C as manifested by their extremely low q2

CV values. The
〈

r2
s

〉

values
produced by SVR A, SVR B, and SVR C were 0.05, 0.03, and 0.03 (Table 2), respectively,
when subjected in Y-scrambling. These near zero values suggest that there is an almost
zero chance correlation associated with those SVR models [87].

The predicted values by SVR A, SVR B, and SVR C are in moderate agreement with
the observed values for those test molecules depicted by Figure 3, which shows the scatter
plot of observed versus the log Papp predictions by SVR A, SVR B, SVR C, and HSVR for
those samples in the test set. The MAE values generated by SVR A, SVR B, and SVR C
increase from 0.28, 0.17, and 0.17 in the training set to 0.42, 0.35, and 0.39 in the test set,
respectively (Table 3). RMSE along with the other statistic values also reveal deteriorating
performances of these models in SVRE from the training set to the test set (Tables 2 and 3).
Moreover, the q2 values produced by SVR A, SVR B, and SVR C were 0.50, 0.58, and 0.60 in
the test set, respectively, which are much less than their r2 counterparts in the training set.
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Figure 3. Observed log Papp versus the log Papp predicted by SVR A (gray circle), SVR B (gray triangle), SVR C (open
diamond), and HSVR (solid square) for the test samples. The solid, dashed, and dotted lines represent the HSVR regression
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The prediction performances of those SVR models in the SVRE were significantly
decreased when applied to those samples in the outlier set as suggested by the statistical
metrics listed in Table 4. For example, SVR A, SVR B, and SVR C yielded the q2

F2 values
of −0.18, −0.41, and 0.16, respectively, which are substantially smaller than the r2 values
in the training set and the q2

F2 values in the test set (Tables 2 and 3). Furthermore, the
distances between the points and the regression line in the outlier set were much greater
than those in the training set shown in Figure 4. As such, it can be asserted that those three
models in the SVRE are vulnerable to the outliers that, actually, are not uncommon for
most predictive models [100].

Table 4. Statistic metrics including q2, q2
F1, q2

F2, q2
F3, CCC, ∆Max, MAE, s, and RMSE assessed by SVR

A, SVR B, SVR C, and HSVE in the outlier set.

Statistic Metrics SVR A SVR B SVR C HSVR

q2 0.45 0.36 0.40 0.76
q2

F1 0.75 0.70 0.82 0.95
q2

F2 −0.18 −0.41 0.16 0.76
q2

F3 0.39 0.27 0.56 0.87
CCC 0.49 0.56 0.58 0.87
∆Max 1.58 0.91 0.82 0.49
MAE 0.35 0.47 0.16 0.17

s 0.41 0.34 0.56 0.17
RMSE 0.52 0.57 0.58 0.24
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Figure 4. Observed log Papp versus the log Papp predicted by SVR A (gray circle), SVR B (gray triangle), SVR C (open dia-
mond), and HSVR (solid square) for the outlier samples. The solid, dashed, and dotted lines represent the HSVR regression
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3.3. HSVR Model

The HSVR model was generated by the regression of SVRE according to the predictions
of all molecules and statistical assessments in the training set (Table S1 and Table 2), and
its runtime parameters are recorded in Table S2. HSVR commonly predicted better than
SVR A, SVR B, and SVR C for the samples in the training set, as demonstrated by Figure 2,
from which it can be noticed that most of predictions by HSVR lie in the range between the
largest and the smallest ones predicted by those models in the SVRE. HSVR can improve the
predictions in some cases. For instance, the prediction of compound 101 (omeprazole) by
HSVR yielded an absolute residual of 0.02, whereas SVR A, SVR B, and SVR C produced the
absolute errors of 0.34, 1.10, and 0.18, respectively (Table S1). In addition, HSVR produced
the highest r2 (0.91) and q2

CV(0.81) and the lowest ∆Max (0.98), MAE (0.10), s (MAE), and
RMSE (0.20) values when compared with those models in the SVRE, suggesting that HSVR
statistically performed better SVR A, SVR B, and SVR C in the training set. Furthermore,
HSVR gave rise to a

〈

r2
s

〉

value of 0.03, indicating that it is least possible that HSVR was
created by chance correlation [87].

When applied to the test molecules, marginal performance deteriorations can be
found for HSVR. For example, s increased from 0.18 in the training set to 0.20 in the
test set (Tables 2 and 3). However, ∆Max dropped from 0.98 in the training set to 0.72 in
the test set. HSVR still executed better than SVR A, SVR B, and SVR C in the test set
as shown in Figure 3. The other statistical parameters listed in Table 3 also assert the
performance dominance of HSVR. For instance, the q2 values were 0.50, 0.58, 0.60, and
0.75 generated by SVR A, SVR B, SVR C, and HSVR, respectively. Similarly, HSVR also
produced smaller absolute deviations than its counterparts in the SVRE in the test set. For
example, the absolute residuals of compound 36 (clozapine) were 0.35, 0.54, 0.35, and 0.03
yielded by SVR A, SVR B, SVR C, and HSVR, respectively (Table S1). HSVR generally
produced consistent and small deviations in both training and test sets as asserted by those
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parameters listed in Tables 2 and 3 in comparison with its counterparts in the SVRE. More
importantly, the HSVR model generated the largest q2 (0.75) in the test set and the smallest
difference between r2 and q2

CV (0.10), suggesting that it is less likely that HSVR model was
over-trained or over-fitted.

HSVR even displayed better performance than the SVR models in the ensemble in the
outlier set as depicted by those statistical assessments listed in Table 4. The HSVR model
generated the largest q2 value (0.76) and yet SVR A, SVR B, and SVR C yielded 0.45, 0.36,
and 0.40, respectively. The superiority of HSVR in the outlier set can also be assured by
the other statistical parameters, which is mainly due to the broader application domain of
HSVR when compared with its counterparts in the ensemble. That robust HSVR feature
makes it more utilizable in practical applications [101].

3.4. Predictive Evaluations

The scatter plot of residual versus the log Papp prediction by HSVR for the training,
test, and outlier samples is shown in Figure 5, from which it can be found that the residuals
are commonly situated on both sides of x-axis along with the prediction range in those
three datasets, suggesting that it is least likely that systematic error is associated with
HSVR. Additionally, the training set, test set, and outlier set had the average residuals of
0.02, −0.13, and 0.06, respectively (Table S1), denoting that there is no biased prediction
by HSVR.
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Figure 5. Residual versus the log Papp prediction by HSVR in the training set (solid circle), test set (gray square), and outlier
set (open triangle).
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Table 5 lists the results when the developed HSVR model was further subjected to
the most stringent validation criteria collectively recommended by Golbraikh et al. [82],
Ojha et al. [96], Roy et al. [98], and Chirico and Gramatica [89] in the three datasets
(Equations (15)–(21)). It can be observed that HSVR completely met those proposed
validation requirements in addition to the fact that HSVR exhibited a similar degrees of
performance in the training set, test set, and outlier set. As such, it can be asserted that
HSVR is an extremely accurate and predictive theoretical model.

Table 5. Validation verification of HSVR based on prediction performance of the training, test, and
outlier samples.

Validation
Verification

Training Set Test Set Outlier Set

r2
0 0.91 0.75 0.75
k 1.01 0.86 0.93

r′
2
0 0.91 0.68 0.71

r2
m 0.84 0.71 0.68

r′
2
m 0.91 0.75 0.76

〈

r2
m

〉

0.87 0.73 0.72
∆r2

m 0.06 0.04 0.08
r2 ≥ 0.70 X † X X

Equation (15) X X X
Equation (16) X N/A N/A
Equation (17) X X X
Equation (18) X X X
Equation (19) X X X
Equation (20) X X X
Equation (21) N/A ‡ X X

† Fulfilled; ‡ Not applicable.

3.5. Mock test

To verify the practical applicability of the generated HSVR model, this model was
applied to those drugs measured by Yamashita et al. [30]. There were eight compounds
commonly adopted by this study and Yamashita et al., furnishing a sound way to calibrate
the challenging system. However, Yamashita et al. assayed the Papp values at pH 6.0,
instead of pH 7.4 used by those compounds collected in this study, suggesting that some
Papp variations can be resulted from both systems (vide supra). These discrepancies make
those drugs assayed by Yamashita et al. not appropriate as the second external dataset or
the test set because those validation criteria listed in Table 5 cannot be applied to those
drugs. The relationship between both different experimental conditions was initially
constructed for those eight common compounds, and the resulting scatter plot is exhibited
in Figure 6, from which it can be found that both assay systems were reasonably correlated
with each other with an r value of 0.86), suggesting that this HSVR can be adopted to
predict those novel compounds measured by Yamashita et al.

Figure 7 shows the predicted results of seven novel drugs in the mock test. The
correlation coefficient r value between the predicted log Papp (pH 7.4) and observed
log Papp (pH 6.0) was 0.86, suggesting that the HSVR model can nearly reproduce the
experimental results. In addition, the produced p-value was <0.05. This mock test ensured
the predictive ability of generated HSVR when applied to the novel compounds with
different experimental conditions.
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Figure 6. Observed log Papp at pH 7.4 versus observed log Papp at pH 6.0 for the common drugs in the mock test. The solid,
dashed, and dotted lines represent the mock test regression of the observed data, 95% confidence interval for the mock test
regression, and 95% confidence interval for the observation, respectively.
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Figure 7. Predicted log Papp at pH 7.4 versus observed log Papp at pH 6.0 by the HSVR model for the
drugs in the mock test. The solid, dashed, and dotted lines represent the HSVR regression data, 95%
confidence interval for the HSVR regression, and 95% confidence interval for prediction, respectively.

3.6. Classification

It is of interest to verify the qualitative predictivity of HSVR, since a number of
qualitative models have been published [25,102]. Accordingly, compounds enlisted in this
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study were classified as Caco-2 permeable (Caco-2+) and Caco-2 impermeable (Caco-2-)
based on the threshold value of Papp (8 × 10 -6 cm/s) as suggested [25,102]. Initially,
the confusion matrix was constructed (Table S3), and the Cooper statistics and Kubat’s G-
mean [103] (Table S4) were employed to qualitatively evaluate the predictivity of HSVR. The
results were also compared with predictions made by admetSAR [104] (available at website:
http://lmmd.ecust.edu.cn/admetsar2/), since admetSAR has been adopted by DrugBank
(available at: https://go.drugbank.com/) to qualitatively predict Caco-2 permeability.
The results are listed in Table 6, from which it can be asserted that HSVR outperformed
admetSAR in every aspect. For instance, the parameter accuracy was 93.1% produced by
HSVR, which is substantially higher than that generated by admetSAR (50.7%). The metric
MCC is the most distinction between HSVR and admetSAR (85.0% vs. −8.0%). Thus, it can
be asserted that HSVR is also an accurate and predictive qualitative predictive model.

Table 6. Statistical parameters of qualitative predictions by HSVR and admetSAR.

Statistical Parameters HSVR admetSAR

Se 90.0% 32.0%
Sp 94.7% 60.6%

Acc 93.1% 50.7%
PP 90.0% 30.2%
NP 94.7% 62.6%

MCC 85.0% −8.0%
G-mean 92.3% 44.1%

F-measure 90.0% 31.1%
κ 85.0% −8.0%

4. Discussion

Caco-2 has been commonly adopted to predict the intestinal permeability in the
process of drug discovery because of its morphological and functional similarity with
human enterocytes [105]. The mechanism of Caco-2 permeation is rather complex, since
it can take place through passive diffusion, which can go through the paracellular and
transcellular routes and active transport. The passive diffusion is predominately governed
by the concentration gradient, and most hydrophilic drugs prefer to penetrate between
cells in a paracellular fashion, whereas hydrophobic drugs are inclined to get across the
cells via the transcellular route. Drugs that can permeate the Caco-2 cells by the active
transport can interact with the influx and/or efflux transporters expressed on the cell
surface [106]. As such, Caco-2 permeability is affected by some physicochemical and
physiological properties [106].

Hydrophobicity or lipophilicity plays an important role in passive diffusion through
membranes as well as the drug–receptor interactions [17,107,108]. In addition, hydropho-
bicity, which can represent by the n-octanol-water partition coefficient, viz. log P, is also
an important factor affecting the interaction between the molecules and the target protein,
since more lipophilic molecules tend to have stronger interactions with both target protein
and biological membrane. Therefore, the very lipophilic molecules have poor oral absorp-
tion from the stomach [107,109]. Polar and hydrophobic drug must penetrate through the
Caco-2 cell membrane [17,110]. In addition, it has been observed that log P, hydrogen
bond propensity, weight, and volume are closely related with Papp [43]. As such, log P
was adopted in this study (Table 1), which is consistent with the fact that numerous pub-
lished in silico models to predict intestinal absorption, PAMPA permeability [1,111], and
Caco-2 permeability also have employed this descriptor [40,112–114]. It can be observed
from Figure 8, which displays the average log Papp for each histogram bin of log P for all
molecules included in this investigation, that log Papp increased with log P value initially
and then decreased afterward, leading to a seemingly bilinear relationship between log
Papp and log P. This perplexing dependency can be realized by the fact that the more
hydrophobic solutes can easier approach the lipid bilayer to penetrate the membrane. The
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opposite relationship between hydrophobicity and permeability will be resulted when
the solutes are too hydrophobic due to stronger attractions between solutes and the mem-
brane as well as stronger repulsive forces from the solvent molecules upon the entrance
to the solvent environment that can be illustrated by the PAMPA permeability [1,115,116].
Complexity can be even profound when taking into account the fact that P-gp and BCRP,
which are efflux transporters in Caco-2 (vide supra), can interact with substrates by hy-
drophobicity [117], subsequently leading to a low correlation between log Papp and log P
(r = 0.15).
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Figure 8. Histogram of average log Papp versus the distribution of log P.

It has been observed that the number of aromatic rings (nAr) has a positive correlation
with log P with an r value of 0.67 [118], suggesting that a predictive model can be over-
trained once both log P and nAr are adopted simultaneously. However, this issue was
not concerned in this study, since only SVR C adopted this descriptor, whereas SVR A
and SVR B included log P (Table 1). In addition, the aromatic ring is a non-polar group,
which can enhance the hydrophobicity [52] and increase the passive diffusion [119,120].
In addition, aromatic ring moieties have been implicated in P-gp substrate recognition
and efflux modulation [53], leading to the fact that nAr can be an important factor in P-
gp modulation action [121] and BCRP-substrate interactions [122]. As such, nAr plays a
complex role in both passive diffusion and active transport in Caco-2 permeability.

It has been recognized that both PSA and µ are associated with passive diffusion [37,123–125].
In addition, these descriptors have been adopted by published in silico Caco-2 permeability
models [37,45–49,126–128]. It has been reported in the PAMPA permeability study that
larger PSA, µ, and polarity can enhance the solute-solute and solute-solvent interactions,
which, in turn, require more desolvation energy when the solutes penetrate through the
lipophilic membrane to the donor compartment [123,129–132], and conversely decrease the
passive diffusion [1], consequently, making permeability less favorable. Therefore, it has
been shown that PSA has a negative impact in the permeation rate [133,134]. In addition,
Joung et al. have indicated that PSA shows an important role in distinguishing the P-gp
substrate from the non-substrates [135]. Accordingly, PSA and µ were adopted in this study
due to their pivotal roles in Caco-2 permeability.
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It is seemingly unusual to include the descriptor |µ|max, which is the absolute maxi-
mum component of the molecular dipole, in this study, since it has never been employed
by any published model before. This inconsistency actually can be manifested by Figure 9,
which displays the average |µ|max for each histogram bin of µ, that the larger µ, the larger
|µ|max, suggesting that they were positively correlated with each other. In addition, µ was
recruited by SVR A and SVR C, whereas |µ|max was enlisted by SVR B only, suggesting
that it is less likely to produce an over-trained HSVR, since no single model adopted
both two descriptors simultaneously. More importantly, the empirical observation has
revealed that HSVR including these selections executed better than the others (data not
shown) plausibly because of the descriptor-descriptor interaction [1]. Any other traditional
linear or machine learning-based QSAR schemes, conversely, cannot properly render such
contradictory descriptor selections.
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Figure 9. Histogram of average |µ|max versus the distribution of µ.

It has been reported that the molecular size of the solute molecule is of critical im-
portance in the diffusivity of the biological membrane [37,125,136], and the intestinal
absorption can decrease with the increase of molecular size [137]. Furthermore, the molec-
ular size also affects passive diffusion through membranes [138,139] and active transport
through the P-gp-substrate interactions [121,138]. Molecular size can be represented by a
number of descriptors such α, nRing, Vm, and nrot [140–142], which were adopted in the
investigation and negatively associated with log Papp (Table 1). Conversely, Fujiwara et al.
adopted the descriptor molecule weight (MW) to develop a theoretical Caco-2 permeability
model [37], whereas MW was not included in this study. This discrepancy can be realized
by the fact that α was highly correlated with MW with an r value of 0.98 for all molecules
enlisted in this study, suggesting that it is plausible to replace MW by α in order not to
produce an over-trained model. In addition, it has been observed that α is positively
correlated to log P [143] and is highly associated with absorption [50].

The descriptor nRing, which is reportedly related to molecular size [136,141], has never
been adopted by any published Caco-2 permeability predictive model and yet was selected
by SVR C (Table 1). This disagreement can be recognized by the fact that nRing was greatly
correlated with α with an r value of 0.78 for all molecules recruited in this study. As such,
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it is plausible to expect that both nRing and α play similar roles in Caco-2 permeability. The
relationship among log Papp, nRing, and log P can be further perplexing as illustrated by
Figure 10, which shows the 3D plot of log Papp, nRing, and log P. The relationship between
nRing and log P has been detailed by Pham-The et al. [125].
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Figure 10. The relationship among log Papp, nRing, and log P in 3D presentation.

It has been observed that Vm plays an important role in passive absorption [9,144,145]
and it is adopted by a published Caco-2 permeability model [146] as well as in this study. It
has been observed in the rat that fewer rotatable bonds, viz. smaller nrot, can lead to better
oral bioavailability, and nrot can also exert a positive effect on the permeation rate [133,143],
since more rigid molecules will have smaller nrot values that, in turn, can enhance per-
meability [125]. Furthermore, nrot is of importance in intestinal absorption [147], since
increased nrot can reduce the permeability [133]. Furthermore, a number of published
membrane permeability models have also employed the descriptor CSA, which is another
feature associated with molecular size and also plays a pivotal role in membrane perme-
ability [70,71]. However, nrot was greatly associated with CSA with an r value of 0.80
for all molecules enrolled in this investigation, suggesting that using nrot in lieu of CSA
without producing the over-trained model is plausible. Li et al. also have found that nrot is
another feature to discriminate P-gp substrates from non-substrates [148]. As such, it is of
necessity to recruit nrot in model development to properly render Caco-2 permeability as
suggested [71,72].

Hydrogen bonding potential, which can be expressed by HBD and HBA, is another
important factor in determining the solute–solvent interactions [37], and it is the main
contributor for the passive diffusion [143]. It has been observed that Caco-2 permeability
is a function of HBD and/or HBA, since more permeable solutes tend to have smaller
HBD and/or HBA [130,131,149]. Between HBD and HBA, HBD seemingly shows a more
profound effect on Caco-2 permeability as compared with HBA [150] as manifested by
the fact that several published in silico models have selected HBD to predict Caco-2
permeability instead of HBA [35,42]. Mechanistically, HBD is one of the features associated
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with P-gp-substrate interactions [148,151]. In addition to efflux transport, HDB is one of
the features linked to substrate binding with OATP2B1 [7] as well as PepT1 [152]. Thus, it
is of necessity to include in Caco-2 predictive models to take into consideration the passive
diffusion as well as the active influx/efflux transport.

The descriptor pKa(Max) was selected in this study due to the fact that higher pKa(Max)
can lead to the lower ionized form of drugs in the donor compartment, which, in turn,
can increase the penetration through hydrophobic membrane [153]. Furthermore, it has
been recognized that neutral compounds can have higher membrane permeability than
the other ion classes [154]. Accordingly, all molecules included in this investigation were
categorized into different ion classes based on their pKa values. In addition, ABC and/or
SLC substrates were also identified based on the drug information retrieved from Drug-
Bank to understand if the dependence of ion class can be varied by their ion classes. It
can be found from Figure 11, which displays the histograms of median log Papp versus all
molecules, ABC substrates, SLC substrates, as well as ABC and SLC substrates for four
different ion classes, that the median log Papp values of neutral compounds are substan-
tially larger than the others, suggesting that neutral compounds exhibit higher Caco-2
permeability regardless of active transporter substrate classes, viz. influx transporter or
efflux transporter. This observation actually is very similar to the PAMPA permeability,
since the ionized compounds will demand larger desolvation energies, which, in turn, can
hinder their penetration [134].
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Figure 11. The histogram represents the log Papp versus the molecules belong to ATP-binding cassette
(ABC) substrate, solute carrier (SLC) substrate, both ABC and SLC substrate, and total drugs in the
acid class, base class, neutral class, and zwitterion class, respectively.

Initially, numerous efforts were made in attempting to build assorted 2-QSAR models
by employing the partial least square (PLS) scheme, and yet no productive models were
produced (data not shown) [1]. This challenge can be realized by the fact that the correla-
tions between the designated descriptors and log Papp for all molecules included in this
investigation were small, and the largest absolute maximum r was only 0.56 between PSA
and log Papp (Table 1), signifying the high non-linearity between them. More significantly,
the substantial difference in 2-QSAR development between the passive diffusion, viz. the
PAMPA system, and Caco-2 permeability can be greatly attributed to the complex active
(influx and efflux) transport. Thus, it is extremely difficult, if not absolutely impossible, to
derive a linear Cacao-2 permeability QSAR model. Conversely, the accurate and predictive
HSVR model can properly render such non-linear dependence of log Papp on descriptors.
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5. Conclusions

Intestinal permeability is one of the important ADME/Tox metrics that should be
addressed in the process of drug discovery and development. The Caco-2 system has
been frequently used as a surrogate to preliminarily investigate the intestinal absorption.
An in silico model can be a useful approach to predict Caco-2 permeability in assisting
drug discovery and development. However, Caco-2 permeability can occur through
passive diffusion and active transport, leading to a complex process. Therefore, it is of
necessity to include different descriptor combinations and diverse relationships to address
these variations in distinct mechanisms. The innovative machine learning-based HSVR
scheme, which possesses the superior features of a local model (greater predictivity) and
a global model (larger coverage of the application domain), was employed in this study
to construct a theoretical model to predict the Caco-2 permeability. The generated HSVR
models unveiled great prediction accuracy for the training, test, and outlier samples.
When challenged by a group of drugs assayed at different experimental conditions, the
developed HSVR model also executed equivalently well. In addition, HSVR showed
excellent qualitative performance in recognizing Caco-2 permeable and impermeable
compounds, and the selected descriptors can completely justify the diverse mechanisms
related to the passive diffusion and active transport. Thus, it can be assured that this HSVR
model can be useful to accurately and swiftly predict the Caco-2 permeability of novel
compounds in order to assist drug discovery and development.
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Abstract: The purpose of this work is to explore the predictive ability of the biopharmaceutics
classification system (BCS) biowaiver based on the dissolution methods for two pravastatin test
products, where one of them showed bioequivalence (BE) while the other test failed (non-bioequivalence,
or NBE), and to explore the reasons for the BE failure. Experimental solubility and permeability data
confirmed that pravastatin is a BCS class III compound. The permeability experiments confirmed that
the NBE formulation significantly increased pravastatin permeability, and could explain its higher
absorption rate and higher Cmax. This finding highlights the relevance of requiring similar excipients
for BCS class III drugs. The BCS-based biowaiver dissolution tests at pH 1.2, 4.5, and 6.8, with the
paddle apparatus at 50 rpm in 900 mL media, were not able to detect differences in pravastatin
products, although the NBE formulation exhibited a more rapid dissolution at earlier sampling times.
Dissolution tests conducted in 500 mL did not achieve complete dissolution, and both formulations
were dissimilar because the amount dissolved at 15 min was less than 85%. The difference was less
than 10% at pH 1.2 and 4.5, while at pH 6.8 f 2, results reflected the Cmax rank order.

Keywords: bioequivalence; Biopharmaceutics Classification System; in vitro; dissolution test; pravastatin

1. Introduction

The scientific rationale for accepting biopharmaceutics classification system (BCS) biowaivers
and in vitro demonstrations of bioequivalence (BE) is based on the assumption that drug permeability
and solubility as classification parameters are the limiting factors for drug absorption, and that the
excipients contained in the drug products do not affect intestinal permeability or motility (such
as gastric emptying or intestinal transit time). For products containing class III (high-solubility,
and low-permeability) drugs, which demonstrate very rapid (>85% in 15 min) and similar in vitro
dissolutions to that of the reference product at all physiological pHs, it is assumed that test and
reference products behave as drug solutions once emptied from the stomach into the duodenum, and
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consequently their bioavailabilities in rate and extent must be similar if excipients do not alter the drug
absorptions. In vitro BE or biowaivers based on the BCS are now included in the main regulatory
guidances around the world, with some slight discrepancies on classification boundaries summarized
and discussed by Lenic et al. [1], Zheng et al. [2], and Hoffsäss and Dressman [3].

Two recent reports estimated the probability of proving BE (or the risk of obtaining
non-bioequivalent (NBE) or bio-inequivalent (BI) results) for products containing drugs from all
BCS classes, and whether the quality control (QC) in vitro dissolution test could predict the in vivo
bioequivalence outcome [4,5].

Ramirez et al. published in 2010 a survey of 124 bioequivalence studies of drugs that were
classified according to the BCS in order to explore the probability of passing the BE standard for
the different BCS classes and the predictive ability of the quality control dissolution test of the BE
outcome [5]. In the survey, they found several drug products (including pravastatin) that failed the
BE demonstration, in spite of the adequate power of the BE study design (>80%) and the fact that
the drug products passed the QC dissolution test. In other words, even if the study had enough
power to correctly conclude bioequivalence (H1 alternative hypothesis), the products were found to be
inequivalent, and the null hypothesis (H0) of inequivalence could not be rejected [6,7]. The authors
concluded that the usually employed QC dissolution tests were not adequate to allow a biowaiver of
in vivo bioequivalence studies.

In the Cristofoletti et al. report [4], the authors surveyed a random sample of 500 BE studies from
a database from the Brazilian medicines agency (ANVISA). In this study, the drugs were classified
according to the BCS and Biopharmaceutical Drug Disposition and Classification System (BDDCS)
to evaluate the outcome of bioequivalence studies. For Cristofoletti et al., the failure in pravastatin
(a class III compound), in spite of the adequate power of the studies (>80%), remains unexplained.

In both surveys, the probability of obtaining a BE result when the dissolution profiles were similar
was around 90% for class I and III drug products (post-test probability or positive predictive value),
whereas for class II drug products, the post-test BE probability after a similar dissolution profile was
61%. On the other hand, the probability of false positive results (i.e., similar dissolution but NBE
results) was almost 90% for class II drugs. These results point out the lack of an in vivo predictive
value of the pharmacopeia dissolution tests [4,5].

The purpose of this work is to explore the predictive ability of BCS biowaiver-based dissolution
methods for two test pravastatin products versus the innovator reference product, where one of the
test products corresponds to the failing product from Ramirez et al. survey [5], and to explore the
reasons for the BE failure. In addition, we have investigated the influence of the product excipients on
intestinal permeability to assess the need of additional in vitro tests (apart from dissolution) to ensure
the in vitro predictability of the in vivo bioequivalence outcome.

2. Materials and Methods

2.1. Compounds

Pravastatin (MW = 446.52 g/mol) was obtained from Sigma-Aldrich (Barcelona, Spain), and
Acetonitrile (ACN) was obtained from VWR International (West Chester, PA, USA). Methanol
(MeOH), hydrogen chloride (HCl), and trifluoroacetic acid (TFA) were purchased from Fisher Scientific
(Pittsburgh, PA, USA). Sodium hydroxide (NaOH), sodium chloride (NaCl), and sodium dihydrogen
phosphate monohydrate (NaH2PO4·H2O) were received from Sigma-Aldrich (Barcelona, Spain).
Pravastatin is a weak acid with a pKa = 4.21 and log P = 1.65 [8]. For oral administration, it is used in
the form of sodium salt. Pravastatin sodium is a white hygroscopic powder, easily soluble in water
and methanol, and acetonitrile, and practically insoluble in chloroform [9].

Metoprolol, n-octanol, acetonitrile, and methanol were purchased from Sigma (Barcelona, Spain).
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2.2. Pravastatin Formulations

Lipemol 40 mg tablets (Bristol-Myers, Squibb, S.A., London, UK) were used as reference products.
Their excipients are croscarmellose sodium, magnesium stearate, magnesium oxide, microcrystalline
cellulose, yellow iron oxide, anhydrous lactose, and povidone K30.

Pravastatin bioequivalent (BE) and non-bioequivalent (NBE) formulations were donated by
a Spanish pharmaceutical company. The excipients in the NBE formulations are croscarmellose
sodium, magnesium stearate, microcrystalline cellulose, yellow iron oxide, colloidal silica, magnesium
carbonate, and anhydrous lactose.

In the BE formulation, the excipients are magnesium stearate, microcrystalline cellulose, yellow iron
oxide, povidone K30, calcium phosphate monobasic anhydrous, sodium starch glycolate, trometamol,
and sodium phosphate dibasic dehydrate.

The company provided samples from the batches used in the BE study for tests and
reference products.

The results obtained in their corresponding 2 × 2 crossover BE studies are reported in Table 1.
The NBE formulation failed to show bioequivalence in Cmax.

Table 1. In vivo bioequivalence results of the test formulations.

Pharmacokinetic Parameter
Point Estimate and 90% Confidence Interval (%)

NBE Formulation BE Formulation

Cmax 112.50 (100.20–126.30) 105.36 (95.66–116.04)

AUC0-∞ 100.10 (92.50–107.50) 99.15 (92.90–105.82)

(n = 36 patients).

2.3. Experimental Techniques

2.3.1. Solubility Assays: Saturation Shake-Flask Method

To estimate pravastatin solubility, an excess of solid drug was added in buffer solutions pH 1.2,
4.5, and 6.8 at 37 ◦C. The solubility assays were performed according to the World Health Organization
(WHO) guidelines protocols [10]. The equilibrium was reached in 8 h. A sample concentration was
determined using high-performance liquid chromatography (HPLC) with ultraviolet (UV) detection.

2.3.2. Lipophilicity Indexes: Partition Coefficients

Bulk phase partition coefficients (P) between n-octanol (analytical grade, Sigma-Aldrich, Barcelona,
Spain) and phosphate buffer pH 6.80, 50 mM were determined for metoprolol and pravastatin.

The partition coefficient was calculated as the ratio between octanol concentration and the aqueous
concentration. Three replicates were done to determine the average value.

Partition coefficients can be used as an index to provisionally classify compounds in terms
of permeability [11]. Metoprolol was chosen as the reference compound for high permeability
because its oral fraction absorbed is higher than 95%. Thus, drugs that exhibit partition coefficients
and human intestinal permeability values lower than the value for metoprolol are considered
low-permeability drugs.

2.3.3. Permeability Assays: Cell Culture and Transport Studies

Caco-2 cells were grown in a polycarbonate membrane. To reach the confluence, 250,000 cells/cm2

were seeded in six Transwell plates and fasted for 19–22 days with Dubelcco’s Modified Eagle’s Media,
with 1% l-glutamine, 10% fetal bovine serum, and 1% penicillin/streptomycin, at 37 ◦C temperature,
90% relative humidity, and 5% CO2.
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The confluence of the cells was tested by measuring the transepithelial electrical resistance (TEER).
Permeability studies were conducted with an orbital shaking (50 rpm) and with pH 7.0 in both chambers.
Standard protocols were described and validated previously in our laboratory [12–16]. Four samples of
200 µL were taken and replaced with a fresh buffer from the receiver side at 15, 30, 45, and 90 min.

Pravastatin transport was studied in the solution at five concentrations (50, 100, 358 (highest
single dose per tablet), 500, and 1000 µM). Permeability studies were performed in both directions:
apical-to-basal (A-to-B) and basal-to-apical (B-to-A). The permeability value of pravastatin was
compared with metoprolol, the high permeability reference compound.

The apparent permeability coefficient was calculated according the following equation:

Creceiver,t =
Qtotal

Vreceiver + Vdonor
+

(

(Creceiver,t−1· f ) −
Qtotal

Vreceiver + Vdonor

)

·e−Peff 0,1·S·( 1
Vreceiver

+ 1
Vdonor

)·∆t
(1)

where Creceiver,t is the drug concentration in the receiver chamber at time t, Qtotal is the total amount
of drug in both chambers, Vreceiver and Vdonor are the volumes of each chamber, Creceiver,t−1 is the drug
concentration in the receiver chamber at the previous time, f is the sample replacement dilution factor,
S is the surface area of the monolayer, ∆t is the time interval, and Peff is the permeability coefficient as
was described by Mangas-Sanjuan et al. [14].

The permeability value of pravastatin 358 µM (highest single dose per tablet) was compared with
the permeability value of the reference and test formulations at the same concentration of pravastatin.
Experiments in the presence of the formulation excipients were done by dissolving a formulation tablet
in 250 mL of buffer and filtrating the obtained dispersion to eliminate nonsoluble excipients.

2.3.4. Disintegration

These assays were performed using a tablet disintegration tester (Hanson Research, Chatsworth,
CA., USA) to measure the tablet disintegration time. According to the United States Pharmacopeia
(USP) and European Pharmacopeia (Ph. Eur.) guidelines, the experiments were carried out in 800 mL
of the media at 37 ◦C (n = 3).

The disintegration studies were performed in different media, simulating pH in the gastrointestinal
human tract at pH 1.2, 4.5, and 6.8, and unbuffered water.

2.3.5. Dissolution Assays

Drug release experiments were performed in 900 mL and 500 mL of pharmacopeia media
(hydrochloric acid buffer/acetate buffer/phosphate buffer) at pH 1.2, 4.5, and 6.8, respectively, at
37 ± 0.5 ◦C and 50 rpm with USP 2 (Pharma-Test PT-DT70) [17]. Samples were taken at 5, 10, 15, 20, 30,
45, and 60 min, and the sample volume was replaced by a fresh preheated medium. Samples were
immediately centrifuged (at 10,000 rpm for 10 min) and diluted (1:1) in methanol.

The dissolution profiles were compared by f 2 (similarity factor) [18,19]. The f 2 calculations were
performed in Microsoft Excel (2016) [20].

2.4. Analysis of the Samples

The samples were analyzed by HPLC (Alliance-Waters 2695, Barcelona, Spain) using a Nova-Pak
C18 column (4 µM, 3.9 × 150 mm) and UV detector (Waters 2487, Barcelona, Spain) at wavelengths
of 238 nm. The flow-rate was 1.0 mL/min, and the mobile phase contained 50:40:10 methanol, water
with 0.1% trifluoroacetic, and acetonitrile. The retention time of pravastatin was 3.2 min, and the limit
of quantification was 0.02 µM. The analysis method fulfilled the linearity (r > 0.99), accuracy, and
precision criteria (<5%).

The metoprolol HPLC method was published previously by our group [13,21].
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2.5. Statistical Analysis

Results are shown as mean ± standard deviations. Statistical analysis of permeability values were
two-tailed student t-tests, or analysis of variance (ANOVA) and Scheffé post hoc. The significance
level was 0.05, and the software used was statistical package SPSS, V.20.00.

3. Results

The solubility pH profile for pravastatin at pH 1.2, 4.5, and 6.8 was 439.80 ± 17.42, 503.87 ± 24.20,
and 479.58 ± 17.39 mg/mL (Figure 1). As expected considering its acidic nature, the lowest solubility was
obtained at the lowest pH. The highest strength/dose of pravastatin (40 mg) would be soluble in 0.09 mL
of water at pH 1.2. Dose number (Do) is 3.20 × 10−4. Therefore, pravastatin is a highly soluble drug.
ANOVA test and Scheffé post hoc comparison detected differences in the solubility values at pH 1.2
versus the higher pHs, while no differences were detected between solubility values at pH 4.5 versus 6.8.

 

−

Figure 1. The pH solubility profile of pravastatin determined by the shake-flask method.

The n-Octanol partition coefficient was P = 0.70 ± 0.07 for pravastatin. This value was obtained
with relation to a 65:35 n-octanol/phosphate buffer, with a pH 6.80, 50 mM. For metoprolol, the partition
coefficient was P= 0.23± 0.05. According to these results, pravastatin could be provisionally classified as
a high-permeability compound, but as Takagi, et al. [11] described previously, the existence of an active
transport mechanism (absorptive or secretive) would bias the classification based purely on lipophilicity.

The permeability value of pravastatin was compared with a metoprolol (reference compound)
value in order to classify pravastatin as a high- or low-permeability compound. Different concentrations
of pravastatin were studied in order to characterize the transport mechanism of the drug across the
intestinal membrane (Figure 2).

 

−

Figure 2. In vitro permeability values of pravastatin in Caco-2 cell monolayers at different drug
concentrations. The highest clinical dose of pravastatin is equal to 358 µM (358 µM = 0.152 mg/mL,
100 µM = 0.04 mg/mL, 500 µM = 0.21 mg/mL, and 1000 µM = 0.42 mg/mL).
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The analysis of variance (ANOVA) detected statistically significant differences among the
permeability values obtained at different pravastatin concentrations (p = 0.0003).

Permeability values in the different formulations of pravastatin were also compared. The results
are shown in Figure 3. The ANOVA and post hoc test showed statistically significant differences
between the reference and NBE formulation (p < 0.05).

 

Figure 3. Pravastatin permeability values of the application programming interface (API) (358 µM),
reference, non-bioequivalent (NBE), and bioequivalent (BE) formulations. Error bars represent the
standard deviation.

In Figure 4, disintegration times of pravastatin products are depicted with statistical differences
between formulations. The disintegration endpoint of each sample is recorded as per the United States
Pharmacopeia (USP) definition, in which no palpable form or outline of the sample is observed on the
screen of the test apparatus or adhering to the lower surface of the disk.

 

Figure 4. Disintegration times of various pravastatin products in different disintegration media.
* Significant difference (p < 0.05).

Results of the dissolution tests in different buffers and volumes are summarized in Figure 5.
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−

Figure 5. Dissolution profiles of three pravastatin formulations (reference product, non-bioequivalent
formulation (NBE) and bioequivalent formulation (BE)) in the paddle apparatus at 50 rpm in buffered
media at pH 1.2, 4.5, and 6.8 (n = 6).

The reference and NBE products showed complete dissolution (>85%) in 15 min in the USP 2 at
50 rpm in 900 mL of buffered media at pH 1.2, 4.5, and 6.8. However, the BE product showed complete
dissolution at 30 min. The same tests were conducted at 500 mL to verify whether a volume lower
than 900 mL could detect differences in BCS class III formulations. However, the amount dissolved
in these reduced volumes did not reach complete dissolution. Therefore, these dissolution tests are
difficult to interpret.

4. Discussion

Based on the experimental results of solubility and permeability determinations, pravastatin is
classified as a class III drug according with BCS, as its Dose number (Do) is less than 1 (≤3.20 × 10−4)
at all the relevant pHs, and the permeability value of pravastatin was lower than that of metoprolol.
Pravastatin is classified as a low-permeability drug, which is consistent with an oral bioavailability of
17% due to a low intestinal absorption (34% of dose administered) and a first-pass hepatic effect of 66%
of the absorbed drug [22]. On the other hand, our experimental results are consistent with the existence
of a secretion mechanism, as permeability increased at higher concentrations. The permeability value
obtained in the presence of sodium azide that corresponded with the passive diffusion permeability
confirms that not even at the highest pravastatin concentration tested was the efflux mechanism
saturated. In addition, the permeability obtained in the presence of sodium azide, when any potential
transporter contribution was nullified, was as high as metoprolol permeability, which is consistent
with the experimentally estimated partition coefficient.

The observed changes in pravastatin permeability values in different formulations demonstrated
that, in spite of the assumption of excipients being inert, actually some of them affect drug bioavailability,
in particular for drugs with a carrier-mediated transport mechanism like pravastatin. Many excipients
have shown its ability to inhibit the secretion activity of P-glycoprotein or MRP-2 transporters,
increasing the permeability of the substrate drug [23–26]. Other authors have demonstrated that
changes in paracellular route permeability are also affected by the presence of excipients [27–29].
The formulation with the largest permeability is the NBE formulation, which is consistent with the
failed Cmax due to supra-bioavailability.
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Disintegration differences in pravastatin products were in line with the in vivo outcome for the
NBE formulation, but there was no rank order correlation in the cases of the reference and the BE
formulation, which showed marked differences in disintegration times that are not reflected in vivo.
This might be attributed to the differences in permeability that are compensated for by the differences
in disintegration/dissolution, since the BE formulation also exhibited higher permeability than the
reference formulation, but this difference was compensated for by its slower disintegration/dissolution.
In 500 mL of pH 6.8 buffer, the dissolution of the formulations showed the same trend as the observed
in the in vivo results, and the f 2 similarity factor indicated differences between the reference and NBE
formulation. This may be because these dissolution conditions are predictive or simply a coincidence,
since in these conditions complete dissolution was not achieved and the results are difficult to rely on.

Dissolution assays in the paddle apparatus at 50 rpm in 900 mL cannot detect differences in
dissolution profiles of the reference and NBE formulations using classical buffers at pH 1.2, 4.5, and 6.8,
because complete dissolution (>85%) was achieved in 15 min. However, in buffers of pH 1.2 and 6.8,
it is evident that the dissolution was more rapid for the NBE formulation. This small difference,
together with the large difference in permeability, seems to be the cause of the Cmax failure, which
was borderline, but the point estimate of the ratio test/reference was slightly >10% different, and the
confidence interval did not include the 100% value. This difference in permeability highlights the
relevance of requiring similar excipients for BCS class III drugs, as the high solubility could allow a
similar in vitro dissolution, and even a similar in vivo dissolution, while still other factors may affect
their oral fraction from being absorbed. For the BE product, the BCS-based biowaiver dissolution
test in 900 mL would have led to a false negative result [3], i.e., differences observed in vitro while
BE was observed in vivo. This possibility is not a problem from a regulatory point of view, since the
companies always have the possibility to conduct an in vivo BE study, whereas the regulatory problem
is to approve the NBE formulation based on in vitro dissolution profiles when the Cmax is notably
different and not able to show equivalence.

On the other hand, our dissolution results show that for these pravastatin products reduced
volumes (500 mL) seem to be more discriminatory, i.e., both products are detected as nonsimilar at pH
1.2 and 4.5, and differences parallel or follow the same rank order correlation of the in vivo outcome
at pH 6.8. However, these dissolution studies are difficult to interpret because complete dissolution
is not reached and, therefore, the f 2 similarity factor lacks any meaning. In fact, at pH 1.2 and 4.5,
the amounts dissolved at 15 min, which is an approximation of the median gastric emptying time
in the reference and the NBE formulations, can be considered similar. Therefore, with the simplistic
assumption of gastric emptying after 15 min of residence in the stomach, the same amount would be
released to the duodenum. The amounts dissolved at 15 min at pH 6.8 are different, but that pH is
not the expected pH when the drug is emptied from the stomach. Therefore, if the Cmax differences
are due not only to the differences in permeability but also to differences in dissolution, it is evident
that the usual volume of 900 mL is not adequate. Dissolution tests in 500 mL of buffer at 50 rpm were
conducted to explore if volumes closer to the fluid volume in the gastrointestinal tract offer different
results. However, the predictive power at pH 6.8 was not confirmed. For example, at pH 1.2 and 6.8,
the f 2 similarity factor was not able to conclude similarity because dissolution did not reach 100%
at the end of the study but an asymptote. However, in relative terms, the NBE formulation and the
reference exhibit similar amounts dissolved at 15 min (less than 10%). At pH 4.5, even the f 2 similarity
factors concludes with the NBE formulation and the reference.

5. Conclusions

The BCS-based biowaiver dissolution tests with the paddle apparatus at 50 rpm in pH 1.2, 4.5,
and 6.8 in 900 mL media were not able to detect the in vivo Cmax differences for pravastatin products.
The different Cmax seems to be the result of the combined effect of a higher permeability of the NBE
formulation due to the excipients inhibition of the efflux transporters and a more rapid disintegration
and dissolution. Those combined effects could not be detected with the current dissolution conditions
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in a volume of 900 mL and the criteria of similarity at 15 min, but the difference of the NBE formulation
was observed at earlier sampling times (e.g., 5 min) and/or when the dissolution tests were conducted
in 500 mL of dissolution media. Nevertheless, at 500 mL volume and pH 1.2 and 4.5, the BE formulation
was also detected as nonsimilar.
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Abstract: The application of in silico modeling to predict the in vivo outcome of an oral drug
product is gaining a lot of interest. Fully relying on these models as a surrogate tool requires
continuous optimization and validation. To do so, intraluminal and systemic data are desirable to
judge the predicted outcomes. The aim of this study was to predict the systemic concentrations of
ibuprofen after oral administration of an 800 mg immediate-release (IR) tablet to healthy subjects in
fasted-state conditions. A mechanistic oral absorption model coupled with a two-compartmental
pharmacokinetic (PK) model was built in Phoenix WinNonlinWinNonlin® software and in the
GastroPlus™ simulator. It should be noted that all simulations were performed in an ideal framework
as we were in possession of a plethora of in vivo data (e.g., motility, pH, luminal and systemic
concentrations) in order to evaluate and optimize these models. All this work refers to the fact
that important, yet crucial, gastrointestinal (GI) variables should be integrated into biopredictive
dissolution testing (low buffer capacity media, considering phosphate versus bicarbonate buffer,
hydrodynamics) to account for a valuable input for physiologically-based pharmacokinetic (PBPK)
platform programs. While simulations can be performed and mechanistic insights can be gained from
such simulations from current software, we need to move from correlations to predictions (IVIVC→
IVIVP) and, moreover, we need to further determine the dynamics of the GI variables controlling
the dosage form transit, disintegration, dissolution, absorption and metabolism along the human
GI tract. Establishing the link between biopredictive in vitro dissolution testing and mechanistic
oral absorption modeling (i.e., physiologically-based biopharmaceutics modeling (PBBM)) creates an
opportunity to potentially request biowaivers in the near future for orally administered drug products,
regardless of its classification according to the Biopharmaceutics Classification System (BCS).

Keywords: oral absorption; in silico modeling; GastroPlus; Phoenix WinNonlin; pharmacokinetics;
clinical studies; ibuprofen; manometry; gastrointestinal; mechanistic modeling; PBPK; PBBM
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1. Introduction

Although advances have been made and insights have improved throughout the years, there is still
a lot of gastrointestinal (GI) variables that are poorly understood that should be investigated for their
influence on drug release and systemic exposure after oral intake of a drug product [1,2]. The knowledge
has improved about the intestinal behavior of an active pharmaceutical ingredient (API) in terms of
solubility, dissolution, permeation, supersaturation, and precipitation, as demonstrated in different
clinical aspiration studies performed over the last ten years [3–7]. In these studies, drug concentrations
were measured in healthy volunteers after aspiration of GI fluids after oral administration. Subsequently,
drug concentrations were determined in these aspirates in parallel with collecting blood samples to
assess systemic exposure. As these studies contributed to formulation behavior in the GI tract, it was
not always straightforward to correlate the measured drug concentrations in the upper part of the small
intestine with concentrations appearing in blood. The knowledge about the impact of the surrounding
dynamic GI environment on drug- and formulation behavior remains rather scarce and requires further
investigation. The constantly changing climate of GI pH and motility patterns can alter drug behavior
along the GI tract in such a way that it is necessary to investigate these mechanisms and, in a next step,
to take these variables into account in in vitro and in silico predictive models to facilitate oral drug
development [8–11]. GI motility is defined by the different contractile phases of the migrating motor
complex (MMC): phase I is an inert period with little activity; phase II features sporadic contractions
gradually ascending in magnitude; and phase III is characterized by powerful, high-frequency contractile
bursts that promote emptying of contents where peak flow rates are observed [12]. In recent work, a
clinical aspiration study was performed that aimed to measure the impact of physiological variables
on the systemic exposure of orally-administered ibuprofen (immediate-release tablets, 800 mg) [13,14].
The outcome of this study demonstrated how phase III contractions and fluctuating pH (caused by the
low buffer capacity) in the human intestinal tract had a major impact on ibuprofen’s dissolution and,
consequently, absorption in fasted (n = 20) and fed state (n = 17).

Based on these new insights, it has become clear that working in a biorelevant setting (i.e.,
simulated GI media, multi-compartmental in vitro models, solubility/permeability interplay) will
result in more accurate predictions. From that perspective, the OrBiTo community took the initiative to
design a decision tree which makes it handy for formulation scientists to select the most appropriate
biopredictive dissolution test depending on the biopharmaceutical properties of the drug compound
and the type of formulation [15]. This decision tree clearly focuses on some biorelevant aspects of the GI
tract that play a pivotal role in and have a significant impact on the luminal behavior of a drug product;
these variables should not be neglected in a biopredictive dissolution test. For instance, in the case of
weakly basic compounds, the implementation of a GI transfer should be included in order to capture
the supersaturated state of the drug after transfer from the stomach compartment to the intestinal
compartment. Besides the optimization of in vitro tools, mechanism-based in silico models should
be optimized and validated at the same time. The outcome of the in vitro dissolution tests can serve,
in a second step, as input for physiologically-based pharmacokinetic (PBPK) platforms to simulate
the systemic exposure of the drug. While a lot of progress has been made by mechanism-based in
silico models to identify key issues in the development of new oral drug products [11,16–19], there are
still many aspects that are poorly understood that need to be optimized/integrated to maximize the
utility of these models towards predicting the systemic outcome of novel and generic drug candidates.
Commercially available software packages such as the Simcyp® simulator, GastroPlus™, and PK-Sim®

are just a few programs that are frequently used in the non-clinical stage of drug product development
to get an idea about the in vivo performance of the drug product when administered to patients. The
underlying syntax/algorithm of these packages describes the mass transport of the drug throughout
the different built-in compartments and should be adequately reflecting the physiological processes
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of the human body. From an academic perspective, it is our mission to see (i) if the underlying
mathematical equations are making any sense and (ii) if they are representing the physiological
variables in a proper and biorelevant manner (physiological range). For instance, all these programs
describe the stomach compartment as a single, well-stirred compartment, assuming that a drug will be
homogeneously distributed along the entire stomach after oral administration. Based on measured
gastric concentrations of the non-absorbable markers, phenol red and paromomycin, it was clearly
shown that these markers were not homogeneously distributed among the different regions of the
stomach (i.e., fundus, body and antrum). Therefore, we developed a mechanistic oral absorption model
in the Berkeley-Madonna® software package (Version 8.3.18) that could only explain the observed
luminal data when the stomach was handled as a two-compartmental model that was connected with
a bypass flow to reflect the immediate fast transfer of liquid from stomach to small intestine after
drinking a solution of these markers [20].

For this study, we aimed to reflect the luminal and systemic concentrations of ibuprofen under
fasting state conditions starting with the simplest model, assuming a first-order kinetic process for
dissolution, gastric emptying and absorption. In a second step, the model was revised, and dissolution
was handled as pH dependent and gastric emptying was treated as a first-order process until the
time of appearance of phase 3 contractions post-dose—after which, the remaining dose was directly
transferred to the duodenal compartment. The mechanistic model focused on the integration of phase
III contractions to simulate a house-keeper wave that is responsible for the direct release of ibuprofen
particles from the stomach into the small intestine. In the different compartments of the small intestine,
the dissolution of ibuprofen is driven by the regional pH, determining the fraction dissolved and
undissolved. Afterward, a statistical analysis was performed to see how both scenarios matched
with the observed luminal and systemic concentrations. In addition to this model, an advanced
compartmental absorption and transit (ACAT™) model was developed in GastroPlus™ to assess the
impact of dynamic pH, fluid volumes and gastric emptying on the systemic performance of ibuprofen.
A comparison of these simulations was made with simulations performed by default settings.

2. Materials and Methods

2.1. Reference Intraluminal and Systemic Data of Ibuprofen

2.1.1. Intraluminal and Systemic Profiling of Ibuprofen in Healthy Volunteers

The study was held at the University of Michigan Hospital after receiving approval by the
internal review board (IRB) at both University of Michigan and FDA (HUM00085066) under the
project (HHSF223201310144C (Sun D. and Amidon G.L., Principle Investigators)—09/30/15–12/31/18
“Modernization of in vivo-in vitro Oral Bioperformance Prediction and Assessment: A research study to
evaluate the performance of an ibuprofen oral dosage form in the gastrointestinal tract of healthy adult
volunteers”) [13,14]. Briefly, 13 healthy volunteers (men and women) were recruited; 7 out of 13 subjects
participated in the study twice to generate intra-subject variability data. All volunteers provided written
informed consent to participate in this study. After a fasting period, a multi-lumen GI tube from MUI
Scientific (Mississauga, ON, Canada) was introduced via the mouth to the small intestine. Abdominal
fluoroscopy was performed to ensure the GI tube was properly positioned in the different regions of
the GI tract (i.e., stomach, duodenum, proximal and distal jejunum). The subject was asked to remain
in bed while the GI tube was equilibrated by performing a baseline GI motility test for approximately
3–5 h (Medical Measurement Systems (MMS), Williston, VT, USA). Prior to the administration of the
ibuprofen tablet, an intravenous catheter was introduced in the antecubital area of the subject for blood
collection. The catheter was kept open with a heparin and saline solution. The subjects were asked to
empty his/her bladder prior to the start of the study. At approximately 4:00 AM, the subject was given a
single oral dose of ibuprofen (800 mg tablet). The study drug was administered with 250 mL of water
containing USP grade phenol red (0.1 mg/mL). The actual amount of water consumed was measured
and recorded. Volunteers were not obliged to drink the total amount of administered water to avoid any
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feeling of nausea at the start of the study. GI samples (stomach, duodenum and jejunum) were collected
at 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 5, 6, and 7 h. Blood samples (4 mL/time point) were collected at 0,
0.167, 0.33, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7, 8, 12 and 28 h. Plasma was separated from blood samples
by centrifugation and stored at −80 ◦C until analysis. The pH of GI fluid samples was immediately
measured and recorded. The GI fluid samples were centrifuged at a speed of 17,000× g for 10 min and
the supernatant was placed in the new tube for drug concentration analysis.

2.1.2. Recording of Post-Dose Phase III Contractions

MMC phase III motility periods were identified from the water-perfused manometric measurements
using spectral density estimation and penalized logistic regression as described in detail by Hens and
co-workers and will be briefly discussed here [13]. After positioning, the catheter was connected to a
computer console that generated real-time manometry recordings in the different segments of the GI
tract (Medical Measurement Systems, Dover, NH, USA). The manometric channels attached to the
catheter were perfused with water at a rate of 2 mL/min and served as intestinal pressure recording
ports to assess intestinal motility. Each segment contained four motility channels to monitor pressure
events. Baseline intestinal motility was evaluated for 3–5 h prior to study drug administration of
the tablet. Subsequently, GI motility was measured continuously for 7 h. Powerful antral phase III
contractions were defined as the occurrence of regular 2–3 contractions per minute for at least 2 min
with an average amplitude of 75 mmHg. Duodenal phase III contractions were characterized by 11–12
contractions per minute with an average amplitude of 33 mmHg which can last for at least 3 min.
As the contractile activity propagates, it becomes less spatiotemporally organized resulting in slower
propulsion rates in the distal small bowel. The corresponding spectral density estimate of a phase III
period will have high energy levels in the 10–12 cycles/min components, leading to a concentrated
spectrum. During non-phase III motility, the spectral density will have a more diffuse spectrum. Using
penalized logistic regression, it was clearly observed that the proportion of energy in the 9–12 cycle/min
frequencies is an important predictor of phase III motility.

2.1.3. Thermodynamic Equilibrium Solubility of Ibuprofen in Fasted-State Human Gastric and
Intestinal Fluids (Fahgf/Fahif)

The thermodynamic solubility of ibuprofen was determined by the shake-flask method (25 RPM),
incubating gastrointestinal fluids for 24 h with an excess amount of ibuprofen (Acros Organics, Morris
Plains, NJ, USA) at 37 ◦C. The fluids that were used for measuring the thermodynamic solubility of
ibuprofen were aspirated gastric, duodenal and jejunal fluids of three different time points of subject
B005-F2. Following the 24 h incubation, samples were centrifuged for 15 min at 17,000 g (AccuSpin Micro
17, Fisher Scientific, Pittsburgh, PA, USA). The supernatant was diluted 10-fold with methanol (Fisher
Scientific, Pittsburgh, PA, USA) and again centrifuged for 5 min in order to discard any proteins that could
interfere with the HPLC analysis (see below). Solubility measurements were performed in triplicate.

2.1.4. Bioanalysis of Ibuprofen by HPLC

Solubility samples were analyzed by HPLC–UV (Hewlett Packard series 1100 HPLC Pump, Santa
Clara, CA, USA), combined with Agilent Technologies 1200 Series Autosampler (Santa Clara, CA,
USA). A volume of 5 µL was injected into the HPLC system connected to a UV lamp that was able
to detect ibuprofen at a wavelength of 220 nm (Agilent 1100 Series UV lamp, Santa Clara, CA, USA).
An isocratic run containing 70% acetonitrile (VWR International, West Chester, PA, USA) and 30%
purified water (both containing 0.1% TFA) was used to detect ibuprofen at a retention time of 2.9 min
using a reversed-phase C-18 column (Eclipse Plus C18, 4.6 × 150 mm, 5.5 µm, Agilent Technologies)
and a 1 mL/min flow rate. The calibration curve was made in methanol based on a stock solution of
ibuprofen in methanol (1 mM). Linearity was observed between 10.32 µg/mL and 0.32 µg/mL. The
observed peaks were integrated using ChemStation software (Agilent Technologies, B.04.03 version).
The developed analytical method met the FDA requirements for bioanalytical method validation [21].
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2.2. Mechanistic Oral Absorption Modeling in Phoenix WinNonlin®

WinNonlin User-Customized Mechanistic Model to Stress the Pivotal Underlying GI Variables:
InVivo_GIS versus InVivo_GISPlus

A compartmental model including stomach, duodenum and jejunum with first-order transit and
absorption rates was designed to describe the time evolution of ibuprofen mass and concentrations in
duodenum, jejunum and plasma. The following assumptions were made with respect to the ‘in vivo
Gastrointestinal System model (InVivo_GIS)’:

1. Ibuprofen dissolution was considered negligible in the stomach chamber due to the acidic pH
(pH < pKa). The administered oral tablet disintegrates in the stomach and particles will not
be dissolved but emptied in the next segment, i.e., the duodenum. In addition, no significant
absorption can occur from the stomach.

2. Gastric emptying follows a first-order kinetic process.
3. Dissolution follows a first-order process in the duodenal and jejunal segment. The dissolution

rates are proportional to the remaining amount of solid ibuprofen.
4. Duodenal and jejunal compartments are well-mixed, resulting in homogenous

drug concentrations.
5. The permeability of the intestinal membrane is high for ibuprofen, indicating that dissolved

ibuprofen will be immediately absorbed. Only solid particles transit from the duodenum to
the jejunum.

6. Transit from the duodenum to the jejunum is faster than the transit from the jejunum to the more
distal parts.

7. Drug degradation does not occur in the GI lumen.

This basic model was further extended to explore the influence of intestinal pH and motility.
Therefore, we developed a model which we will refer to as the ‘InVivo_GISPlus’:

1. Gastric emptying follows a first-order kinetic up to the next post-dose phase III contractions when
all the remaining stomach content is suddenly emptied in the duodenum.

2. Dissolution follows a first-order process in the duodenal and jejunal segment. The dissolution
rates are proportional to the remaining amount of solid ibuprofen. The dissolution rate is modeled
as a function of luminal pH values. Ibuprofen solubility is re-calculated at each time point with
the duodenum or jejunal pH at that specific moment.

Model schemes are represented in Figure 1. The system of differential equations was written as the
American Standard Code for Information Interchange (ASCII) code and run in Phoenix WinNonlin®

V8 (Certara, Princeton, NJ, USA).
Six differential equations were used, describing the amount of solid ibuprofen as a function of

time in the stomach (Msolid
stomach

), in the duodenum (Msolid
duodenum

), and in the jejunum (Msolid
je junum

), as well as

the amount of dissolved ibuprofen as a function of time in the duodenum (Mdissolved
duodenum

), in the jejunum
(Mdissolved

je junum
) and in plasma (M

plasma
). Integrated model parameters were:

• Duodenal and jejunum average fluid volume values during the sampling time, V1 and V2,
respectively;

• Transit rate coefficients from the duodenal to the jejunal segment, K_TD; and from the jejunum to
the more distal segment, K_TJ;

• First-order rate coefficient of gastric emptying, Kempt;
• Dissolution rate coefficient, K_Diss;
• First-order absorption rate constants, Ka.

In each subject, the elimination rate coefficient (Kel) and the distribution volume in plasma (V3)
were fixed to the value obtained after performing a non-compartmental PK analysis. Time to the
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next phase III wave post-dose (TMMC) was fixed to the experimentally determined value [22]. The
individual pH values in duodenum and jejunum at each time point were used in InVivo_GISPlus
model to recalculate ibuprofen’s solubility at each time point. The absorption rate coefficient was
fixed to a high value of 12 h−1 based knowing that ibuprofen does not have any permeability-related
issues (fraction absorbed ~1) [22]. This value was based on ibuprofen permeability in rat small
intestine [23] that was scaled up to human Peff value with the human-rat correlation described by
Zakeri-Milani et al. [24]. The 13 mathematical equations to describe the mass transport of ibuprofen in
the InVivo_GISPlus model are summarized in the Supplemental Information. Both models InVivo_GIS
and InVivo_GISplus were fitted simultaneously to duodenal, jejunal and plasma concentrations.
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Figure 1. Mass transport analysis scheme and assumptions of InVivo_GIS and InVivo_GISPLUS models.
Kempt: first-order emptying rate coefficient; Ka: first-order absorption rate coefficient; K_TD and K_TJ:
first order transit coefficients from duodenum to jejunum and from jejunum to distal segments,
respectively; TMMC: time to the next Phase III wave post-dose; K_Diss: first-order dissolution
rate constants.

2.3. Mechanistic Oral Absorption Modeling in GastroPlus™

2.3.1. GastroPlus™ Advanced Compartmental Absorption Transit (ACAT™) Mechanistic
Absorption Model

Simulations were performed by the commercially available PBPK modeling platform GastroPlus™
9.6 (Simulations Plus, Inc., Lancaster, CA, USA) and all simulations were judged based on and compared
with the observed luminal and systemic concentrations of ibuprofen after oral administration of 800 mg
ibuprofen (Shreveport, LA, USA; IBU™—Ibuprofen Tablets, USP, 800 mg) to twenty healthy subjects in
fasted state.

The advanced compartmental and absorption transit (ACAT™) was applied with slight adjustments
related to pH, gastric emptying and fluid dynamics. This model is described in detail by Hens and
Bolger [25]. To implement a dynamic pH and fluid volume as a function of time, a mixed-multiple
dosage form was selected. The mixed-multiple dosage form consisted of 13 different .cat files,
personalized by a different pH and volume value to simulate a dynamic fluid and pH model over time.
The implemented pH values were the same average values according to the values as measured during
the clinical aspiration study. The implemented values for the fluid volume were extracted from Mudie
and co-workers [26]. The gastric transit time was set at 2.04 h, which conforms with the average time
to phase III contractions post-dose, as observed in the clinical aspiration study of ibuprofen.

MedChem Designer 5.0 (Simulations Plus, Inc., Lancaster, CA, USA) was applied to draw the
molecular structure of ibuprofen. Data describing the drug’s physicochemical and biopharmaceutical
properties were obtained from literature or from estimates calculated by ADMET predictor 9.0
(Simulations Plus, Inc., Lancaster, CA, USA). All physicochemical and biopharmaceutics parameters
that were used to perform the simulations are described in Table 1.

62



Pharmaceutics 2020, 12, 74

Table 1. Physicochemical, biopharmaceutical and pharmacokinetic disposition properties to perform simulations in GastroPlus™ for ibuprofen.

Input Parameter
Value/Selection

Dynamic Settings
Value/Selection
Default Settings

Reference

Physicochemical Properties

Molecular weight (g/mol) 206.29 206.29 ADMET Predictor 9.0

pKa (acidic) 4.54 4.54 ADMET Predictor 9.0

Octanol/water partition coefficient (logP) 3.65 3.65 ADMET Predictor 9.0

Biopharmaceutics Properties

Human effective permeability (Peff)
(× 10−4 cm/s) 4.1 4.1 [27]

Particle size radius (um) 62 62 In-house data

Dose volume (mL) 250 250 [13]

pH at reference solubility 6.2 6.2 [28]

Solubility at reference pH (mg/mL) 1.99 1.99 [28]

Solubility in Fasted state human gastric fluid
(FaHGF) (mg/mL)—pH 1.46 0.0048 0.0048 [29]

Solubility in Fasted state human intestinal fluid
(FaHIF) (duodenum) (mg/mL)—pH 3.74 0.0102 0.0102 [29]

Solubility in FaHIF (jejunum) (mg/mL)—pH 4.6 1.2 1.2 [30]

Distribution and Clearance

Pharmacokinetic model Two-compartmental Two-compartmental [31]

Clearance (L/h) 4.05 4.05 [31]

K10 (1/h) 1.16 1.16 [31]

K12 (1/h) 4.55 4.55 [31]

K21 (1/h) 3.46 3.46 [31]

Advanced Compartmental and AbsorptionTransit model (ACAT™) Model Parameters

Gastric transit time (h) 2.04 0.25 [13]

Dynamic fluid volume model Based on 100% of the volumes measured in human
MRI study after drinking a glass of water (240 mL)

Default static values under the physiology
tab ‘Human—Physiological—Fasted’ [26]

Dynamic pH model
Based on average pH values derived from gastric,

duodenal and jejunal aspirated fluids after oral
administration of 800 mg of ibuprofen

Default static values under the physiology
tab ‘Human—Physiological—Fasted’ [13]
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A two-compartmental PK model was used to describe the distribution and clearance of ibuprofen.
Values for rate constants (K10, K12, K21) were optimized based on literature data that reported systemic
data of ibuprofen after intravenous (IV) administration of 800 mg ibuprofen with an infusion rate of
approximately 6 min (between 5 and 7 min) [31]. Estimations of these rate constants were performed
by the PKPlus™module.

2.3.2. Data Presentation

The observed intraluminal and systemic concentration–time profiles are presented as the mean ±
standard deviation (SD) for all participating subjects and are extracted from previous work [13,14].
Pharmacokinetic and intraluminal parameters are reported and compared with the simulated outcomes.

3. Results and Discussion

3.1. Mechanistic Oral Absorption Modeling in WinNonlin

Figure 2 shows the simulated outcomes (model-fitted values) when applying the InVivo_GIS
(purple lines) versus the InVivo_GISPlus (red lines).

When comparing both simulated profiles derived from the two models, it is clear that including
luminal pH values and the ‘house-keeper’ phase III wave contractions provide better predicted (i.e.,
model-fitted) values. This is not only the case for the simulated plasma concentrations—capturing
plasma Cmax—but also for the improved predictions with respect to luminal levels reflecting the
oscillations associated with pH changes. Applying dynamic pH values and, therefore, showing an
improved reflection of the intraluminal behavior was also observed when using the InVivo_GISPlus
model to simulate the average concentration–time profiles in the duodenum, jejunum and plasma
concentrations (Figure 3).

To quantitatively assess the improved predictions with the InVivo_GISPlus model, a comparison
between the outcomes derived from the InVivo_GIS and InVivo_GISPlus was made and the simulated
results were compared with the observed data and the prediction error was expressed as an absolute
percentage deviation. Table 2 summarizes the mean absolute percentage deviation between predicted
and experimental values in the main pharmacokinetic parameters (Cmax, Tmax, and AUC) in the three
compartments, namely the duodenum, jejunum, and plasma.

Table 2. Average absolute deviation percentage between predicted and experimental values of Cmax,
Tmax and AUC in the duodenum, jejunum and plasma.

Plasma InVivo_GIS InVivo_GISPlus

Cmax 48.3 19.8

Tmax 50.8 15.7

AUC 11.0 13.1

Duodenum InVivo_GIS InVivo_GISPlus

Cmax 50.8 15.7

Tmax 62.0 27.4

AUC 82.8 88.3

Jejunum InVivo_GIS InVivo_GISPlus

Cmax 46.91 25.47

Tmax 50.83 15.75

AUC 78.68 28.19
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Figure 2. (A) and (B) describe the experimental and model-fitted concentration values of ibuprofen for all subjects. Experimental (black dots) and model-fitted
concentration values of ibuprofen in the duodenal, jejunal and systemic compartments for each and every subject in fasting state conditions. Each row includes the
observed and simulated concentration–time profiles in the duodenal, jejunal and plasma segments in three separate columns. The purple line reflects the InVivo_GIS
model-predicted values, whereas the red line corresponds with the simulated (model-fitted) values derived from the InVivo_GISPlus model. The experimental values
are reflected by the dark grey lines and dots.
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Figure 3. Simulated outcomes of the average concentrations using the InVivo_GISPlus model. Average
experimental ibuprofen concentrations are shown by the black dots in the duodenum (A), jejunum (B)
and plasma (C) across all the subjects. Simulated values of the InVivo_GISPlus model are represented
with red lines. The experimental values are reflected by the dark black lines and dots.

Table 3 shows the applied settings of each model parameter to adequately simulate the
corresponding intraluminal and systemic concentration–time profiles for each individual.

Table 3. InVivo_GISPlus individual and average parameter values. Median values and the fitted
values for the average subjects are also shown for comparison. SD: standard deviation; CV: coefficient
of variation. Kempt is the gastric emptying rate constant; K_TD and K_TJ represent the transit rate
constants in the duodenal and jejunal compartment, respectively; K_Diss represent the intestinal
dissolution rate constant; V1 and V2 represent the duodenal and jejunal residual volumes, respectively.

Parameter
KEMPT
(1/h)

K_TD
(1/h)

K_TJ (1/h)
K_Diss

mL/(ug*h)
V1 (mL)—
Duodenal

V2 (mL)—
Jejunal

Average 0.84 1.99 0.13 0.10 155.11 70.64

SD 1.27 3.01 0.25 0.36 128.44 80.48

CV% 151.84 150.83 196.68 361.28 82.81 113.93

B003V1 0.39 0.20 0.130 0.101 80.4 20.0

B004V1 0.08 0.59 0.059 1.48 × 10−3 73.9 18.5

B004V2 0.02 1.86 0.209 5.05 × 10−3 195.4 209.2

B005V1 0.51 0.22 0.010 1.61 × 10−4 15.3 2.5

B005V2 0.18 0.45 0.224 3.62 × 10−4 350.5 84.5

B006V1 0.95 1.84 0.042 3.51 × 10−4 123.2 64.6

B017V1 0.16 0.41 0.081 5.75 × 10−3 62.8 10.2

B017V2 0.07 0.08 0.036 1.11 × 10−3 77.6 19.5

B042V1 0.13 10.26 0.000 7.31 × 10−2 29.0 5.2

B042V2 0.05 0.19 0.086 1.52 × 10−3 150.0 80.6

B049V1 0.05 0.19 0.086 1.52 × 10−3 262.3 10.6

B049V2 0.05 0.19 0.086 1.52 × 10−3 150.0 80.6

B052V1 2.79 2.99 0.019 6.96 × 10−4 19.0 27.6

B053V1 1.24 1.79 0.039 3.48 × 10−4 137.8 215.8

B055V1 4.05 0.47 0.100 9.00 × 10−5 126.6 50.0

B055V2 3.65 0.07 0.001 4.33 × 10−4 119.6 93.4

B063V1 1.00 × 10−3 4.12 1.140 1.96 × 10−3 115.9 56.3

B065V1 0.20 2.51 0.092 0.121 500.0 283.1

B065V2 1.28 9.48 0.002 1.59 357.7 10.1

Median 0.18 0.47 8.1 × 10−2 1.52 × 10−3 123.24 49.99

Average Subject 0.45 0.47 7.9 × 10−2 9.34 × 10−4 136.53 56.89
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The estimated volumes are higher than the reported values in duodenum and jejunum measured
by magnetic resonance imaging (MRI) [26]. Nevertheless, it should be noted that the applied average
value could be interpreted as the volume of fluid directly in contact with the solid particles during that
specific period. Considering that continuous secretion and absorption of water in the small intestine
occurs, the volume of fluid flowing through the segment can be high. A potential interpretation to
translate the obtained parameters to the in vitro GIS device could be that the average fluid volume
in contact with solid ibuprofen in duodenum and jejunum is in total 220 mL over an 8 h period to
complete absorption. That would correspond to a 0.5 mL/min volumetric flow to be implemented in
the in vitro GIS system.

As ibuprofen will be heavily dependent on the pH along the GI tract to dissolve, the dissolution
rate was plotted against the residual pH values. Figure 4 depicts the intestinal dissolution rate
(estimated from the InVivo_GISPlus model) versus the measured average pH (duodenum and jejunum)
for each individual as a function of time.
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Figure 4. Average intestinal pH values in each subject (purple line and squares) and the intestinal
dissolution rate (black line and dots) estimated from InVivo_GISPLUS model.

The in vivo dissolution rates in each subject can be estimated from the differential equations
derived from the InVivo_GISPlus model. As Figure 4 shows, the pH fluctuations sometimes dictate
directly the dissolution rate. The overlap is not perfect as other variables (such as the fluid volume) also
affect the dissolution rate. However, in this model, a static volume was considered. If the dissolution
rate increases, the amount of ibuprofen entering the systemic circulation will increase as well. Therefore,
the intestinal dissolution rate was plotted against the absorption rate, deconvoluted from the plasma
concentration–time profiles. This was done for each individual (Figure 5).
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Figure 5. The intestinal in vivo ibuprofen dissolution rate estimated from InVivo_GISPLUS model
and the absorption rate obtained from Wagner–Nelson deconvolution profiles in each individual.
Absorption rates were derived from previous work by Bermejo and co-workers [22].

This work also aimed to demonstrate the impact of gastric emptying on the systemic exposure of
the drug. In this case, and as shown by Hens et al., the time of phase III contractions post-dose will
determine the arrival of ibuprofen in the intestinal tract. The faster these contractions will be initiated,
the higher the plasma Cmax will be. It is hypothesized that a fast onset of this house-keeper wave
will remove more drug content directly from the stomach into the small intestine, resulting in high
amount of drug that will be available for absorption (assuming pH > pKa). Whenever these phase
III contractions are rather postponed (e.g., due to the intake of food), drug release from the stomach
to the small intestine will be rather pulsatile than instantaneous, resulting in a lower driving force
for intestinal absorption which ultimately leads to a lower plasma Cmax. The variability in gastric
emptying of solid particles was also observed by Locatelli and colleagues when visualizing the gastric
emptying process of pellets by scintigraphy studies [32]. The variability in emptying as a function of
time was compared with the variability in emptying that was simulated by the InVivo_GISPlus model
for each subject and demonstrated a similar trend (Figure 6).

3.2. Mechanistic Oral Absorption Modeling in GastroPlus™

The first commercial software program to attempt a comprehensive description of the GI tract in
the context of a PBPK model was GastroPlus™ (Simulations Plus, Inc., Lancaster, CA, USA). The first
version of GastroPlus™ was established in August 1998 and was based on the work of Lawrence X. Yu
and Gordon L. Amidon [33]. The model consisted of “continuous stirring tank reactor” compartments
to describe the transit of a drug from one segment in the GI tract to the other, with simple estimations
of (i) dissolution based on aqueous solubility and (ii) absorption rate coefficients based on existing
pharmacokinetic data. In 2001, an advanced compartmental absorption and transit (ACAT™) model
was developed and defined each compartment’s volume and transit by mass balance approximations.
Later on, in 2018, Hens and Bolger aimed to convert the static settings of the ACAT™ model to more
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dynamic settings [25]. They developed a dynamic fluid and pH model in the GastroPlus™ simulator
to reflect the dynamic alternations of fluid volumes and pH values in the different compartments of
the GI tract. Especially in the case of BCS class 2 compounds, suffering from poor aqueous solubility
and high permeability, these dynamic settings will result in improved predictions towards the in vivo
outcome of the drug product when comparing these simulations with the simulations obtained when
static, default settings were applied. The benefit of these dynamic settings has already been shown for
posaconazole, a weakly basic drug [25].

 

 

Figure 6. (Upper plot) Data from 19 individual scintigraphy studies of gastric emptying of pellets
collected by Locatelli et al. [32]. (Bottom plot) Individual solid ibuprofen particle gastric emptying
kinetics predicted by InVivo_GISPLUS model.

3.2.1. Solubility versus pH: pH-Driven Dissolution

Thermodynamic solubility of ibuprofen was determined in three different aspirated fluids (i.e.,
gastric, duodenal and jejunal) of subject B005-F2. The ADMET Predictor 9.0 was used to predict the
acidic pKa and how solubility would be defined in the physiological range. The observed versus
simulated solubility values closely matched as depicted in Figure 7.

The solubility factor is equal to the ratio of the maximum solubility to the intrinsic solubility for
this specific acidic pKa. This demonstrates the ability of ibuprofen to easily dissolve at pH levels above
its pKa, converting to its ionized form which is more soluble than its non-ionized form.
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Figure 7. Solubility versus pH profile for ibuprofen. The green line represents the predicted solubility
versus pH curve, whereas the blue dots represent the measured solubility values in fasted-state human
GI fluids. The upper blue dot is a solubility value of ibuprofen measured in fasted-state duodenal fluid
by Heikkilä and co-workers [28].

It should be noted that in this clinical study, authors monitored the residual bulk pH in the GI tract
(stomach, duodenum, and jejunum) and measured the solution concentrations of ibuprofen in these
different regions. The pH values of the aspirates were extremely fluctuating as a consequence of the low
buffer capacity [13]. As research scientists in pharmaceutical industry don’t have any access to these
values and mostly make use of high buffer capacity media to explore drug dissolution, overestimations
in predicting the plasma Cmax will be made (see below: Advanced compartmental absorption and
transit simulations: static simulations with default settings). However, there is more evidence that
biopredictive dissolution setting should focus on integrating relevant aspects that have a major impact
on the fraction dissolved of a drug. For instance, lowering the buffer capacity of the media and
highlighting the interplay between surface and bulk pH is a critical aspect that should not be neglected.
This has been observed for modified-release, but also for immediate-release formulations [34–37].
Pepin and co-workers modeled the dissolution profiles of acalabrutinib (weak base, pKas 3.54 (B),
5.77 (B), 12.1 (A)) using an in-house Excel® tool and concluded that making use of the bulk apparent
drug solubility will lead to an over-estimation of the drug dissolution rate at all pH values below
the highest drug pKa [38]. By taking into account product particle size distribution (P-PSD) and the
surface pH of drug particles, accurate simulated dissolution rates were simulated. In addition, in the
case of ionizable compounds such as ibuprofen, the pH at the surface of dissolving particles (pH0)
is a complex function between buffer- and drug-related properties. In the case of ibuprofen, in vitro
results demonstrated that the surface pH is lower than the bulk pH (ranging from pH 4.8–5.8) in 5 mM
bicarbonate depending upon hydrodynamics which can hamper the dissolution process as such. This
was observed by Al-Gousous and co-workers, who observed differences in bulk and surface pH (and
thus bulk and surface solubility) resulting in slower dissolution kinetics of ibuprofen when using
low bicarbonate-buffered, dissolution media [39]. Therefore, the use of the human buffer bicarbonate
will be more favorable to adequately reflect the luminal dissolution kinetics and to represent the
relevant interactions between buffer species and drug molecules [39–41]. Biopredictive dissolution
tests performed by Cristofoletti et al. demonstrated that ibuprofen dissolution in a lower buffer
capacity medium (i.e., 5 mM phosphate buffer) affected bulk pH and its own dissolution kinetics [42,43].
Considering P-PSD and the self-buffering capacity of ibuprofen resulted in the best simulation with
respect to plasma Cmax and AUC for two Nurofen® tablets of 200 mg orally administered to healthy
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adults. In another clinical study by Hofmann and colleagues [44], ibuprofen suspensions (varying
in particle size radius) were intraduodenally administered in healthy subjects. After administration,
duodenal pH was monitored in parallel with systemic exposure of ibuprofen. The administration of
small particles led to a more pronounced pH drop than for large particles under the same infusion
conditions. Still, absorption rates were higher for these smaller particles compared to the larger
particles, but no significant differences in plasma Cmax were observed, suggesting that variability in
the systemic outcome of the drug is more related to the rate of gastric emptying (motility-driven)
and/or intestinal transit times. Besides the bulk/surface pH, the hydrodynamics of the GI tract also
have an enormous impact on the dissolution rate. Performing dissolution experiments for 200 mg
of ibuprofen in 5 mM phosphate buffer at 75, 50 and 30 rotations per minute (RPM) in the USP II
apparatus, demonstrated maximum cumulative fractions dissolved of 0.83, 0.84 and 0.26, respectively.
Based on computational fluid dynamics (CFD), the presented shear rates in the GI tract are more in
line with the shear rates that are reproduced when lower rotation speeds are applied [6].

In conclusion, some important, yet crucial, GI variables should be integrated into biopredictive
dissolution testing (low buffer capacity media, phosphate versus bicarbonate buffer, hydrodynamics)
to account for a valuable input for PBPK platform programs.

3.2.2. Simulation of Distribution and Clearance of Ibuprofen: A Two-Compartmental Pharmacokinetic
(PK) Approach

Simulation of distribution and clearance of ibuprofen was performed in the PKPlus™module
based on literature data that showed the clearance of ibuprofen after an intravenous administration of
an 800 mg dose of ibuprofen with a perfusion rate of approximately 6 min. For this study, 12 healthy
subjects (aged between 18 and 65 years old) were recruited [31]. One-, two- and three-compartmental
models were compared, and the best fit was observed for a two-compartmental PK model based on
the Akaike Information Criterion (AIC) and R2. As no extensive first-pass metabolism is observed for
ibuprofen [45], a two-compartmental approach is definitely sufficient in describing the distribution
and clearance of ibuprofen. Observed versus simulated data are depicted in Figure 8.

 

 

Figure 8. Observed (green squares) versus predicted (green line) concentrations of ibuprofen after
intravenous administration of an 800 mg dose to 12 healthy subjects [31]. Simulations were performed
by using a two-compartmental PK model.

3.2.3. Advanced Compartmental Absorption and Transit Simulations: Static Simulations with
Default Settings

In the first set of modeling experiments, the default settings of GastroPlus™were applied in order
to assess predictions when a static volume and pH is applied in each compartment of the ACAT™
model (Table 4).
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Table 4. Default setting values for volume (mL) and pH in the GastroPlus™ simulator.

GI Compartment Volume (mL) pH Transit Time (h)

1. Stomach 48.92 1.3 0.25
2. Duodenum 44.57 6 0.26
3. Jejunum 1 166.6 6.2 0.94
4. Jejunum 2 131 6.4 0.75
5. Ileum 1 102 6.6 0.58
6. Ileum 2 75.35 6.9 0.42
7. Ileum 3 53.57 7.4 0.29
8. Caecum 50.49 6.4 4.48
9. Ascending Colon 53.55 6.8 13.44

Regarding the fact that (i) there is no dissolution-limiting step at pH > 6 and that (ii) large volumes
are always present during the simulation time, fast onset of dissolution was observed in the intestinal
compartments (Figure 9).

 

 
 
 
 
 
 
 
 
 

 

Figure 9. Simulated concentration–time profiles of ibuprofen in the different GI compartments of the
GastroPlus™ simulator.

Solution concentrations in the stomach are negligible due to the integrated acidic pH (pH 1.3) that
will prevent almost any dissolution of ibuprofen in the gastric compartment. After transfer, ibuprofen
will rapidly dissolve in the more neutral pH environment of the intestinal tract. There is a trend that the
dissolution is the highest in the duodenum followed by the first part of the jejunum and the second part
of the jejunum (diluting effect). When the 800 mg dose appears in the first compartment of the GI tract,
dissolution will be enhanced due to the large volume (44.57 mL) and high pH (pH 6). As the solubility
of ibuprofen is approximately 2 mg/mL at pH 6.2 (Figure 7), an enormous amount of ibuprofen will
immediately dissolve and be available for absorption without any limitations. As the concentration at
the surface of the ibuprofen particles (Cs) drives the dissolution rate under sink conditions (pH < 6.2),
whereas the bulk concentration (Cb) comes into play in the case when there are no sink conditions [39].

This is an ongoing process until it hits the transit time to move forward for the remaining
undissolved particles towards the next compartment. Obviously, this luminal behavior will be reflected
in the systemic compartment, as depicted in Figure 10.
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Figure 10. Observed (blue squares) and simulated (blue line) plasma concentrations of ibuprofen after
oral administration of an 800 mg dose.

Pharmacokinetic parameters are shown in Table 5.

Table 5. Pharmacokinetic disposition parameters between observed and simulated data applying the
default settings.

Pharmacokinetic (PK) Parameters Observed Pharmacokinetic Data Simulated Pharmacokinetic Data

Plasma Cmax (µg/mL) 41.7 55.5
Plasma Tmax (h) 3.00 1.31

Plasma AUC0-∞ (µg·h/mL) 259 189
Plasma AUC0-28h (µg·h/mL) 255 189

Using the default settings, simulations performed by GastroPlus™ are overestimating the observed
pharmacokinetic parameters with respect to plasma Cmax and plasma Tmax. Although predictions
are in the same concentration range, there is still a 33% higher predicted plasma Cmax compared to
the observed plasma Cmax. Moreover, the simulated plasma Tmax is appearing tremendously earlier
related to the fast dissolution in the intestinal compartments. The clinical aspiration study clearly
demonstrated the presence of ibuprofen in the GI tract up to 7 h. This simulation, however, informs us
that the amount absorbed of ibuprofen is 100% in approximately 2 h (Figure 11).

In conclusion, there is a mismatch between the simulations and the observed data, highly related
to physiological variables (i.e., pH, fluid volumes and gastric emptying) that were considered as
pivotal covariates explaining intersubject variability in oral and systemic drug behavior of ibuprofen.
Therefore, in the next set of simulations, these variables will be optimized.

3.2.4. Advanced Compartmental Absorption and Transit Simulations: Dynamic Simulations with
Adjusted Settings

In the second set of simulations experiments, the goal was to better (in terms of accuracy) reflect
the intraluminal behavior taking into account some important physiological aspects that were not
considered during the simulations when default settings were applied. All data derived from the
clinical aspiration study were analyzed in previous work and revealed how GI motility and pH have
a major impact on plasma Cmax and Tmax, respectively. As intraluminal pH is not static at all in the
human GI tract, the ACAT™model was adjusted using a constantly changing pH as a function of time,
in line with the values observed in the clinical aspiration study. This was applied to all segments of the
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GI tract (i.e., stomach, duodenum and jejunum). Moreover, the gastric transit time was delayed from
0.25 h to 2.04 h. As the observed house-keeper wave was on average 2.04 h [22], the gastric transit time
was postponed to this specific value. The strong burst of phase III contractions is a surrogate for the
rapid emptying of gastric content into the upper small intestine and was demonstrated to have an
important impact on the plasma Cmax of ibuprofen for this specific study.

 

 

Figure 11. Amount absorbed of ibuprofen under the default settings in the GastroPlus™ simulator.

Application of mixed-multiple doses as dosage form in GastroPlus™ makes it possible to
implement different .cat files for each time point (every 15 min) all containing a different fluid volume
and pH as observed by MRI data and pH values of aspirated fluids, respectively. All these separate
.cat files were uploaded in the GastroPlus™ simulator and were used in chronological order. Figure 12
demonstrates the simulated and observed plasma data.

 

 

∞

Figure 12. Simulated and observed plasma concentrations of ibuprofen applying the dynamic
ACAT™model.

Pharmacokinetic disposition parameters are shown in Table 6.
The application of the dynamic settings resulted in a predicted plasma Cmax differing 22%

compared to the observed plasma Cmax. The predicted plasma Tmax was similar to the observed
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plasma Tmax. The exposure (expressed as the area under the curve (AUC)) is the same as observed for
the simulations performed with the default settings, highly likely because the amount of dose that is
absorbed is 100%. However, the dissolution and absorption of ibuprofen were more sustained using
dynamic settings (Figure 13).

Table 6. Pharmacokinetic disposition parameters between observed and simulated data applying the
default settings.

Pharmacokinetic (PK) Parameters Observed Pharmacokinetic Data Simulated Pharmacokinetic Data

Plasma Cmax (µg/mL) 41.7 32.5
Plasma Tmax (h) 3.0 3.0

Plasma AUC0-∞ (µg·h/mL) 259 189
Plasma AUC0-28h (µg·h/mL) 255 189

 

∞

 

Figure 13. The amount dissolved, absorbed, reaching the portal vein and reaching the systemic
circulation after mechanistically modeling of ibuprofen concentrations in GastroPlus™.

When comparing the fraction absorbed from the observed date (by deconvolution) versus the
fraction observed that was simulated in GastroPlus™ using the dynamic settings, a positive overlap
was observed (Figure 14).

Figure 15 represents the simulated and observed intraluminal profiles in the different regions of
the GI tract.
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Figure 14. The observed fraction absorbed (based on Wagner–Nelson deconvolution) versus the
simulated fraction absorbed from the GastroPlus™ simulator.
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Figure 15. Simulated and observed intraluminal concentrations of ibuprofen in the different segments of the GI tract. Observed data are presented as the mean ± SD.
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Simulated results are in line with the observed data, although slightly overestimated with respect
to the jejunal concentrations. The reason for this phenomenon can be attributed to the fact that
GastroPlus™ handles the small intestine as different compartments, all characterized by specific transit
times. As the human jejunum and ileum are quite large (2.5 m and 3.5 m, respectively), the presence of
fluid pockets may play a significant role in the amount of drug that will dissolve. It is estimated that
the jejunum consists of 13 mL of fluids based on the MRI data of Mudie and co-workers [26], which is
more than enough for ibuprofen to dissolve. However, in vivo, these volumes are presented as small,
separate water pockets that may hamper the drug to reach its equilibrium solubility. The impact of
pockets is less concerned for the duodenal compartment as this segment is only 25 cm long and, based
on these simulations, the absence of water pockets seems to have less impact on drug dissolution as
the predictions are in line with the in vivo duodenal concentrations. Therefore, these simulations may
open public debate to discuss the relevance of simulating these pockets in computational modeling
as recently done by Yu and co-workers [46], who developed a dynamic fluid compartmental and
absorption transit (DFCAT) model. Related to the compound characteristics (e.g., solubility and
permeability), stochastic modeling of these fluid pockets could influence the predicted outcome of
the drug product. Figure 16 represents the amounts of ibuprofen dissolved versus undissolved when
applying a dynamic versus static fluid model (pH values of the different compartments were the same
for both simulations).

We hypothesize that the present fluids will impact the amount of drug dissolved, even though the
drug has no limited capacity with respect to dissolution (BCS class 1/2a/3) and regardless of favorable
pH to initiate dissolution of the drug in the intestine (BCS class 2a) [47]. Future studies should shed
light on the relevance and importance of this topic.

The rate of gastric emptying will alter systemic exposure in such a way that it is favorable to have
a fast release of ibuprofen into the small intestine which will generate a high driving force for intestinal
absorption. In contrast, when gastric emptying is delayed and ibuprofen will be sustained released
from the stomach, the driving force will not be as big as for a direct onset of gastric emptying. Figure 17
demonstrates the parameter sensitivity analysis (PSA) with respect to the ‘gastric transit time’. These
data are in line with the observed data from the clinical study where a fast onset of post-dose phase III
contractions resulted in a higher plasma Cmax.
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Figure 16. Simulated GI profiles when applying a static (i.e., constant) versus a dynamic fluid model.
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Figure 17. Impact of stomach transit time on the plasma Cmax for ibuprofen after oral administration of
an 800 mg dose in fasted state. PSA: parameter sensitivity analysis.

4. Conclusions and Future Directions: Requesting Biowaivers?

In conclusion, this work demonstrated a mechanistic modeling approach to explain the intraluminal
and systemic performance of an orally administered ibuprofen drug product (RLD) in fasted-state
conditions. The simulations that were performed highlighted the importance of considering gastric
emptying, fluid volumes, motility, and pH as indispensable covariates that should be included in
the models to ensure realistic predictions of systemic plasma concentrations of ibuprofen. Both these
simulations were done in a user-customized model (Phoenix WinNonlin®) and in a commercially
available software package (GastroPlus™). In both cases, we demonstrated the importance of integrating
physiological variables to mechanistically understand and observe the impact of these parameters
on ibuprofen intestinal absorption. With respect to fluid volumes, simulations in GastroPlus™
demonstrated the impact of dynamic fluids, as measured by an MRI study, on the dissolved amounts of
ibuprofen throughout the different GI compartments. There should be further developed with respect
to the ‘complexity’ of in silico models to predict the in vivo outcome plasma levels of a drug. Clear
guidelines should assist formulation scientists in whether specific physiological variables should be
considered and should be integrated into computational models, highly depending on the purpose of
the simulation. Parameter and sensitivity analyses can serve as useful tools to assess the sensitivity of
physiological variables predicting the in vivo performance of an oral drug product. Even today, the
dynamics of these GI processes are relatively poorly described quantitatively and do not adequately
reflect the in vivo GI conditions and thus the plasma performance of the orally administered ibuprofen.
While simulations can be performed and mechanistic insight gained from such simulations from
current software, we need to further determine the dynamics of the GI variables controlling the dosage
form transit, disintegration, dissolution absorption and metabolism along the GI tract in order to move
from correlation to prediction (IVIVC → IVIVP). The obtained underlying cumulative dissolution
profile derived from the GastroPlus™ simulator (Figure 13) and the simulated concentration–time
profiles from the Phoenix WinNonlin® platform (Figure 2) will serve as a reference to optimize
our in-house biopredictive dissolution device, the Gastrointestinal Simulator (GIS). Establishing the
link between biopredictive in vitro dissolution testing and mechanistic oral absorption modeling (i.e.,
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physiologically-based biopharmaceutics modeling (PBBM)) opens an opportunity to potentially request
biowaivers in the near future for orally administered drug products, regardless of its classification
according to the BCS [47–50].

Supplementary Materials: Both mathematical equations for simulations performed in Phoenix WinNonlin®

as well as the dynamic .cat files for simulations in GastroPlus™ are provided for the reader. These .cat files
are compatible with all versions of GastroPlus™. All these files can be found at the following link for free:
https://zenodo.org/record/3562430#.XfSmtOhKg-U.
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Abstract: Biopharmaceutical classification system (BCS) class IV drugs (low-solubility low-permeability)
are generally poor drug candidates, yet, ~5% of oral drugs on the market belong to this class.
While solubility is often predictable, intestinal permeability is rather complicated and highly
dependent on many biochemical/physiological parameters. In this work, we investigated the
solubility/permeability of BCS class IV drug, furosemide, considering the complexity of the entire
small intestine (SI). Furosemide solubility, physicochemical properties, and intestinal permeability
were thoroughly investigated in-vitro and in-vivo throughout the SI. In addition, advanced in-silico
simulations (GastroPlus®) were used to elucidate furosemide regional-dependent absorption pattern.
Metoprolol was used as the low/high permeability class boundary. Furosemide was found to be a
low-solubility compound. Log D of furosemide at the three pH values 6.5, 7.0, and 7.5 (representing
the conditions throughout the SI) showed a downward trend. Similarly, segmental-dependent
in-vivo intestinal permeability was revealed; as the intestinal region becomes progressively distal,
and the pH gradually increases, the permeability of furosemide significantly decreased. The opposite
trend was evident for metoprolol. Theoretical physicochemical analysis based on ionization, pKa,
and partitioning predicted the same trend and confirmed the experimental results. Computational
simulations clearly showed the effect of furosemide’s regional-dependent permeability on its
absorption, as well as the critical role of the drug’s absorption window on the overall bioavailability.
The data reveals the absorption window of furosemide in the proximal SI, allowing adequate
absorption and consequent effect, despite its class IV characteristics. Nevertheless, this absorption
window so early on in the SI rules out the suitability of controlled-release furosemide formulations,
as confirmed by the in-silico results. The potential link between segmental-dependent intestinal
permeability and adequate oral absorption of BCS Class IV drugs may aid to develop challenging
drugs as successful oral products.

Keywords: BCS class IV drugs; segmental-dependent intestinal permeability; intestinal absorption; oral
drug delivery; biopharmaceutics; physiologically-based pharmacokinetic (PBPK) modeling; furosemide

1. Introduction

The biopharmaceutical classification system (BCS) developed by Amidon et al. revealed that
the solubility/dissolution of the drug and its intestinal permeability are the two key factors that
dictate drug absorption following oral administration [1,2]. Drug solubility in the gastrointestinal
milieu may change in different intestinal segments, e.g., due to pH changes, in a fairly predictable
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manner; depending on the pKa, the solubility of acidic drugs may increase as the luminal pH rises
in more distal regions of the small intestine, and vice versa for basic drugs [3–5]. On the other hand,
time- and segmental-dependent intestinal permeability is more complicated and harder to predict [1].
Mechanisms contributing to segmental-dependent permeability throughout the gastrointestinal tract
(GIT) include different morphology along the GIT, variable intestinal mucosal cell differentiation,
changes in the drug concentration (in case of carrier-mediated transport), modulation of tight junction
permeability, and luminal contents and properties, e.g., pH, transporter expression, variability in the
structure/composition of the intestinal membrane itself, and more [6–11].

The four BCS classes highlight the limiting factors of the absorption process: (1) Class I,
high-solubility high-permeability drugs, indicate the easier and straightforward development process,
and complete absorption is expected; (2) Class II, low-solubility high-permeability drugs, indicate
that a solubility/dissolution limitation is expected; (3) Class III, high-solubility low-permeability
drugs, indicate that the intestinal absorption of this class of drugs will be limited by the permeability
rate; and (4) Class IV, low-solubility low-permeability drugs [12]. Since Class IV drugs suffer from
inadequate solubility and permeability, they have very poor oral bioavailability and are inclined to
exhibit very large inter- and intrasubject variability. Therefore, unless the drug dose is very low,
they are generally poor oral drug candidates. Yet, according to some estimates, ~5% of the world’s top
oral drugs belong to this class [13–15]. In some cases, this is due to the absorption window, which is
often critical for the success or failure of a certain drug. In order to gather information about the drug
absorption window, extensive work and thorough analysis of luminal conditions and drug absorption
is needed, within different locations throughout the GIT. Here, we present such analysis for BCS class
IV drug, furosemide [16].

Furosemide is a powerful loop diuretic and is indicated for treating edematous conditions
associated with heart, renal, and hepatic failure, as well as for the treatment of hypertension [17,18].
Drug therapy with furosemide is often complex, due to apparent erratic oral systemic availability and
unpredictable responses to an administered dose [19]. Even though furosemide is a class IV drug, it is
a very common and widely prescribed drug on the market.

In this work, we aimed to investigate the reason for apparent success of furosemide as a marketed
product, despite its poor biopharmaceutical properties, and classification as BCS class IV drug, in order
to allow development of future class IV compounds. We posit that segmental-dependent permeability
of furosemide may contribute to its absorption complexity and provide a certain absorption window in
which the drug has suitable permeability and, hence, gets absorbed. For this reason, we investigated
the in-vivo intestinal permeability of furosemide throughout different segments of the small intestine.
Solubility studies, as well as theoretical physicochemical analysis of furosemide and advanced modern
in-silico GastroPlus® simulations, were performed, in order to elucidate the mechanistic reasons behind
the experimental results. Furosemide data were compared to the β-blocker metoprolol, the Food and
Drug Administration (FDA) reference drug for the low/high permeability class boundary. Overall,
this experimental setup allowed us to reveal important insights on the performance of furosemide,
despite its unfavorable drug-like properties, and discuss extrapolation of these insights to other BCS
class IV drug candidates.

2. Methods

2.1. Materials

Furosemide, metoprolol, phenol red, potassium chloride, potassium phosphate monobasic,
potassium phosphate dibasic, sodium chloride, acetic acid, maleic acid, n-octanol, and trifluoroacetic
acid (TFA) were all purchased from Sigma Chemical Co. (St. Louis, MO, USA). Acetonitrile and
water, ultra-performance liquid chromatography (UPLC) grade were purchased from Merck KGaA,
Darmstadt, Germany. Remaining chemicals were of analytical reagent grade.
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2.2. Solubility Studies

The pH-dependent solubility studies were performed using the shake flask method, as previously
reported [20–23]. The equilibrium solubility of furosemide was determined at both 37 ◦C and at room
temperature (25 ◦C), in phosphate buffer pH 7.5, acetate buffer pH 4.0, and maleate buffer pH 1.0.
Surplus quantity of furosemide was introduced to glass vials holding buffer solutions with different
pH; the pH of those solutions was measured following drug addition to the buffers and, consequently,
placed in the shaking incubator (100 rpm) at 37 ◦C. The vials were centrifuged (10,000 rpm, 10 min),
and the supernatant was instantly analyzed by UPLC. The dose number for furosemide was calculated
using the established equation: D0 = M/V0/Cs; M being the highest single-unit dose strength of
furosemide (taken as 80 mg [24]), V0 is the initial volume of water (250 mL), and Cs is the solubility at
each pH; the drug is considered highly soluble if the D0 < 1.

2.3. Evaluation of Octanol-Buffer Partition Coefficients (Log D)

Furosemide and metoprolol experimental octanol-buffer partition coefficients (Log D) were
studied at pH 6.5, 7.0, and 7.5 using the shake-flask method [8,11]. Drug solutions in octanol-saturated
phosphate buffer (pH 6.5, 7.0, 7.5) were equilibrated at 37 ◦C for 48 h. The octanol and water phase
were divided via centrifugation, and the drug content in the water phase was quantified using UPLC;
the furosemide/metoprolol concentration in the octanol phase was determined by mass balance.

2.4. Physicochemical Analysis

The theoretical fraction extracted into octanol (fe) was calculated using the following equation [25,26].

fe =
fuP

1 + fuP
,

in which P represents the octanol-water partition coefficient of the unionized drug form, and fu is the
fraction unionized of the drug at a certain pH. Experimental Log P values were taken from the literature
for both furosemide (2.29) [27] and metoprolol (2.19) [28]. The fu versus pH was plotted according to
the Henderson-Hasselbalch equation, using the pKa literature values: 9.68 for metoprolol [29] and
3.8 for furosemide [24].

2.5. Rat Single-Pass Intestinal Perfusion

Effective permeability coefficient (Peff) of furosemide versus metoprolol in various intestinal
segments was assessed using the single-pass rat intestinal perfusion (SPIP) in-vivo model. The murine
studies were completed according to the approved protocol by Ben-Gurion University of the Negev
Animal Use and Care Committee (Protocol IL-08-01-2015). The animals (male Wistar rats weighing
230–260 g, Harlan, Israel) were housed and handled according to Ben-Gurion University of the Negev
Unit for Laboratory Animal Medicine Guidelines. All animals were fasted overnight (12–18 h) with free
access to water; rats were randomly allocated to different experimental groups. The intestinal perfusion
study was performed according to the previous reports [7,9,30–32]. Animals were anesthetized via
intramuscular injection of 1 mL/kg ketamine-xylazine solution (9%:1%) and placed on a heated (37 ◦C)
surface (Harvard Apparatus Inc., Holliston, MA, USA); the rat abdomen was uncovered via a midline
incision (~3 cm). Permeability (Peff) was measured in proximal jejunum (starting 2 cm lower from the
ligament of Treitz), mid-small intestine (SI) segment (isolated between the end of the upper and the
beginning of the lower segments), and distal segment of the ileum (ending 2 cm above the cecum)
accounting for the complexity of the entire SI [7]. Intestinal segments were cannulated on both ends
and perfused with drug-free buffer. Working solutions containing furosemide (320 µg/mL), metoprolol
(400 µg/mL), and phenol red (a non-absorbable marker for water flux measurements) were prepared
with potassium phosphate monobasic and sodium phosphate dibasic, to achieve pH of 6.5, 7.0 and
7.5; osmolarity (290 mOsm/L) and ionic strength in all buffers was maintained throughout the study.
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Drug solutions were incubated in a 37 ◦C water bath. Steady-state environment was ensured by
perfusing the drug-containing buffer for 1 h, followed by additional 1 h of perfusion, during which
sampling was done every 10 min. The pH of the collected samples was measured in the outlet sample
to verify that there was no pH change throughout the perfusion. All samples were assayed by UPLC.
The length of each perfused intestinal segment was measured in the end of the experiment. The effective
permeability (Peff; cm/s) through the rat SI wall was calculated according to the following equation:

Peff =
−Qln (C′out/C′in)

2πRL
,

in which Q is the perfusion buffer flow rate (0.2 mL/min); C′out/C′in is the ratio of the outlet/inlet drug
concentration adjusted for water transport; R is the radius of the intestinal segment (conventionally used
as 0.2 cm); and L is the exact length of the perfused SI segment as was measured at the experiment
endpoint [7,33,34].

2.6. Analytical Methods

Concentration of furosemide and metoprolol was evaluated using an UPLC instrument Waters
Acquity UPLC H-Class (Milford, MA, USA), with a photodiode array detector and Empower software.
Furosemide and metoprolol were separated on Acquity UPLC XTerra C18 3.5 µm 4.6 mm × 250 mm
column (Waters Co., Milford, MA, USA). Gradient mobile phase, going from 70:30% to 90:10% v/v 0.1%
trifluoroacetic acid in water/acetonitrile, respectively, on a flow rate of 1 mL/min (25 ◦C). The inter- and
intraday coefficients of variation were < 1.0% and 0.5%, respectively.

2.7. Statistics

Solubility studies were performed in four replicates; Log D studies were performed in six
replicates, whereas animal perfusion studies were n = 4. Values are expressed as means ± standard
deviation (SD). To determine statistically significant differences among the experimental groups,
a 2-tailed nonparametric Mann–Whitney U test for 2-group comparison was used; p < 0.05 was
termed significant.

2.8. In-Silico Simulations

Computer simulations of furosemide absorption and concomitant plasma concentrations following
oral administration in humans were conducted using GastroPlusTM software package (v. 9.7.0009, 2019,
Simulations Plus Inc., Lancaster, CA, USA). The required input data regarding drug physicochemical
and pharmacokinetic properties were experimentally determined, taken from literature or in-silico
predicted. Human permeability values throughout the SI were calculated from the experimental
rat single-pass intestinal perfusion data, using the software integrated “permeability converter”.
Drug disposition was best described by three-compartmental pharmacokinetic model, whereas the
relevant parameters (clearance (CL), volume of distribution (Vd) and distribution constants between
central and peripheral compartments) were estimated using PKPlus software module, based on
the in-vivo plasma concentration data for an intravenous (i.v.) bolus dose [35]. The application of
three-compartmental model to describe furosemide pharmacokinetics has already been reported in
literature [36,37]. Graphical data from literature were digitized using DigIt™ program (version 1.0.4,
2001–2008, Simulations Plus, Inc., Lancaster, CA, USA). Physiological parameters were the software
default values representing fasted state physiology of a healthy human representative.

The software simulates drug absorption from the GIT using the integrated Advanced Compartment
Absorption and Transit (ACAT) GIT model that consists of nine compartments (stomach, duodenum,
two segments of jejunum, three segments of ileum, caecum, and ascendant colon). These compartments
are linked in series, and the amount of drug dissolved and absorbed from each compartment is
calculated by the system of differential equations. More details on the ACAT model can be found
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in the literature [38,39]. Regarding the fact that furosemide is a poorly-soluble drug, the model
accounted for the effect of bile salt on drug solubility and diffusion coefficient. Drug dissolution rate
under physiological conditions was predicted using the software default Johnson dissolution equation
(based on modified Nernst-Bruner equation) [40].

The validity of the model (i.e., the selection of input values) was validated by comparison of the
prediction results (bioavailability (F), maximum plasma concentration (Cmax), time to reach Cmax (tmax),
and area under the plasma concentration-time curve (AUC0–∞)) with published data from the in-vivo
studies for peroral (p.o.) drug administration. Percent prediction error (%PE) between the predicted
and mean in-vivo observed data from a clinical study was calculated using the following equation:

%PE =
(Observed value− Predicted value) × 100

Observed value
.

In the next step, the generated model was used to mechanistically interpret furosemide regional
absorption pattern, and to estimate the outcomes for various hypothetical drug dissolution scenarios
(illustrating drug dissolution from immediate-release (IR) and controlled-release (CR) oral formulations).
In the last case, hypothetical dissolution profiles were used as additional inputs to describe drug
release rate in-vivo, and the selected dosage form was “CR dispersed” to allow input of the tabulated
dissolution data.

3. Results

The solubility values obtained for furosemide at 37 ◦C and at room temperature (25 ◦C) are
summarized in Table 1, as well as the corresponding dose number (D0). Furosemide showed
pH-dependent solubility, in accordance with its acidic nature. It can be seen that, while, at pH 7.5,
furosemide has suitable solubility (as evident by D0 lower than 1), at the lower pH values, 1.0 and 4.0,
it is poorly soluble. When taking 80 mg as the highest dose strength, although D0 < 1 was obtained at
pH 7.5, at pH 1.0 and 4.0, the D0 is higher than 1; hence, furosemide was found to be a low-solubility
compound according to the BCS.

Table 1. Furosemide solubility values (µg/mL) at the tree pH values 1.0, 4.0, and 7.5, at 37 ◦C
(upper panel), and at room temperature (25 ◦C; lower panel), as well as the corresponding dose number
(D0) calculated for an 80-mg dose. Data presented as mean ± SD; n = 6.

At 37 ◦C

pH Solubility (µg/mL) Corresponding D0

1 19.4 ± 3.7 16.5
4 65.5 ± 9.0 4.8

7.5 8340.1 ± 81.6 0.04

At 25 ◦C

pH Solubility (µg/mL) Corresponding D0

1 40.3 ± 16.2 7.9
4 56.7 ± 12.2 5.6

7.5 8550.6 ± 149.4 0.04

Octanol-buffer partition coefficient values of furosemide and metoprolol at the three pH values
6.5, 7.0, and 7.5 (representing the conditions throughout the small intestine) are presented in Figure 1.
Both drugs presented a clear pH-dependent Log D values across the studied pH range, with opposite
trends; while furosemide’s partitioning decreases as the pH rises, metoprolol shows higher partitioning
into octanol at higher pH (metoprolol is the acceptable reference drug for the low/high permeability
class boundary). In addition, furosemide’s Log D at pH 6.5 was higher than that of metoprolol at the
same pH; this is a surprising finding since Log D may sometimes be used as a surrogate for passive
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permeability. Indeed, at higher pH values (7.0 and 7.5), metoprolol Log D increases, while furosemide
decreases, and metoprolol Log D becomes higher than furosemide.
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Figure 1. The octanol-buffer partition coefficients, Log D, for furosemide and metoprolol at the three
pH values 6.5, 7.0, and 7.5. Data are presented as the mean ± S.D.; n = 6 in each experimental group.

Furosemide and metoprolol physicochemical properties are presented in Table 2. Figure 2 presents
furosemide versus metoprolol theoretical fraction unionized (fu) and fraction extracted into octanol (fe)
as a function of pH. The plots have a standard sigmoidal shape, with opposite trends for furosemide
vs. metoprolol. The fe vs. pH plot follows the same pattern to the fu plot, only with a shift to the
right (higher pH values) for acidic drug (furosemide), and to the left (lower pH values) for basic
(metoprolol) drugs. The shift magnitude in both cases equals Log(P − 1) at the midpoint of the fe and
fu curves [25,26]. The experimental drug octanol-buffer partitioning at the three pH values (6.5, 7.0,
and 7.5) are illustrated in Figure 2, as well, and it can be seen that they were in excellent agreement
with the theoretical plots.

Table 2. Physicochemical parameters and chemical structure of furosemide and metoprolol.

Drug Chemical Structure pKa Log P PSA

Furosemide
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3.8 2.3 127.7

Metoprolol
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−

Metoprolol 

 

9.7 2.2 53.2
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Figure 2. The theoretical fraction unionized (fu) and fraction extracted into octanol (fe) plots as a
function of pH for furosemide and metoprolol, as well as experimental buffer-octanol partitioning of
the drugs in the three pH values 6.5, 7.0, and 7.5 (n = 5).

The effective permeability coefficient (Peff, cm/sec) values of furosemide and metoprolol determined
using the single-pass intestinal perfusion (SPIP) rat model, in three intestinal segments, namely proximal
jejunum (pH 6.5), mid small intestine (pH 7.0), and distal ileum (pH 7.5), are presented in Figure 3.
It can be seen that significant regional-dependent permeability of furosemide throughout the small
intestine was evident: the permeability of furosemide gradually decreases, while the permeability of
metoprolol gradually increases, as the SI segments become more distal.
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Figure 3. Effective permeability values (Peff; cm/s) obtained for furosemide and metoprolol after in-situ
single pass perfusion to the rat proximal jejunum at pH 6.5, mid-small intestine at pH 7.0, and to the
distal ileum at pH 7.5. Mean ± S.D.; n = 4 in each experimental group; ** p < 0.01, *** p < 0.001.

The input data regarding drug physicochemical and pharmacokinetic properties, used for in-silico
simulations, are presented in Table 3. The simulated furosemide plasma concentration profile following
p.o. administration is depicted in Figure 4, along with the mean profiles observed in the in-vivo
studies. In addition, the observed and model predicted pharmacokinetic parameters are compared in
Table 4. The presented data demonstrate that the generated model adequately describes furosemide
absorption and disposition. The course of the predicted plasma profile fairly resembles the observed

91



Pharmaceutics 2020, 12, 1175

data. However, certain variations are observed between the mean in-vivo data from different studies
referring to the same drug dose (Figure 4, Table 4). Indeed, it has been reported that furosemide
oral absorption is highly variable between individuals, e.g., Cmax varied three-fold, and tmax varied
five-fold [36,37,41]; moreover, individual AUC values for 40 mg furosemide oral dose varied between
1.57 and 3.76 µg·h/mL (more than two-fold) [36,37,41], and even larger AUC values were observed
in another study with the same drug dose (2.23–6.10 µg·h/mL) [42], indicating that, regardless of the
high PE(%) values in Table 4, the model predicted value of 3.66 µg·h/mL is not an overestimate of
the extent of drug absorption. In addition, extensive intrasubject variability was observed for orally
dosed furosemide, and these variations were attributed to the absorption process (i.e., day to day
variations in physiological factors) since the repeated i.v. doses showed only marginal intrasubject
variability [36,37,41]. Considering pronounced inter- and intraindividual variability in furosemide
oral absorption, the simulated profile can be seen as a reasonable estimate (Figure 4). Moreover,
the predicted fraction of oral drug absorption (cc. 52%) is in accordance with the values reported in the
literature [36,37].

Table 3. The selected input parameters for furosemide absorption GastroPlus® simulation.

Parameter Value Source

Molecular weight (g/mol) 330.75 /

Log D (pH 7.5) −1.0818 experimental values

Solubility at 37 ◦C (µg/mL)

19.4 (pH 1.0)

65.5 (pH 4.0)

8340.1 (pH 7.5)

pKa (acid) 3.8 [24]

Human effective permeability, Peff (cm/s)

0.4043 × 10−4 (duodenum, jejunum)

values converted using
GastroPlus™ integrated

“permeability converter” based on
experimental rat perfusion data

0.2246 × 10−4 (ileum 1 and 2)

0.1392 × 10−4 (ileum 3, caecum, colon)

Diffusion coefficient (cm2/s) 0.7289 × 10−5 GastroPlus™ calculated value
(based on molecular weight)

Mean precipitation time (s) 900 GastroPlus™ default values

Particle density (g/mL) 1.2

Particle radius (µm) 25

Blood/plasma concentration ratio 1

Plasma fraction unbound (%) 1 [24]

Clearance, CL (L/h/kg) 0.121
calculated using GastroPlus™
PKPlus module, based on the

i.v. data [35]

Volume of distribution, Vd (L/kg) 0.043

Distribution constant k12 (1/h) 0.964

Distribution constant k21 (1/h) 1.614

Distribution constant k13 (1/h) 0.925

Distribution constant k32 (1/h) 0.708

Regional pH in the GIT 1.3; 6.0; 6.2; 6.4; 6.6; 6.9; 7.4; 6.4; 6.8

GastroPlus™ default values for
stomach, duodenum, jejunum 1,

jejunum 2, ileum 1, ileum 2, ileum
3, caecum, and ascendant colon

Regional volume of fluid in the GIT (mL) 46.56; 40.54; 150.00; 119.30; 91.71; 68.88;
48.57; 46.44; 49.21

Regional transit time in the GIT (h) 0.25; 0.26; 0.93; 0.74; 0.58; 0.42;
0.29; 4.13; 12.38
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Figure 4. GastroPlus® simulated (line) versus mean observed (markers) plasma concentration profiles
following p.o. administration of furosemide. Mean observed values represent 40 mg immediate-release
(IR) tablet profile I [43] and 40 mg IR tablet profile II [37].

Table 4. Comparison between GastroPlus® simulated and in-vivo observed furosemide
pharmacokinetic parameters following p.o. drug administration.

40 mg p.o. Dose

Parameter In-Vivo I a In-Vivo II b Predicted PE(%) I PE(%) II

Cmax (µg/mL) 0.61 0.75 0.71 −17.14 5.54

tmax (h) 1.5 1.12 1.36 9.33 −22.22

AUC0→∞ (µg·h/mL) 2.13 2.44 3.66 −71.25 −50.06

AUC0→24 h (µg·h/mL) 2.11 2.33 2.52 −19.25 −8.15

F (%) NA NA 52.2 NA NA
a Refers to the mean plasma profile from [43] (40 mg IR tablet); b refers to the mean plasma profile from [37]
(40 mg IR tablet); NA, not available/not applicable.

The predicted furosemide dissolution and absorption profiles following an IR oral formulation
(IR tablet) are illustrated in Figure 5. The generated profiles clearly indicate that drug permeability is
the limiting factor for absorption under fasted state GIT conditions. Namely, although furosemide is a
low-solubility drug, due to ionization at the elevated pH conditions in the proximal SI, drug dissolution
from an IR formulation is expected to be fast (>85% in 30 min). Therefore, furosemide absorption
from an IR formulation is mainly governed by poor permeability. The predicted regional-dependent
absorption distribution (Figure 6) further highlights the role of furosemide segmental absorption on
the overall drug bioavailability. As implied by the regional-dependent permeability data, but also
considering the surface area available for absorption, furosemide absorption predominantly happens
in the proximal parts of the SI (76.6% of the total amount absorbed into the enterocytes), and only a
minor fraction of drug (23.2% of the total amount absorbed into the enterocytes) passes into systemic
circulation through mid and distal GIT regions.
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Figure 5. GastroPlus® simulated dissolution and absorption profiles following p.o. administration of
40 mg furosemide dose (dissolution profile was simulated using the software default Johnson equation).
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Figure 6. GastroPlus® simulated regional absorption of furosemide following p.o. administration of
40 mg drug dose (the simulated values refer to the fraction of drug dose that entered into the enterocytes).

The prediction results corresponding to various dissolution scenarios are presented in Figure 7b–d
and Table 5. According to the simulated data, furosemide release rate from an oral formulation highly
impacts the concomitant absorption process, whereas prolonged drug release rate leads to marked
delay in the rate and extent of drug absorption. The estimated pharmacokinetic parameters (Table 5)
indicate that furosemide bioavailability would show more than a 10-fold decrease in case the complete
drug dissolution is achieved within 24 h in comparison to 15 min. A similar trend is observed for
Cmax and AUC values (17.75- and 17.38-fold decrease, respectively), while tmax would be prolonged
(about two-fold). It is interesting to note that tmax increases with decrease in drug dissolution up to
some point, but further decrease in drug dissolution (e.g., 85% in more than 6 h) would not cause
additional delay in peak plasma concentration. This is because, after cc. 2 h, the drug leaves proximal
parts of the intestine, where majority of furosemide absorption takes place, and, later on, in mid and
especially distal intestine, only a small fraction of drug can be absorbed, as illustrated in Figure 7d.
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Figure 7. GastroPlus® simulated furosemide dissolution profiles (a); and (b) the corresponding
simulated plasma profiles; (c) absorption profiles; and (d) regional absorption distribution.

Table 5. GastroPlus® predicted pharmacokinetic parameters for different furosemide virtual dissolution
profiles from 40 mg p.o. dosage forms.

Dissolution Cmax (µg/mL) tmax (h) AUC0→∞ (µg·h/mL) F (%)

85% in 15 min 0.71 1.36 3.65 51.91

85% in 1 h 0.64 1.76 3.71 46.35

85% in 6 h 0.15 2.80 0.80 16.64

85% in 8 h 0.11 2.80 0.61 12.73

85% in 12 h 0.08 2.80 0.41 8.65

85% in 24 h 0.04 2.80 0.21 4.36

4. Discussion

BCS class IV drugs (e.g., sulfamethoxazole, ritonavir, paclitaxel, and furosemide) exhibit
numerous unfavorable characteristics (low solubility and permeability, high presystemic metabolism,
efflux transport), which make their oral drug delivery challenging. In addition to this, class IV drugs
often demonstrate inter/intra-subject variability. Indeed, following oral administration, the absorption
and bioavailability of furosemide are highly variable (37–51%) [35,41]. It has been suggested that
this variability is highly depend on the absorption process [41], which in turn is dependent on
drug aqueous solubility and intestinal permeability following oral administration [1,44]. It has also
been hypothesized that variable gastric/intestinal first-pass metabolism can be a factor in causing
incomplete and irregular furosemide absorption in humans [45]. Despite the unfavorable class IV
drug characteristics, furosemide was shown to be exceptionally useful and successful marketed drug
product for the treatment of edema [17]. For this reason, we decided to investigate furosemide’s
solubility and in-vivo regional-dependent permeability throughout the GIT, as main parameters that
guide absorption of oral drugs.
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It was shown that a correlation between human Peff in the jejunum and physicochemical parameters
advocates that there is a high pH-dependent influence on the passive intestinal permeability in-vivo [46].
Indeed, furosemide in-vivo permeability data demonstrate a downward trend towards the distal
intestinal segments as the pH gradually increases, a trend that can be expected for acidic drugs,
since the pH in the intestinal lumen gradually increases towards distal SI regions (Figure 3). Many BCS
class IV drugs are substrates for efflux transporters [47]. There is some evidence that furosemide might
be a substrate for efflux transporters [48,49]; thus, such permeability trend could also be influenced
by the P-glycoprotein (P-gp) transporter in which expression levels are increased from proximal to
distal SI segments [6,50–52]. Since metoprolol’s intestinal permeability is passive and does not involve
carrier-mediated absorption, it exhibited pH-dependent intestinal permeability, with reverse tendency
compared to furosemide; as a basic drug, metoprolol showed upward increase in permeability towards
distal SI segments with rising pH values (Figure 3). At any point throughout the SI, furosemide
exhibited significantly lower permeability than the benchmark (metoprolol’s jejunum permeability),
which confirms its BCS low-permeability classification and incomplete absorption. Despite the fact
that furosemide is a low-permeability drug, the higher permeability in the proximal intestinal regions
provides a window for furosemide absorption, and we posit that this is one of the main reasons for
furosemide’s sufficient bioavailability and success as a marketed drug. Theoretical fu and fe as a function
of pH were found to be in excellent correlation to these in-vivo data. In addition, in-silico modeling
indicated that furosemide dissolution from an IR formulation would be fairly complete before the drug
leaves proximal SI (Figure 5), although the drug is generally classified as low-soluble, enabling timely
delivery of the dissolved drug to the distinct absorption site. Complete furosemide dissolution under
physiological conditions is also confirmed by the experimental solubility results (Table 1).

Furosemide Log D studies showed higher partition coefficient in comparison to metoprolol at
pH 6.5, whereas, in the in-vivo intestinal perfusion experiment, furosemide showed significantly
lower jejunum permeability than metoprolol (Figure 1). A possible reason for this difference in the
partitioning and in-vivo permeability can be the polar surface area (PSA) of both drugs [53]. A sigmoidal
relationship between the fraction absorbed following oral administration and the dynamic polar surface
area was reported in the past [54–56]. It was shown that orally administered drugs with large PSA
(>120) are hardly absorbed by the passive transcellular route, while drugs with a small PSA (<60) are
almost completely absorbed [55,56]. This is in agreement with our results, as furosemide has much
higher PSA (127.7) than metoprolol (53.2) [54,55]. Another reason for the difference in the partitioning
and in-vivo permeability may be the presence of active efflux transport involved in the intestinal
permeability. The influence of efflux transport at pH 6.5 (proximal intestinal segments) could decrease
furosemide’s permeability in-vivo, which was not accounted for in the octanol partitioning studies.

The Log P value of furosemide (2.3) is in the close proximity to that of metoprolol (2.2), pointing to
high permeability (Table 2). However, the Log P calculation is based on the unionized drug fraction,
and, since furosemide has acidic nature it is likely that, once it passes the acidic stomach environment,
it will mostly be in ionized form (the pH throughout the GIT varies from 5.9–6.3 in the proximal SI
to 7.4–7.8 in distal SI segments; pH in the colon is fluctuating between pH 5–8 [57]); therefore the
high furosemide Log P is not in correspondence with permeability in-vivo. Thus, we posit that no
single parameter can be used for measuring the drug absorption process, but rather, a combination
of physicochemical parameters and in-vitro and in-vivo findings, as well as careful consideration of
inclusion criteria prior to making decisions. Despite the high Log P value for furosemide, it was indeed
confirmed that furosemide is a BCS class IV drug, based on both the solubility data (Table 1) and the
intestinal permeability (Figure 3).

Suitable formulation is the main approach to create an efficacious drug product for the
administration of BCS class IV drugs [47]. Absorption windows in the proximal intestinal segments
can restrict the oral drug bioavailability and can be a significant limitation for the development of
CR drug formulation. The underlying reasons are mechanistically explained by our in-silico results
(Figure 7). As mentioned, furosemide permeability results revealed acceptable permeability in the
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proximal segments of the SI, which is presumably the reason why furosemide has appropriate drug
bioavailability, despite being a BCS class IV drug. However, since CR products release the drug over
12–24 h, mostly in the colon, (transit time throughout the small intestine is 3–4 h [58]), the fact that
furosemide is mainly absorbed from proximal SI segments, (with decreased permeability at distant GIT
segments) prevents the formulation of furosemide as a CR product, as shown previously [21,59,60].
However, we believe that formulations based on gastro-retentive dosage forms (GRDF) can be shown
as prosperous for furosemide [61]. There are several similar examples in the literature where absorption
window occurs in the upper GI, and this has been used to create GDRF formulations to improve the
drug absorption, such as riboflavin [62] and levodopa [59,63].

Several types of bariatric surgeries (specifically Roux-en-Y gastric bypass and mini bypass) result
in bypassing the upper SI. In cases where the absorption window is indeed in this upper SI region,
the absorption following the bariatric surgery can be hampered vastly, since the actual segment
responsible for the majority of absorption is bypassed [64–66].

5. Conclusions

Regional-dependent permeability throughout the small intestine was evident for furosemide.
The permeability of furosemide gradually decreases throughout the small intestine as a function of the
pH change in the intestinal lumen. However, at any point throughout the small intestine, furosemide
exhibited significantly lower permeability than the benchmark of metoprolol′s permeability in the
jejunum, which may explain the incomplete absorption of the drug. We propose that, for a drug to be
classified as BCS low-permeability, its intestinal permeability should not match/exceed the low/high
class benchmark anywhere throughout the intestinal tract, as well as is not restricted necessarily to the
jejunum. Nevertheless, low-permeable drugs should not be treated as ‘unfavorable’ by default; instead,
therapeutic potential and suitable formulation strategies should be considered on a case-by-case basis,
taking into account the overall results of in-vitro, in-vivo, and in-silico testing, throughout the entire
gastrointestinal tract.
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Abstract: Introduction: Dacomitinib is an epidermal growth factor receptor (EGFR) inhibitor approved
for the treatment of metastatic non-small cell lung cancer (NSCLC) in the first line in patients with
EGFR activating mutations. Dacomitinib is taken orally once daily at 45 mg with or without food,
until disease progression or unacceptable toxicity occurs. Oncology patients often can develop
gastroesophageal reflux disease (GERD), which may require management with an acid-reducing
agent. Proton pump inhibitors (PPIs), such as rabeprazole, inhibit sodium-potassium adenosine
triphosphatase (H+/K+-ATPase) pumps that stimulate acid secretion in the stomach and have a
prolonged pharmacodynamic effect that extends beyond 24 h post-administration. The aim of this
work was to characterize the absorption of dacomitinib via modeling with a particular interest in
quantifying the impact of rabeprazole on the pharmacokinetics (PK) of dacomitinib. Materials and
Methods: The pooled dataset consisted of five clinical pharmacology healthy volunteer studies, which
collected serial pharmacokinetic concentration-time profiles of dacomitinib. Non-linear mixed effects
modeling was carried out to characterize dacomitinib pharmacokinetics in the presence and absence
of the concomitant use of a PPI, rabeprazole. Several absorption models, some more empirical, and
some more physiologically based, were tested: transit compartment, first-order absorption with
and without lag time, and variations of combined zero- and first-order absorption kinetics models.
Results: The presence of a PPI was a significant covariate affecting the extent (F) and rate (ka) of
dacomitinib absorption, as previously reported in the dedicated clinical study. A transit compartment
model was able to best describe the absorption phase of dacomitinib.

Keywords: zero-order absorption; first-order absorption; combined zero- and first-order absorption;
transit compartment absorption model

1. Introduction

Dacomitinib is currently approved for the first-line treatment of patients with metastatic non-small
cell lung cancer (NSCLC) with epidermal growth factor receptor (EGFR) exon 19 deletion or exon 21
L858R substitution mutations [1]. Dacomitinib is a selective, adenosine triphosphate (ATP)-competitive,
irreversible, small-molecule inhibitor of the HER (ErbB) family of receptor tyrosine kinases (RTKs),
including the epidermal growth factor receptor (EGFR, HER1), the HER2 receptor (ErbB2), the HER4
receptor (ErbB4), and their oncogenic variants (e.g., EGFR with del exon 19 or L858R mutations) [2–4].
Dacomitinib has demonstrated the inhibition of HER1, HER2, and HER4 in biochemical kinase assays,
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the dose-dependent inhibition of HER1 and phosphorylation of HER2 RTK in tumor xenografts, and
the inhibition of tumor growth or tumor regression in experimental models of cancer [5].

In clinical studies in healthy volunteers, following a single oral administration of dacomitinib at
45 mg under fasted conditions, the median time to reach the maximum observed plasma concentration
(Tmax) of dacomitinib ranged from 8 to 10 h after dosing. Dacomitinib undergoes extensive extravascular
distribution, with a geometric mean (percent coefficient of variation, CV%) apparent volume of
distribution (Vz/F) ranging from 2415 to 4005 L (19–33%). The in vitro binding of dacomitinib to
human plasma proteins is approximately 98%. Following a single 45 mg oral dose of dacomitinib, the
mean plasma half-life of dacomitinib ranged from 55 to 90 h, and the geometric mean apparent plasma
clearance of dacomitinib was approximately 27 to 38 L/h [6–10].

In a Phase 1 crossover study, dacomitinib was administered as a single 45-mg oral dose under
fasting conditions to subjects who had received seven daily doses of rabeprazole until steady-state was
reached [6]. The median Tmax of dacomitinib was approximately 12 h, longer than the Tmax of 8 h seen
with dacomitinib alone. Furthermore, exposure to dacomitinib, represented by area under the curve
from 0 to 96 h (AUC0–96) and maximum concentration (Cmax), was reduced with coadministration with
rabeprazole at steady state than when dacomitinib was given alone, with adjusted geometric mean
ratios (GMR) for AUC0–96 and Cmax of 60.8% and 49.5%, respectively.

The aim of this work was to characterize the PK of dacomitinib via modeling using healthy
volunteer data, with a particular interest in quantifying the impact of rabeprazole, administered
at a dose of 40 mg daily for 7 days prior to the administration of dacomitinib, on the absorption
of dacomitinib.

2. Materials and Methods

The present population PK analysis was based on pooled data from 5 clinical studies in healthy
volunteers. All healthy volunteers in the pooled dataset were male. A brief description of each study
is provided in this section and in Table 1. For all PK assessments, the date and time of the clinic visit,
and the dose, date, and time of the PK sample collection were captured on the case report form (CRF).
The dates and times were used to derive the time that elapsed between the PK sample draw and last
dose administered (hours post-dose).

Plasma samples were analyzed for the concentrations of dacomitinib at Intertek Pharmaceutical
Services (San Diego, CA; formerly known as Alta Analytical Laboratory) using a validated, sensitive,
and specific liquid chromatography atmospheric pressure ionization with tandem mass spectrometry
(LC-API/MS/MS) method. The assay complied with Pfizer standard operating procedures (SOPs).
The performance of the method during validation is documented at the clinical research organization
(CRO)/Pfizer method validation report. Plasma specimens were stored at approximately −20 or −70 ◦C
until analysis and assayed within the period of established stability data generated during validation.
Calibration standard responses were linear over the range of 1.00 ng/mL to 200 ng/mL for dacomitinib
using a weighted (l/concentration2) linear least squares regression. The lower limit of quantification
(LLOQ) for dacomitinib was 1.00 ng/mL. Clinical specimens with plasma concentrations below the
LLOQ were reported as below limit of quantification (BLQ).
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Table 1. Dacomitinib population PK pooled dataset—summary of studies.

Protocol No. Study Design and Objective Treatment Groups No. of Subjects Duration of Treatment Study Start/Status

1015

Randomized, single-dose, 2-sequence, and 3-period crossover
Phase 1 study

To estimate the BA of a single 45-mg dose of dacomitinib
under fed and fasted conditions.

To estimate the BA of a single 45-mg dose of dacomitinib
administered under antacid drug treatment relative to fasted

conditions.
To evaluate the safety and tolerability of the proposed

formulation in healthy subjects.

Healthy volunteers
(Route: oral;

Dose Regimen: single 45-mg dose
of dacomitinib)

3 conditions (A: antacid
treatment, B: fasted, and C: fed)

Planned: 24
Randomized: 24

Single dose each treatment period; 12 Study Days
each treatment period with at least a 16-day washout

period between each dose.
25 Oct 2012/21 Jan 2013

1021

Open-label, single-fixed sequence, 2-period Phase 1
assessment in extensive CYP2D6 metabolizer subjects

To estimate the effect of paroxetine, on the PK of a single
45-mg dose of dacomitinib.

To assess the safety and tolerability of dacomitinib when
given alone and when co-administered with paroxetine.

Healthy volunteers
(Route: oral;

Dose Regimen: Dacomitinib:
45-mg QD. Paroxetine: 30 mg QD)
Schedule shown in “Duration of

Treatment.”

Planned: 14
Randomized: 14

Period 1 (11 days): single 45-mg dose of dacomitinib
on Day 1. Period 2 (14 days): single 30-mg doses of
paroxetine QD for 3 days, then single 45-mg dose of

dacomitinib plus a single 30-mg dose of paroxetine on
Day 4. On Days 5 to 10, single 30-mg doses of
paroxetine were administered QD. There was

washout period of at least 21 days between periods.

28 Mar 2011/08 Jun 2011

1022

Randomized, single-dose, 2-sequence, 2-period crossover
Phase 1 study

To determine the relative BA of the proposed 45-mg
dacomitinib tablet to 3 × the clinical 15-mg tablet.

To assess the inter-subject variability in dacomitinib plasma
PK of the proposed 45-mg dacomitinib tablet compared to 3 ×

the clinical 15-mg tablet in the fasted state.
To evaluate the safety and tolerability of the proposed 45-mg

dacomitinib tablet and the clinical formulation.

Two treatment periods:
Treatment A: 3 × 15-mg single

oral dose of, clinical tablets.
Treatment B: 45 mg single oral

dose of the proposed 45 mg
dacomitinib tablet.

Planned: 32
Randomized: 32

Single dose each treatment period; 12 Study Days
each treatment period with at least a 16-day washout

period between each dose.
04 Apr 2011/20 May 2011

1039

Open-label, randomized, 2-period, 2-treatment, 2-sequence,
cross-over, single-dose Phase 1 study.

To estimate the effect of a single 45-mg dose of dacomitinib on
the PK of a single 30-mg dose of dextromethorphan.

To assess the PK of a single dose of dacomitinib and to assess
safety and tolerability of dacomitinib and dextromethorphan.

Healthy volunteers
(Route: oral;

Dose Regimen: Treatment A: A
single 30-mg dose of
dextro-methorphan.

Treatment B: A 45-mg
dacomitinib, followed 4 h later by

30 mg of dextro-methorphan)

Planned: 14
Randomized: 14

Two treatment periods followed by a washout period
of at least 14 days. 30 Oct 2009/17 Dec 2009

1051

Open-label, non-randomized, 1 period Phase 1 study to
characterize the PK of dacomitinib.

To characterize the PK of a single 45 mg oral dose of
dacomitinib administered under fasted conditions to healthy

Chinese volunteers.
To evaluate the safety and tolerability of a single 45 mg oral
dose of dacomitinib administered under fasted conditions to

healthy Chinese volunteers.

Healthy Chinese volunteers
(Route: oral;

Dose Regimen: single 45-mg dose
of dacomitinib)

Planned: 14
Randomized: 14 Single oral dose; total of 12 Study Days. 31 Jul 2014/04 Sep 2014

Abbreviations: BA = bioavailability; CYP = cytochrome P450; PK = pharmacokinetics; QD = once daily.
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2.1. Pooled Analysis Dataset

The following studies were included in the pooled dataset and are summarized in Table 1.
All studies were approved by an Independent Ethics Committee. All subjects provided written,
informed consent prior to study entry. The studies were conducted in accordance with the Declaration
of Helsinki and International Conference on Harmonization Good Clinical Practice Guidelines, in
addition to meeting all local regulatory requirements. Adverse events (AEs) were monitored throughout
the studies and recorded by the investigator, including severity (mild, moderate, or severe), and likely
relationship to study treatment for all observed or volunteered AEs. Safety was also assessed by clinical
laboratory tests, physical examination, measurement of vital signs (pulse rate and blood pressure), and
electrocardiograms (ECGs).

2.1.1. Study 1015

Study 1015 was an open-label, randomized, single-dose, 2-sequence, and 3-period crossover
Phase 1 study to investigate the effect of food and the effect of increased gastric pH achieved by
treatment with a proton pump inhibitor (PPI) on the PK behavior of dacomitinib in healthy adult
subjects [6]. Subjects received a single 45-mg dose of dacomitinib under 3 different conditions or
treatments (antacid treatment using rabeprazole, fasted, and fed), with treatments in Period 2 and
Period 3 (fed/fasted) assigned in random order with a washout period of at least 16 days between
treatments. PK samples were collected at specified times over 264 h post-dose in each period to
determine plasma concentrations of dacomitinib.

The pooled data for this population PK analysis include all dacomitinib PK data from subjects
who received a single 45-mg dose of dacomitinib with or without PPI under fasted condition and did
not include the PK collections under fed conditions.

2.1.2. Study 1021

Study 1021 was an open-label, single fixed sequence, 2 period Phase 1 study in healthy subjects
who were CYP2D6 extensive metabolizers [7]. During Period 1, subjects received a single 45-mg dose of
dacomitinib. During Period 2, subjects received a single 30-mg dose of paroxetine (a CYP2D6 inhibitor)
once daily (QD) for 3 days (Days 1 to 3). On Day 4, subjects were co-administered a 45-mg single
dose of dacomitinib plus a single 30-mg dose of paroxetine. Single 30-mg doses of paroxetine were
administered QD for the next 6 days (Days 5 to 10). There was a washout period of at least 21 days
between dose administration in Periods 1 and 2. Subjects were genotyped for CYP2D6 polymorphism.
PK samples were collected at specified time points over 240 h post-dose in each period to determine
the plasma concentrations of dacomitinib.

The pooled data for this population PK analysis included all dacomitinib PK data from subjects
received a single 45-mg dose of dacomitinib without paroxetine under fasted conditions and did not
include the PK collections when dacomitinib was given in combination with paroxetine.

2.1.3. Study 1022

Study 1022 was a single-center, randomized, single-dose crossover study to determine the relative
bioavailability of the proposed commercializable 45-mg dacomitinib tablet compared to three 15-mg
clinical tablets in the fasted state in healthy subjects [8]. A total of 32 healthy men were enrolled and
received treatment. PK samples were collected at specified time points over 264 h post-dose in each
period to determine plasma concentrations of dacomitinib.

The pooled data for this population PK analysis included all dacomitinib PK data from all subjects
who received a single 45-mg dose of dacomitinib in this study.
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2.1.4. Study 1039

Study 1039 was a single-center, randomized, single-dose, 2-treatment crossover study to investigate
the effect of dacomitinib co-administration on dextromethorphan exposure, a CYP2D6 probe drug,
in healthy adult subjects [9]. Subjects received 2 treatments (Treatment A was single 30-mg oral
dose of dextromethorphan; and Treatment B was 45 mg single oral dose of dacomitinib followed
4 h later by a single 30-mg oral dose of dextromethorphan) in random order following an 8-h
fast with a washout period of at least 14 days between treatments. Subjects were genotyped for
CYP2D6 polymorphism. Serial PK samples were collected at specified times over 144 h (dacomitinib)
and 48 h (dextromethorphan) post-dose in each period to determine the plasma concentrations of
dextromethorphan, dextrorphan, and dacomitinib. When dacomitinib was co-administered with
dextromethorphan, the exposure (AUC and Cmax) of dextromethorphan was markedly increased
(855.4% and 873.5%, respectively). These results suggest that dacomitinib may increase the exposure of
other drugs primarily metabolized by CYP2D6.

The pooled data for this population PK analysis include all dacomitinib PK data from all subjects
that received a single 45-mg dose of dacomitinib in this study. It should be noted that dextromethorphan
did not impact dacomitinib PK; therefore, all dacomitinib PK data from this study was included.

2.1.5. Study 1051

Study 1051 was a single-center, open-label, 1-period, single-dose study to determine the PK of
dacomitinib, in healthy male adult Chinese subjects following a single oral dose of 45 mg dacomitinib
administered under fasted conditions [10]. Serial PK samples were collected at specified time points
over 11 days to determine the plasma concentrations of dacomitinib. A total of 14 healthy Asian
subjects were enrolled, received treatment, and were evaluated for PK.

The pooled data for this population PK analysis include all dacomitinib PK data from all subjects
that received a single 45-mg dose of dacomitinib in this study.

2.2. Modeling Software and Analysis

All modeling was performed using the NONMEM version 7.4.3 software (ICON Development
Solutions, Ellicott City, MD, USA). The stepwise covariate model building procedure (SCM) was
executed using Perl-speaks-NONMEM (PsN), version 4.9.0 [11]. For data manipulation, visual
predictive checks (VPCs), post-processing, and plotting, R version 3.5.1 (R Foundation for Statistical
Computing, Vienna, Austria) was used [12]. The NONMEM population PK dataset included patient
identification, dosing information, the time of sample collection, serum concentrations, and other
relevant information (e.g., demographics, laboratory test values).

During model building, the goodness of fit (GOF) of different models to the data was evaluated
using the following criteria: (1) change in the objective function value (OFV), (2) visual inspection
of scatter plots, (3) precision of the parameter estimates, and (4) decreases in both inter-individual
variability (IIV) and residual variability. These criteria were used only when the minimization step was
successful and standard errors of parameter estimates were obtained using the covariance step. The
difference in the OFV between 2 hierarchical models has an approximate χ2 (chi-square) probability
distribution with the number of degrees of freedom (df) equal to the difference in the number of
parameters between the models. Based on the χ2 distribution with df = 1, a change in OFV of 10.83
corresponds to a significance level (α) of 0.001.

The stochastic approximation expectation-maximization (SAEM) estimation method with
interaction available in NONMEM was used in the analysis. This method leads to population
parameters converging towards the maximum of the exact likelihood. The OFV that is displayed
during SAEM analysis is not valid for assessing minimization or for hypothesis testing. It is highly
stochastic, and does not represent a marginal likelihood that is integrated over all possible empirical
Bayes prediction of the interindividual random effect (ETA, η), but rather, is the likelihood for a given
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set of ηs. After the stochastic portion was completed, a suitable objective function for hypothesis
testing and standard errors was obtained by importance sampling method (IMP) at the final population
parameter values [13]. During model building, the GOF of different models to the data was evaluated.

The stability of the models throughout the model development process was closely evaluated.
Inspection of the covariance matrix of the estimates at every stage of model development was performed
to verify that extreme pairwise correlations of the parameters were not encountered and avoid ill
conditioning. Additionally, it was ensured that the condition number of the covariance matrix of the
parameter estimates (i.e., the ratio of the largest to smallest eigenvalues, obtained from the PRINT = E
option on the covariance block) was less than 1000 [14].

The IIV in the PK parameters was modeled using multiplicative exponential random effects of the
form:

θi = θ·eηi (1)

where θ (THETA) is the typical individual (population mean) value of the parameter and ηi denotes
the interindividual random effect accounting for the ith individual’s deviation from the typical value
having zero mean and variance ω2. The approximate CV% was reported as:

%CV =
√

ω2·100% (2)

The multivariate vector of interindividual random effects (across parameters within each
individual) has variance-covariance matrix Ω (OMEGA). The diagonal Ω matrix was applied first and
other (unstructured) Ω block structures were also explored by examining the potential correlations
among all the empirical Bayes estimates (“post-hoc”) of the interindividual random effects (ηs) with
the focus on the correlation of the central compartment parameters (e.g., between CL and V). The Ω

block was built only if the correlation was observed.
Residual variability (ε) was modeled additively based on log-transformed observation data using

thetarized variance-covariance matrix of the intraindividual random effects (σ, SIGMA):

ln
(

Yi j

)

= ln
(

Fi j

)

+ W·εi j (3)

where ln(Yij) denotes the observed concentration for the ith patient at time tj on logarithm scale, the
ln(Fij) denotes the corresponding model-predicted concentration on logarithm scale, and εij denotes
the intraindividual random effect, assumed to have a mean of zero and variance σ2 of 1. W was the
estimated variance of the residual variability that was one of the θs to be estimated.

Adequacy of model fit was assessed through review of diagnostic plots. The result of this stage of
model development was considered the final base model.

The only covariate considered in this analysis was the presence or absence of proton pump
inhibitor, rabeprazole, on the absorption parameters. PPI was tested for significance in a stepwise
manner with statistical criteria of α = 0.05 for the forward inclusion step, which corresponds to an
OFV change of 3.84 based on a χ2 distribution with df = 1. The full model was then subjected to a
backward elimination step with a statistical criterion of α = 0.001, which corresponds to an OFV change
of 10.83 based on a χ2 distribution with df = 1. In order to obtain the most parsimonious and stable
final model, the candidate covariate model resulting from the backward elimination step in SCM was
subjected to a separate NONMEM run with a $COV step executed to examine any sign of model over
parameterization and poorly estimated parameters.

Model adequacy, possible lack of fit, and the violation of assumptions were assessed at all stages of
model development. Diagnostic plots of observations (OBS) versus Monte-Carlo-generated population
predictions (EPRED) and OBS versus individual predictions (IPRED) were evaluated for randomness
around the line of unity. Evaluation was also performed on the longitudinal profiles of PK concentration
to compare observations and predictions. The plots of conditional weighted residuals (CWRES),
individual weighted residuals (IWRES), and normalized prediction distribution errors (NPDE) versus
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EPRED and time after dose were evaluated for randomness around the zero line. The distribution of
ηs was checked to ensure approximately normal distribution.

In addition, the plots of ηs in the final model versus the presence or absence of PPI were compared
to similar plots for the base model to demonstrate that the final model accounted for trends observed
with the base model. The 95% CI around the parameter estimates were generated based on standard
error (SE) generated from the NONMEM covariance step.

A comparison of the OFV statistics and parameter estimates for the base and final models was
used to assess the degree of parsimony of the final model and to determine the statistical relevance of
the covariate effects. A comparison of ω2 between the models was made to assess the reduction in
parameter variability by the inclusion of covariate effects.

Both η-shrinkage (1-SD[η]/w) and ε-shrinkage (1-SD[IWRES]) were evaluated to assess the validity
of using post-hoc individual parameter estimates for model diagnosis [15].

The performance of the final model was evaluated by simulating data using the parameter
estimates from the final model (fixed and random effects) and conducting a VPC. Simulations were
performed using the patients’ characteristics as well as the dosing and sampling history from the
original dataset. From these simulations, concentration time data were summarized using median
(50th), low (2.5th), and high (97.5th) percentiles. The concordance between individual observations and
simulated values as well as the distribution of observed and simulated data were evaluated [16,17].

2.3. Absorption Models

The selected studies for this analysis were performed in healthy volunteer subjects under a
well-controlled environment where no medications were allowed during the conduct of the trial,
with the exception of rabeprazole, that could somehow interfere in the absorption or disposition of
dacomitinib. Of note, rabeprazole is not known to impact the metabolism of dacomitinib; thus, the
testing of the PPI effect on dacomitinib only occurred on absorption parameters.

Dacomitinib undergoes oxidative metabolism and glutathione conjugation. The oxidative
metabolism of dacomitinib involves cytochrome P450 (CYP) 2D6 for the formation of
O-desmethyl-dacomitinib and CYP3A for the formation of other minor oxidative metabolites [7,18].
The change in relative bioavailability (F) estimated in this study was the result of the relative change in
absorption fraction, as the first pass metabolism should remain the same.

A two-compartment disposition model characterized well the disposition of dacomitinib and was
implemented for this analysis [19]. Four different absorption models were tested:

First-order absorption: The disappearance of the drug from the gastrointestinal (GI) tract occurs
by a first-order process characterized by an absorption rate constant, ka. This model was tested with
and without the addition of one more parameter: lag time (tlag). Tlag often improves the model fit by
shifting the time of dosing as if the drug were administered at a later time.

Transit compartment: This model helps with delayed absorption profiles describing drug absorption
as a multiple step process represented by a chain of pre-systemic compartments:

dan

dt
= ktr·a(n−1) − ktr·an (4)

where dan/dt is the rate of change of amount of drug on compartment n at time t, an is the drug
amount in the nth compartment at time t, ktr is the transit rate constant, and n is the number of
transit compartments.

Using Stirling approximation to n!, the number of compartments to include can be estimated,
avoiding stepwise addition of one compartment at a time.

an(t) = F·Dose·
(ktr·t)n

n!
·e−ktr·t (5)
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The approximation of Stirling to n!:

n! ≈
√

2π·nn+0.5·e−n (6)

The disappearance of drug from the absorption compartment (dAa/dt) will be:

dAa

dt
= Dose·F·ktr·

(ktr·t)n·e−ktr·t
√

2π·nn+0.5·e−n
− ka·Aa (7)

This model estimates a mean time of transit (MTT) parameter, which represents the average time
spent by dacomitinib traveling from the first transit compartment to the absorption compartment [20].
The number of transit compartments was estimated in the base structural model and subsequently
fixed for the characterization of the effect of rabeprazole effect on dacomitinib absorption.

Sequential independent zero-order and first-order model: It is assumed that two different kinetic
absorption processes take place. First, a fraction of the dose, F2, is absorbed by zero-order kinetics
during a given period of time (D2). The remaining fraction of the dose (1 − F2) is absorbed by first-order
kinetics, characterized by ka. These two processes happen sequentially, first the zero-order, followed
by the first-order absorption [21]. The database should include two records with the full dose (AMT),
one with RATE = −2 and CMT = 2 (zero-order absorption kinetics to the central compartment) and
another one with RATE = 0 and CMT = 1 (first-order absorption kinetics from the gastrointestinal (GI)
compartment to the central compartment).

Sequential but linked zero- and first-order absorption: A more mechanistic model assumes that the
initial absorption process follows zero-order kinetics and is limited by the solubility of dacomitinib in
the GI tract fluid [21]. The database format should be similar, as indicated with sequential independent
zero- and first-order kinetics. Zero-order kinetics assumes the volume of gut fluid is constant. The
duration of this zero-order absorption (D2) ends when the dacomitinib dose has completely dissolved
and all of the drug is in solution. The rest of the dose in the GI tract (1 − F2) follows a first-order
absorption process characterized by an absorption rate constant ka. By assuming a link between these
two processes, the absorption constant, ka, does not need to be estimated but rather is derived from F2
and D2 as follows:

Absorption zero rate =
F2·Dose

D2
(8)

Thus, the first order absorption rate constant will begin for all the remaining drug, which is no
longer a saturated solution:

Absorption zero rate =
F2·Dose

D2
= ka·(1− F2)·Dose (9)

ka =
F2

(1− F2)·D2
(10)

As these analyses estimated changes in relative bioavailability, the bioavailability parameter was
fixed to 1. In presence of rabeprazole, changes to the relative bioavailability as well as to the parameters
involved in the absorption process (D2, ka, and MTT) were screened via stepwise covariate modeling.

3. Results

Summary statistics for the different demographic factors: baseline body weight and age are shown
in Table 2. The population comprised only male subjects with moderate variability in age and body
weight. Figure 1 depicts the observed dacomitinib concentration time profiles using time after first
dose by study.
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Table 2. Demographic Characteristics for the Pooled Dataset of Dacomitinib Studies.

Study n
Age (Years)
Mean (SD)

Age (Years)
Median (Min–Max)

Body Weight (kg)
Mean (SD)

Body Weight (kg)
Median (Min–Max)

1015 24 36.71 (9.60) 38.00 (21.00–54.00) 79.49 (8.80) 80.40 (65.05–97.80)

1021 14 41.00 (10.02) 43.50 (23.00–54.00) 84.78 (11.20) 84.25 (64.80–102.00)

1022 32 35.97 (10.27) 37.00 (20.00–54.00) 82.02 (10.20) 79.83 (66.10–103.00)

1039 14 39.29 (10.11) 40.00 (21.00–52.00) 79.93 (8.81) 78.00 (67.00–96.00)

1051 14 30.29 (6.67) 29.00 (21.00–43.00) 65.15 (6.26) 63.60 (56.20–73.60)

All Studies 98 36.53 (9.92) 37.00 (20.00–54.00) 79.09 (10.94) 78.35 (56.20–103.00)

Kg: kilogram; Max: maximum; Min: minimum; SD: standard deviation.
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Figure 1. Dacomitinib Concentration-Time Profiles by Study.

The transit compartment model presented a significantly lower OFV than the first-order or
combined zero- and first-order absorption models (Supplementary Material, Table S1). The condition
number for the transit compartment model did not suggest ill conditioning and the VPC (Figure 2)
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captured the Cmax better relative to the other base structural models. Table 3 summarizes the base
model parameters for all 4 models tested.

−

−

η
η

α

Figure 2. Visual Predictive Check for all Dacomitinib Base Models. (A): transit compartment model;
(B): first-order absorption without lag time; (C): first-order absorption with lag time; (D): sequential but
linked zero- and first-order absorption; (E): sequential independent zero- and first-order absorption.
Time is presented in logarithmic scale to stretch the time around Cmax and better appreciate how well
the absorption phase is captured. Observed data are presented in blue circles with the 50th percentile
of the observed data represented by the solid blue line and the 5th and 95th percentiles of the observed
data represented by the dotted blue lines. Red shaded region represents the prediction interval for the
50th percentile. Blue shaded regions represent the prediction intervals at the 5th and 95th percentiles.

Table 3. Parameter Estimates for Dacomitinib Base Structural Models.

Parameter
Estimate (RSE%)

Transit
First-Order Absorption Combined Zero- and First-Order Absorption

Without tlag With tlag Linked Independent

CL (L/h) 29.2 (4.212) 30.5 (3.131) 31.0 (2.748) 26.1 (4.215) 28.4 (4.894)

V (L) 131 (10.840) 790 (0.796) 480 (20.833) 2260 (4.093) 1160 (4.052)

Q (L/h) 19.9 (16.583) 23.7 (4.641) 27.9 (18.961) 10.4 (8.135) 4.7 (45.106)

Vss (L) 2300 (16.783) 2300 (4.33) 2040 (3.250) 6000 (11.667) 6590 (9.347)

MTT (h) 6.91 (5.731)

ka (h−1) 0.0246 (12.48) 0.0419 (4.893) 0.0369 (23.55) 0.00966 (9.979)

F 1 FIX 1 FIX 1 FIX 1 FIX 1 FIX

tlag (h) 0.749 (8.278)

D2 (h) 9.78 (2.945) 10.4 (2.481)

* F1 0.455(2.077) 0.0782 (15.729)

Residual error 0.331 (6.133) 0.403 (3.772) 0.346 (5.925) 0.378 (4.259) 0.362 (4.751)

* F1: Fraction absorbed by first order, F1 = 1 − F2.
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The differences in PK parameter estimates obtained with the different models were more
pronounced for the apparent distribution and clearance parameters, where F was fixed to 1 (CL,
V, Q, and Vss) than for the absorption parameters (ka, D2, and MTT), which are not associated to F. The
estimated number of transit compartments for dacomitinib was 1.

Therefore, the transit model was carried forward for the characterization effect of rabeprazole on
the dacomitinib absorption phase. The base model was then subjected to graphical examination (ηs
versus PPI) to investigate whether the estimated parameters captured the PPI effect.

Figure 3 shows the distribution of the ηs in presence and absence of rabeprazole for each parameter.
The presence and absence of rabeprazole was tested for significance in a stepwise manner with statistical
criteria of α = 0.05 for forward inclusion Using SCM, the full model was reached in three forward
selection steps and included the effects of rabeprazole on F and ka. After one backward elimination
step (α = 0.001, removal of any of these covariates resulted in a more than 10.83 increase in OFV), the
final model was achieved. None of the selected parameters identified in the full model were removed
in the backward step. The final model, including the covariates, was further tested in NONMEM with
a $COV step executed to examine any sign of model over parameterization and poorly estimated
parameters. Figure 4 shows that the inclusion of rabeprazole on F and ka in the final model corrected
for the previously observed trend in plots of ηs on apparent CL and volume and ka. Table 4 tabulates
the final parameter estimates for the transit compartment model with the addition of PPI as a covariate
on F and ka.

α

η

 

η

η

Figure 3. Distribution of ηs (ETAs) by the Presence and Absence of Proton Pump Inhibitor, Rabeprazole,
in the Dacomitinib Base Model.
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ηFigure 4. Distribution of ηs (ETAs) by the Presence and Absence of Proton Pump Inhibitor, Rabeprazole,
in the Dacomitinib Final Model.

Table 4. Dacomitinib Final Model Pharmacokinetic Parameters Summary.

Parameter
Parameter
Estimate

RSE (%) IIV CV (%) Shrinkage (%)

Clearance (CL, L/h) 29.893 3.03 18.475 21.56
Volume (V, L) 789.748 9.47 20.000 63.13

Inter-compartmental Clearance (Q, L/h) 76.796 7.62 15.811 77.94
Volume of Distribution at steady-state (Vss, L) 2276.46 3.48 15.811 51.68

Mean Transit Time (MTT, h) 12.033 6.00 15.811 70.55
Absorption Rate constant (ka, h−1) 0.259 16.56 54.904 17.09

PPI on ka −0.524 −28.34 NA NA
PPI on F −0.487 −15.10 NA NA

Relative Bioavailability (F) 1 (FIX) - 23.275 17.17
Proportional Residual Error 0.289 5.23 NA 6.44

CV: coefficient of variation; h: hour; L: liter; NA: not applicable; RSE: relative standard error; IIV:
inter-individual variability.

Prediction-based diagnostic plots (Figure 5) on the final model comparing OBS versus EPRED
showed that the population prediction was a reasonable measure of central tendency of the data.
Given that the ε-shrinkage was only 6.44% in the final model, the plot of OBS versus IPRED was
informative and could be used to examine any model misspecification. The magnitude of the spread
for OBS versus IPRED was small around the line of identity, indicating that the model predicted the
observed concentrations well. Residual-based plots of IWRES, CWRES, and NPDE plotted against
population predictions did not indicate any model misspecification of structural model or residual
error model (Figure 6). In the plots of IWRES, CWRES, and NPDE versus time after dose, the majority
of the data were evenly distributed across the x-axis, indicating no major deviation or trend over the
entire observation time in the population (Figure 6).
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Figure 5. Prediction-Based Diagnostics for Dacomitinib Final Model. Observed concentrations (log
transformed) are presented on the y-axis. Individual predicted concentrations (log transformed) are
presented on the x-axis. The red dashed line represents a line of unity, and the black line represents a
linear smooth line.

 

Figure 6. Residual-Based Diagnostics for Dacomitinib Final Model. Residual-based diagnostic plots of
conditional weighted residuals (CWRES), individual weighted residuals (IWRES), and normalized
prediction distribution errors (NPDE) versus population predicted concentrations (log transformed) on
the left side, and time (on log scale) on the right side.

VPCs were performed for the final model, plotting the 5th, 50th, and 95th percentiles for observed
data, and the 95% CIs around these percentiles for simulated data. The final model had good predictive
performance, with the 5th, 50th, and 95th percentiles of the observed data lying within the 95%
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prediction intervals of the simulated 5th, 50th, and 95th percentiles. The results are displayed in
Figure 7.

a b

c d

Figure 7. Visual Predictive Check for the Dacomitinib Final Model by Concomitant administration
of Rabeprazole. Time is presented in linear and logarithmic scale to stretch the time around
Cmax and better appreciate how well the absorption phase is captured. (a) Dacomitinib without
rabeprazole co-administation; (b) Dacomitinib with rabeprazole co-administation; (c) Dacomitinib
without rabeprazole co-administation with time in the log scale; (d) Dacomitinib with rabeprazole
co-administation with time in the log scale. Observed data are presented in blue circles with the 50th
percentile of the observed data represented by the solid blue line and the 5th and 95th percentiles of
the observed data represented by the dotted blue lines. Red shaded region represents the prediction
interval for the 50th percentile. Blue shaded regions represent the prediction intervals at the 5th and
95th percentiles.

4. Discussion

Drug absorption is a complex process dependent on several variables, including pharmaceutical
form (immediate release formulation, control release formulation, etc.), which determines the liberation
of the drug from the formulation, physicochemical properties of the drug, and the physiological
processes of the GI. Dissolution, solubility and permeability driven by the physicochemical properties of
the active ingredient are the main factors affecting drug absorption, as reported by the Biopharmaceutical
Classification System (BCS) [22–24]. Several physiological processes may affect drug absorption,
including gut motility, pH, gastric emptying rate, and metabolism in the gut wall. The rate, extent,
and length of time before the drug appears in the systemic circulation are often determined by a
combination of these factors.

The use of physiology-based absorption models has been developed to account for physicochemical
properties as well as many physiological processes. These mechanistic models require extensive
prior knowledge not usually available, preventing the routine application of them in drug absorption
estimation. The transit compartment model approximates to a physiological model as the presence of
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transit compartments describes the concentration-time profiles as a gradually increasing continuous
function. Transit compartments describe a delay in absorption or a prolonged absorption phase as
drug moves through a chain of identical compartments that are linked to the central compartment by a
first-order absorption process explaining the delay in absorption in a smoother way than the lag time.

The parameter estimate D2, obtained with the base structural model for linked (9.78 h) and
independent (10.4 h) combination kinetics, and the final MTT estimate (12 h) are all of similar magnitude,
indicating that the absorption process takes place over at least 12 h, which is close to the observed
Tmax (see Figures 2 and 7). However, the estimated lag time was 0.749 h, which is close to the first
concentration after dosing (1 h), suggesting that this parameter may be biased by the collection time of
the first sampling.

This dacomitinib population pharmacokinetic analysis was based on pooled data from five clinical
trials in healthy volunteer studies under well-controlled conditions. In these studies, dacomitinib was
administered as a single dose under fasting conditions. Study 1015 concluded that there was no effect
of food on dacomitinib PK; as such, the prescribing labels recommend dosing dacomitinib with or
without food. This pooled population PK analysis demonstrated that a 2-compartment PK model
with one transit compartment and a mean transit time of 12 h followed by a first-order constant rate
of absorption accurately described the concentration time course of dacomitinib. Rabeprazole was
a statistically significant predictor of relative bioavailability and ka variability. When rabeprazole is
concomitantly administered with dacomitinib, the relative bioavailability and absorption rate constant
of dacomitinib decreased by 52% and 49%, respectively.

For class II compounds, such as dacomitinib, for which solubility is pH dependent (the water
solubility of dacomitinib dramatically decreases as pH exceeds 4.5), the administration of acid-reducing
drugs may affect bioavailability (refer to Supplementary Material, Figure S1, for dacomitinib chemical
structure and pKa). This is of particular concern in cancer patients, as concomitant use of acid-reducing
agents such as PPIs is common, and several other small-molecule tyrosine kinase inhibitors (TKIs)
undergo changes in drug exposure with use of these agents. The effects of the coadministration of a
TKI with an acid-reducing agent have been reported with erlotinib [25,26], nilotinib [27], gefitinib [28],
bosutinib [29], lapatinib [30], neratinib [31], nilotinib [32], and pazopanib [33], decreasing AUC by
46%, 34%, 44%, 26%, 26%, 65%, 34%, and 40%, respectively. Therefore, with anticancer agents, there is
concern for a risk of not achieving therapeutic plasma concentrations.

5. Conclusions

Cancer patients are heavily medicated and may develop GERD as a result of anti-cancer treatment
and progressive disease. Thus, patients often require acid-reducing agents for gastroprotection and
symptom management. Based on the conclusions from Study 1015 and the population PK modeling,
PPIs are not recommended to be used with dacomitinib treatment. Unlike the prolonged effect of PPIs,
local antacids have a mild and short-acting acid-reducing effect. Patients treated with dacomitinib may
be able to use shorter-acting acid-reducing agents, such as H2-receptor antagonists and local antacids,
and avoid treatment with PPIs.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/4/330/s1,
Figure S1: Assignment of pKa to the Dacomitinib Structure, Table S1: Dacomitinib Absorption Models: Base
Structural Model Objective Function Value and Condition Number.
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Abstract: Sufficient colonic absorption is necessary for all systemically acting drugs in dosage forms
that release the drug in the large intestine. Preclinically, colonic absorption is often investigated using
the rat single-pass intestinal perfusion model. This model can determine intestinal permeability
based on luminal drug disappearance, as well as the effect of permeation enhancers on drug
permeability. However, it is uncertain how accurate the rat single-pass intestinal perfusion model
predicts regional intestinal permeability and absorption in human. There is also a shortage of
systematic in vivo investigations of the direct effect of permeation enhancers in the small and large
intestine. In this rat single-pass intestinal perfusion study, the jejunal and colonic permeability of
two low permeability drugs (atenolol and enalaprilat) and two high-permeability ones (ketoprofen
and metoprolol) was determined based on plasma appearance. These values were compared to
already available corresponding human data from a study conducted in our lab. The colonic effect
of four permeation enhancers—sodium dodecyl sulfate, chitosan, ethylenediaminetetraacetic acid
(EDTA), and caprate—on drug permeability and transport of chromium EDTA (an established clinical
marker for intestinal barrier integrity) was determined. There was no difference in jejunal and colonic
permeability determined from plasma appearance data of any of the four model drugs. This questions
the validity of the rat single-pass intestinal perfusion model for predicting human regional intestinal
permeability. It was also shown that the effect of permeation enhancers on drug permeability in
the colon was similar to previously reported data from the rat jejunum, whereas the transport of
chromium EDTA was significantly higher (p < 0.05) in the colon than in jejunum. Therefore, the use
of permeation enhancers for increasing colonic drug permeability has greater risks than potential
medical rewards, as indicated by the higher permeation of chromium EDTA compared to the drugs.

Keywords: regional intestinal permeability; permeation enhancers; absorption-modifying excipients;
oral peptide delivery; intestinal perfusion; pharmaceutical development

1. Introduction

The rat single-pass intestinal perfusion (SPIP) model investigates epithelial membrane permeability,
a key biopharmaceutical variable in drug absorption following oral intake [1]. The model is therefore
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frequently used in pharmaceutical development to evaluate the potential success of a drug, for instance
with oral modified-release (MR) dosage forms. In MR dosage forms, the drug is released throughout
the gastrointestinal (GI) tract prior to absorption so the regional intestinal permeability needs to be
sufficiently high in both the small and large intestine. The rat and human small intestine have similar
drug intestinal absorption profiles and transporter expression patterns, but differ in their enzymatic
metabolism [2]. Differences in absorption from the rat and human colon have not been extensively
compared, but a recent meta-analysis of rat SPIP data reports regional differences in drug permeability
for 42 drugs in this species [3].

How relevant for humans are the regional intestinal drug permeability values determined in the rat
SPIP model? It is difficult to answer this because of the limited amount of human reference permeability
data from the lower GI tract (colon), and inter-laboratory variability in permeability determinations
using the rat SPIP model [3,4]. Foremost, it is inherently difficult to accurately determine the luminal
disappearance of medium-to-low permeability drugs in the SPIP model. Permeability is often
overestimated for drugs with a low permeability because differences in the perfusate concentrations
entering and leaving the perfused segment may be too small for accurate quantification. To circumvent
this problem for low-permeation compounds, the drug permeability can be determined on the basis of
plasma appearance data of intact drug (corrected for first-pass extraction) [5]. For instance, a recent
study in the rat jejunum showed that the permeability value of the low permeability drugs atenolol
and enalaprilat was >10 times higher in the same rat when determined from luminal disappearance,
compared to plasma appearance [5]. In the same rat study, as well as in a human study, there were
no differences for the high-permeability compounds metoprolol and ketoprofen. Thus, the choice of
determination method seems to be important only for low-permeation compounds [4]. Accordingly,
there is need for an evaluation of the human in vivo predictive relevance of regional intestinal drug
permeability values determined from plasma appearance in the rat SPIP model.

The rat SPIP model may also be used to investigate regional intestinal differences in how
pharmaceutical excipient(s) affect drug permeation and overall absorption rate. This is especially
relevant because of the renewed interest in permeation enhancers (PE), also called absorption-modifying
excipients (AME), for enabling oral administration of low-permeation compounds, for example,
peptides [6,7]. Some advocates of this formulation approach propose the colon as a potential target for
PEs, because the colon has a longer residence time, its mucosa may be more easily affected, and it does
not have the higher peptidase activity of the upper GI tract [8,9].

However, few comparisons of the small and large intestine in rat have been made on the direct
permeability effects of PEs in the same laboratory. Even fewer comparisons have used in vivo models,
which are substantially more resilient to intestinal PE effects than in vitro models such as cell- and
tissue-based systems [10]. Accordingly, there is a need for a systematic evaluation of PE effects in the
small and large intestine in the more relevant in vivo permeability models, such as SPIP.

The primary objective of this rat SPIP study was to investigate the regional intestinal differences
(jejunum vs colon) in lumen-to-blood drug permeability, as determined from plasma appearance
data. Permeability values were determined at both pH 6.5 and 7.4 for two low permeability model
drugs (atenolol and enalaprilat) and for two high-permeation ones (ketoprofen and metoprolol).
The second objective was to evaluate the relevance of the rat model, by comparing the regional
intestinal permeability values with reported values of three model drugs (not enalaprilat) in human,
as determined from plasma drug appearance. The third objective was to investigate the effect in the
rat colon of four PEs with different mechanisms of action: sodium dodecyl sulfate (SDS), chitosan,
ethylenediaminetetraacetic acid (EDTA), and sodium caprate. These four PEs have previous rat jejunal
reference values at the same luminal concentrations determined at our laboratory [11,12]. The PE effects
were evaluated based on changes in permeability of the four model drugs, and in blood-to-lumen
clearance of 51chromium-labeled ethylenediaminetetraacetate (CLCr-EDTA), an established clinical
marker for mucosal barrier integrity [13].
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2. Materials and Methods

2.1. Active Pharmaceutical Ingredients, Pharmaceutical Excipients and Other Chemicals

Four model compounds were selected: atenolol, enalaprilat, ketoprofen, and metoprolol.
Biopharmaceutical classification (BCS) and some physicochemical properties for the four drugs
are summarized in Table 1. Four PEs with different mechanisms of action were selected: SDS
(anionic surfactant), sodium caprate (fatty acid), chitosan (polysaccharide), and EDTA (chelating agent).
Atenolol and metoprolol tartrate were provided by AstraZeneca AB (Mölndal, Sweden). Enalaprilat,
ketoprofen, sodium caprate, SDS, bovine albumin (A2153), EDTA, and inactin (thiobutabarbital)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium phosphate dibasic dihydrate
(Na2HPO4·2H2O), potassium dihydrogen phosphate (KH2PO4), sodium hydroxide (NaOH), and
sodium chloride (NaCl) were purchased from Merck KGaA (Darmstadt, Germany). 51Cr-EDTA was
purchased from PerkinElmer Life Sciences (Boston, MA, USA). Chitosan hydrochloride (molecular
mass 40-300 kDa, degree of acetylation 8.8%) was purchased from Kraeber and Co GmbH (Ellerbek,
Germany). Parecoxib (dynastat) was obtained from Apoteket AB, Uppsala, Sweden.

Table 1. Some physicochemical properties and Biopharmaceutics Classification System (BCS)
classification of the four model drugs [14].

Compounds (BCS Class) MM (g/mol) pKa PSA HBA/HBD Log P Log D7.4 Log D6.5

Atenolol (III) 266 9.6 b 88.1 4/4 0.18 −2.0 <−2.0

Enalaprilat (III) 348 3.17 b/7.84 a 102.1 6/3 −0.13 −1.0 −1.0

Metoprolol (I) 267 9.6 b 57.8 4/2 2.07 0.0 −0.5

Ketoprofen (II) 254 3.89 a 54.2 3/1 3.37 0.1 0.8
a acid, b base, HBA/HBD—hydrogen bond acceptor/donor, Log D7.4/6.5—n-octanol−water partition coefficient at pH
7.4/6.5, Log P—n-octanol−water coefficient, MM—molar mass, pKa—dissociation constant, PSA—polar surface area.

2.2. Study Formulations

Eight isotonic (290 mOsm) phosphate-buffered perfusates were prepared, each containing all four
drugs atenolol, enalaprilat, ketoprofen, and metoprolol at 100 µM. There were two control solutions
at pH 6.5 and 7.4 containing no PEs, and six test formulations containing PEs. The phosphate buffer
strength was 8 mM at pH 6.5, and 80 mM at pH 7.4 to avoid a reduction in pH during the perfusion.
Five of the test formulations were perfused at pH 6.5 and contained one of the following PEs in solution:
SDS at 1 and 5 mg/mL (3.5 and 17.3 mM), EDTA at 1 and 5 mg/mL (3.4 and 17.1 mM), and chitosan at
5 mg/mL (≈30 µM). One of test formulations was perfused at pH 7.4 and contained a suspension of
sodium caprate at 10 mg/mL (51 mM). The higher pH in the perfusate was used for caprate as it has no
permeation enhancing effect at pH 6.5 in either the rat or human SPIP models, as its solubility is higher
at pH 7.4 (2 vs. 5 mg/mL) [11,15]. The PE concentrations of 1, 5, and 10 mg/mL correspond to oral
doses of 0.2, 1.0, and 2.0 g administered with 200 mL water, as these values are previously shown to
affect the intestinal permeability of low-permeation model compounds in the rat SPIP model [11,12].

The preparation procedure of the perfusion formulations (100 mL) is described in detail earlier [12].
No incompatibility, degradation, or apparent binding to glass/plastic of the study compounds in
solution (pH 6.5, 37 ◦C) was observed during 4 h. Osmolarity was determined (after addition of all
perfusate constituents, e.g., salt, PE, water) by freezing-point depression using a Micro Osmometer
(Model 3MO; Advanced Instruments, Needham Heights, MA, USA).

2.3. Animals and Study Design

The surgical procedure and experimental setup of the rat SPIP experiment has been previously
described [12]. The study was approved by the local ethics committee for animal research (no: C64/16)
in Uppsala, Sweden. In short, male Han Wistar rats (strain 273) from Charles River Co. (Cologne,
Germany), weight 270–420 g, were used. On the study day, the rats were anesthetized using an
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intraperitoneal injection of a 5% w/v inactin solution (180 mg/kg). Body temperature was maintained
at 37.5 ± 0.5 ◦C. Systemic arterial blood pressure was continuously recorded to validate the condition
of the animal. This was done by connecting an arterial catheter to a transducer operating a PowerLab
system (AD Instruments, Hastings, UK).

At the SPIP experiment, the abdomen was opened along the midline and a jejunal (10–12 cm) or
colonic (6–12 cm) segment was cannulated, covered with polyethylene wrap, and placed outside the
abdomen [5]. The bile duct was cannulated to avoid pancreaticobiliary secretion into the duodenum at
the jejunal perfusion. After completion of surgery, 51Cr-EDTA was administered intravenously (iv) as
a bolus of 75 µCi (0.4 mL), followed by a continuous iv infusion at a rate of 50 µCi per hour (1 mL/h)
for the duration of the experiment. During the first 30 min following surgery, each small and large
intestinal segment was single-passed perfused with 37 ◦C, phosphate-buffered saline (6 mM) at pH 6.5
or 7.4. This stabilized cardiovascular, respiratory, and intestinal functions and the 51Cr-EDTA levels in
the blood (plasma). The length and wet tissue weight of each intestinal segment was determined after
the experiment. The single-pass perfusion rate was at all times 0.2 mL/min (peristaltic pump, Gilson
Minipuls 3, Le Bel, France).

Each of the six PE experiments was performed in the colon and was divided into two parts. In the
first part, the segment was perfused with the control buffer solution (containing model compounds
but no PE) for 60 min. In the second part, the segment was perfused for 75 min with one of the six
test formulations, containing model compounds and one of the following PEs: SDS at 1 or 5 mg/mL,
EDTA at 1 or 5 mg/mL, chitosan at 5 mg/mL (pH 6.5), and caprate at 10 mg/mL (pH 7.4). The six PE
experiments were designed so that each rat was its own control. For regional intestinal comparisons, all
the above PE concentrations and pH values were previously evaluated in the jejunum, at our laboratory
and using the same experimental design.

To evaluate regional intestinal differences in basal permeability values of the four model drugs,
two perfusions were also performed in the jejunum using only the control solutions (no PE) for
60 min, at pH 6.5 and 7.4. This established a basal permeability value for comparison with the values
determined in the control period of the PE experiments in the colon.

All experimental periods started with a rapid filling (<30 s) of the whole segment with the
perfusate (about 1.5 mL for a 10-cm segment). The intestinal segment and perfusates were kept at
37 ◦C and all outgoing perfusate was quantitatively collected and weighed at 15-min intervals.

Blood samples of <0.3 mL were collected from the femoral artery for a maximum volume of 4 mL
during each experiment. All sampled blood volumes were replaced by an equivalent volume of saline
(0.9% NaCl) solution with 70 mg/mL bovine serum albumin. Blood was sampled at 15-min intervals
for 135 min (9 samples) in each of the six PE experiments, and for 60 min (4 samples) in the jejunal
controls. The blood samples were put on ice and centrifuged (5000× g, 3 min at 4 ◦C) within 10 min.
100 µL of the plasma was transferred to 500 µL microtubes and stored at −20 ◦C until analysis.

2.4. Determination of Blood-to-Lumen Jejunal 51Cr-EDTA Clearance (CLCr-EDTA)

In the six PE experiments, all luminal perfusates and blood plasma were analyzed at 0 and 135 min
for 51Cr activity (cpm) in a gamma counter (1282 Compugamma CS, Pharmacia AB, Uppsala, Sweden).
A linear regression analysis of the plasma samples was made to obtain a corresponding plasma value
for each perfusate sample. The blood-to-lumen CLCr-EDTA was calculated using Equation (1) [16].

CLCr−EDTA =
Cper f usate × Qin

Cplasma × tissue weight
× 100 (1)

where Cperfusate and Cplasma is the activity in the perfusate and plasma (cpm/mL), and Qin is the flow
rate (mL/min). CLCr-EDTA was determined during the last 45 min for the control solution and during
the last 60 min for the test solutions, of which the first 15 min of each period were for equilibration.
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The mean CLCr-EDTA value of the two perfusion periods was regarded as representative for each
individual rat.

2.5. Bioanalysis

The plasma concentrations of atenolol, metoprolol, enalaprilat and ketoprofen were determined
using Ultra-High Performance Liquid Chromatography coupled to Tandem Mass Spectrometry. The
method used has been previously published [17]. The only modification was that the lower limit of
quantification for ketoprofen was decreased to 52 nM in this study.

2.6. Intestinal Effective Permeability (Peff) Calculation

Jejunal and colonic lumen-to-blood effective permeability (Peff) of the four model compounds
was determined based on a modification of the method described by Sjögren et al., 2015 [18]. This
method has been successfully implemented in human, dog and rat [4,18–21]. In short, an input rate
was acquired by deconvolution of the plasma concentration–time profiles following the intestinal
perfusion using Phoenix software version 8.2 (Certara USA, Princeton, NJ, USA). Previous intravenous
pharmacokinetic data from a two-compartment analysis of the model drugs in Han Wistar rats was used
as impulse response in the deconvolution [12]. An absorption rate was then calculated by compensating
for first-pass extraction (Ffirstpass) of each compound in the rat intestine and liver. The Ffirstpass values
for atenolol (1.0), enalaprilat (0.99), ketoprofen (0.99), and metoprolol (0.22) were based on literature
data for the fraction of the model compound as follows: (i) the amount metabolized/excreted in the rat
liver; (ii) plasma CL values derived from the two-compartment analysis of the intravenous plasma
data; and (iii) an assumed rat-liver blood flow of 47 mL/min/kg [22–24]. The Peff (cm/s) was then
calculated by relating the absorption rate to the intestinal luminal area using Equation (2):

Pe f f =
absorption rate

A × C
(2)

where A is the area of the exposed intestinal segment described as a smooth cylinder with a radius of
0.2 cm, and C is the concentration entering the luminal segment.

In the six colonic PE experiments, Peff was evaluated from 0 to 135 min and the mean Peff value of
the two perfusion periods (60-min control and 75-min test) was regarded as representative for each
individual rat. In the control experiments performed in jejunum, Peff was evaluated from 0 to 60 min
and the mean Peff value was regarded as representative for each individual rat.

2.7. Statistical Analysis

The sample size in each study group was six rats, on the basis of power analysis and previous
perfusion studies [12,25]. Plasma concentration, Peff, and CLCr-EDTA values are expressed as mean
± standard deviation (SD) or standard error of the mean (SEM). The jejunal vs colonic Peff ratio, is
presented as well as the Peff and CLCr-EDTA ratio between the 45-min control and 60-min test period in
the six colonic PE perfusions (Equation (3)).

Ratio
(

CLCr−EDTA or Pe f f

)

=
mean value ( je junum or test period)

mean value (colon or control period)
(3)

The ratio was compared using the paired student’s t-test with the Benjamini–Hochberg multiple
t-test correction. Multiple comparisons between groups were performed using a two-way ANOVA with
a post-hoc Holm–Sidak multiple comparison test. Log transformation of values was performed when
the original measured data were heteroscedastic and not normally distributed; this was investigated
using the Bartlett test. Differences were considered to be statistically significant for p-values < than 0.05.
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3. Results

3.1. Plasma Profiles

The mean (±SEM) plasma concentration–time profiles are presented in Figure 1a–d for atenolol,
enalaprilat, ketoprofen, and metoprolol following the jejunal and colonic perfusions (first 60 min) of
the control solutions at pH 6.5 and 7.4. These plasma concentration–time data for the selected model
drugs were used to determine regional intestinal basal Peff values using Equation (2).
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Figure 1. The mean ±SEM rat plasma concentration–time profiles (n = 30 for colon at pH 7.4, and n = 
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Figure 1. The mean ±SEM rat plasma concentration–time profiles (n = 30 for colon at pH 7.4, and n = 6
for the other three groups) of: (a) atenolol, (b) enalaprilat, (c) ketoprofen, and (d) metoprolol following
single-pass jejunal and colonic perfusions of the pH 6.5 and 7.4 control solutions (0–60 min). These
plasma data were used to determine regional intestinal basal Peff values using Equation (2) (Table 2).

The mean (±SEM) plasma concentration–time profiles are presented in Figure 2a–d for atenolol,
enalaprilat, ketoprofen, and metoprolol after: (i) the colonic perfusions of the control solutions
(0–60 min), and (ii) then followed by the six PE-containing test formulations (60–135 min). These
plasma concentration–time data were used to determine the PE-induced increase in Peff ratio (test/control
period) using Equation (3).

3.2. Lumen-to-Blood Effective Permeability (Peff) of Model Drugs

The mean (±SEM) basal jejunal and colonic Peff at pH 6.5 and pH 7.4 are presented in Table 2 for
atenolol, enalaprilat, ketoprofen, and metoprolol. There were no statistical (p < 0.05) differences in
basal permeability for any of the model drugs at either pH or in any intestinal segment.

The mean Peff ratio between the jejunum and colon of atenolol (1.5), enalaprilat (0.6), ketoprofen
(1.3), and metoprolol (0.7) at pH 6.5 are presented in Figure 3. For species comparison, Figure 3 also
contains the previously published human/dog Peff ratio between the jejunum and colon for atenolol
(35/5), enalaprilat (not available/8), ketoprofen (2.6/1.0), and metoprolol (1.3/1.5) at pH 6.5 (plasma
appearance data) [4,19].
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Figure 2. The mean ±SEM rat colonic plasma concentration–time profiles (n = 6) of: (a) atenolol,
(b) enalaprilat, (c) ketoprofen, and (d) metoprolol following single-pass intestinal perfusions of
a control solution for 60 min, followed by a 75-min perfusion of any of six test formulations
containing a permeation enhancer (PE). The control solution and all test formulations contained
100 µM atenolol, enalaprilat, ketoprofen, and metoprolol. The control and test formulation perfusate
pH was 6.5 for the PEs: sodium dodecyl sulfate (SDS) at 1 and 5 mg/mL, chitosan at 5 mg/mL, and
ethylenediaminetetraacetic acid (EDTA) at 1 and 5 mg/mL. The control and test formulation perfusate
pH was 7.4 for caprate at 10 mg/mL. All formulations were solutions, except caprate which was a
suspension (its solubility at pH 7.4 is 5 mg/mL).

Table 2. The mean ±SD rat permeability (Peff) values for the four model compounds determined in the
jejunum and colon at pH 6.5 and 7.4 (n = 6).

Conditions
Plasma Appearance Peff (×10–4 cm/s)

Atenolol Enalaprilat Ketoprofen Metoprolol

Jejunum pH 6.5 0.022 ± 0.01 0.005 ± 0.004 1.5 ± 1.1 0.28 ± 0.24

Jejunum pH 7.4 0.016 ± 0.005 0.004 ± 0.001 0.64 ± 0.15 0.17 ± 0.095

Colon pH 6.5 0.015 ± 0.007 0.009 ± 0.007 1.1 ± 0.3 0.41 ± 0.19

Colon pH 7.4 0.011 ± 0.005 0.006 ± 0.004 0.73 ± 0.14 0.38 ± 0.15

The mean (±SEM) Peff ratio of the test and control periods for the six test formulations in the
colon are shown in Figure 4a–d for atenolol, enalaprilat, ketoprofen, and metoprolol. Figure 4a–d
(blue symbols) also contains previous jejunal Peff ratio data of atenolol, enalaprilat, and ketoprofen for
chitosan at 5 mg/mL, and for SDS at 1 and 5 mg/mL (and for enalaprilat with caprate at 10 mg/mL) [11,12].
The colon seems to be more sensitive than the jejunum to caprate at 10 mg/mL, as the Peff ratio of
enalaprilat was significantly (p < 0.05) higher in the colon. There were no statistical differences between
intestinal segments for any of the other model drugs and PEs.
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Figure 3. The Peff ratio between the jejunum and colon at pH 6.5 in rat of atenolol, enalaprilat,
ketoprofen, and metoprolol (Table 2). The historical human and dog Peff ratios between the jejunum
and colon at pH 6.5 of atenolol, enalaprilat (not human), ketoprofen, and metoprolol are also presented
for species comparison [4,19].
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pH was 7.4 for caprate at 10 mg/mL. All formulations were solutions, except caprate which was a 
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Figure 4. The mean ±SEM rat jejunal (historical data) and colonic lumen-to-blood intestinal effective
permeability (Peff) ratio (n = 6) of: (a) atenolol, (b) enalaprilat, (c) ketoprofen, and (d) metoprolol,
after intestinal perfusions of a control solution for 60 min, followed by a 75-min perfusion of any of
six permeation enhancing (PE) test formulations [11,12]. The control and test formulation perfusate
pH was 6.5 for the PEs: sodium dodecyl sulfate (SDS) at 1 and 5 mg/mL, chitosan at 5 mg/mL, and
ethylenediaminetetraacetic acid (EDTA) at 1 and 5 mg/mL. The control and test formulation perfusate
pH was 7.4 for caprate at 10 mg/mL. All formulations were solutions, except caprate which was a
suspension (its solubility at pH 7.4 is 5 mg/mL). There is no jejunal historical data for metoprolol and
only jejunal historical data for EDTA and caprate for enalaprilat. A * represents a significant difference
in jejunal and colonic Peff (two-way ANOVA, Holm–Sidak).
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3.3. Blood-to-Lumen CLCr-EDTA Ratio

The mean (±SD) colonic CLCr-EDTA for the control solutions (n = 38) was 0.038 ± 0.050 mL/min/100 g.
The mean (±SEM) CLCr-EDTA ratios between the control and test period for the six test formulations in
the colon (and for previously reported jejunal data, blue symbols) are shown in Figure 5. Unlike the
Peff ratios, there was a significant PE-induced increase in CLCr-EDTA ratio in the colon compared to the
control for all test formulations, except EDTA at 1 mg/mL. The increases were also significantly higher
in the colon than in the jejunum for all test formulations.
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Figure 5. The mean ±SEM rat jejunal (historical data) and colonic blood‐to‐lumen 51Cr‐EDTA clearance 
(CLCr‐EDTA) ratio (n = 6), after intestinal perfusions of a control solution for 60 min, followed by a 75‐
min perfusion of any of six permeation enhancing (PE) test formulations. The control and test 
formulation perfusate pH was 6.5 for the PEs: sodium dodecyl sulfate (SDS) at 1 and 5 mg/mL, 
chitosan at 5 mg/mL, and ethylenediaminetetraacetic acid (EDTA) at 1 and 5 mg/mL. The control and 
test formulation perfusate pH was 7.4 for caprate at 10 mg/mL. All formulations were solutions, 
except caprate which was a suspension (its solubility at pH 7.4 is 5 mg/mL). A * represents a significant 
difference in jejunal and colonic CLCr‐EDTA ratio (two‐way ANOVA, Holm–Sidak). 

There was a trend for a slightly higher (1.1‐ to 2.3‐fold) jejunal and colonic permeability of all 
four model drugs at pH 6.5 compared to 7.4. On the basis of the pH‐partitioning hypothesis, this was 
expected for the acid, ketoprofen, but not for the bases, atenolol and metoprolol [35]. These conflicting 
results indicate that parameters other than molecular charge dominate. For instance, passive 
membrane transport is also affected by paracellular pore selectivity, molecular elongation, and 
intramolecular hydrogen bonding, which might be better understood using complex molecular 
dynamic simulations [36]. Consequently, any pH‐dependent permeability values determined in the 
rat SPIP model should be interpreted with care, and a linear pH‐permeability relationship should not 
be used to predict intestinal drug transport and absorption.  

Peptide drugs with a very low intestinal stability and/or permeability are, with a few exceptions, 
not administered orally because of their low intestinal absorption. Their low stability can be related 
to stomach pH denaturation, the high concentrations of luminal gastric and pancreatic peptidases 
and proteinases, and the high peptidase activity in the brush border membrane of the enterocytes [7]. 
These issues can be partly circumvented by the formulation approaches. For instance, (1) enteric 
coating can prevent gastric chemical instability and peptide degradation; the (2) proteinase/peptidase 
inhibitors in the formulation can increase the local luminal stability of the drug; and (3) drug release 
may be targeted to the colon where peptidase activity tends to be lower than in the small intestine 
[9,37,38].  

The low intestinal permeability of most peptides is related to their large size, low lipophilicity, 
and extensive hydrogen binding, all of which are physicochemical properties that predict low passive 

Figure 5. The mean ±SEM rat jejunal (historical data) and colonic blood-to-lumen 51Cr-EDTA clearance
(CLCr-EDTA) ratio (n = 6), after intestinal perfusions of a control solution for 60 min, followed by a
75-min perfusion of any of six permeation enhancing (PE) test formulations. The control and test
formulation perfusate pH was 6.5 for the PEs: sodium dodecyl sulfate (SDS) at 1 and 5 mg/mL, chitosan
at 5 mg/mL, and ethylenediaminetetraacetic acid (EDTA) at 1 and 5 mg/mL. The control and test
formulation perfusate pH was 7.4 for caprate at 10 mg/mL. All formulations were solutions, except
caprate which was a suspension (its solubility at pH 7.4 is 5 mg/mL). A * represents a significant
difference in jejunal and colonic CLCr-EDTA ratio (two-way ANOVA, Holm–Sidak).

4. Discussion

This rat single-pass intestinal perfusion (SPIP) study is part of a sequence of mechanistic studies
to evaluate regional intestinal differences in drug absorption in different species and models. The
study also evaluates the in vivo effect of permeation enhancers (PEs) on intestinal transport of model
drugs/peptides and marker compounds [12,25–27]. The primary objective was to investigate the
regional intestinal differences in lumen-to-blood effective drug permeability (Peff)—as determined
from plasma appearance data in the rat SPIP model—and to compare it to corresponding historical
human data [4]. Peff was determined for two low-permeation model drugs, atenolol and enalaprilat,
and for two high-permeation drugs, ketoprofen and metoprolol.

The secondary objective was to evaluate the effect of PEs on drug permeability in the rat
colon, compared to previous jejunal data. The effects were evaluated based on model drug Peff

and blood-to-lumen clearance of 51Cr-EDTA (CLCr-EDTA), an established clinical marker for mucosal
barrier integrity.

A modified-release (MR) dosage form can be used to optimize plasma pharmacokinetics, dosage
regimens, and improve clinical performance. MRs enable once-per-day drug administration, reduce
side effects, and increase patient compliance [28]. Successful development of such a dosage form
requires that the drug be absorbed in all parts of the intestines, as drug release needs to be substantially
longer than the typical human small intestinal transit time of 3–5 h [29]. Reliable preclinical data
on regional intestinal permeability is therefore needed early in the development of any novel MR
dosage form. The rat SPIP model is commonly used to determine regional permeability data on
the basis of luminal drug disappearance. However, a recent meta-analysis shows wide variability
in regional intestinal permeability data between studies and between laboratories. This raises the
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question how relevant individual studies on rats are for in vivo predictions in humans [3]. The lack of
a correlation may be related to the method of drug permeability determination. A recent rat SPIP study
demonstrated that the permeability values of the low permeability drugs, atenolol and enalaprilat,
is 9 to 59 times higher when determined on the basis of luminal disappearance compared to plasma
appearance [5]. Therefore, the primary aim of this study was to evaluate the suitability of the rat
SPIP model for measurements of human regional intestinal drug permeability on the basis of plasma
appearance data [4,30].

In our study, there were only small differences in jejunal and colonic rat Peff at pH 6.5 for the
high-permeability compounds, ketoprofen and metoprolol, when determined from plasma appearance.
This is in good agreement with regional intestinal permeability data based on luminal disappearance
in the rat SPIP model, as well as with human regional intestinal permeability data based on plasma
appearance [4,20,31]. Our results show that the rat SPIP model accurately predicted regional differences
(jejunum vs colon) in the permeability of high-permeability drugs, regardless whether these were
determined by luminal disappearance or plasma appearance.

For the low permeability drugs, atenolol and enalaprilat, plasma appearance data showed no
differences in jejunal and colonic Peff. In contrast, the jejunal permeability of atenolol in human was
35 times higher than in colon. There is no reference value in human for enalaprilat, but in dog
the corresponding jejunal value is eight-fold higher than the colonic permeability based on plasma
appearance data [19]. Since the dog is well-known to have a colon that is much more permeable
to drugs than that of human, presumably any reference value in human would result in a jejunal
vs colonic ratio at least within the same order of magnitude as observed in dog [32]. Consequently,
the plasma appearance of these two drugs suggests that the rat SPIP model is unable to accurately
predict regional intestinal permeability of medium-to-low permeability drugs in human, which is also
reported by others [33]. However, it should be emphasized that the rat SPIP model is still useful for
evaluating a range of other biopharmaceutical, physiological, and biochemical processes. For instance,
the rat jejunum is representative of human jejunal Peff values determined from plasma appearance [4,5].
Therefore, the permeability data from the SPIP model will be useful for boundary BCS classification of
permeability and for investigation of the potential effect of different concentrations of pharmaceutical
excipients on local intestinal permeability [34].

There was a trend for a slightly higher (1.1- to 2.3-fold) jejunal and colonic permeability of all
four model drugs at pH 6.5 compared to 7.4. On the basis of the pH-partitioning hypothesis, this
was expected for the acid, ketoprofen, but not for the bases, atenolol and metoprolol [35]. These
conflicting results indicate that parameters other than molecular charge dominate. For instance,
passive membrane transport is also affected by paracellular pore selectivity, molecular elongation,
and intramolecular hydrogen bonding, which might be better understood using complex molecular
dynamic simulations [36]. Consequently, any pH-dependent permeability values determined in the rat
SPIP model should be interpreted with care, and a linear pH-permeability relationship should not be
used to predict intestinal drug transport and absorption.

Peptide drugs with a very low intestinal stability and/or permeability are, with a few exceptions,
not administered orally because of their low intestinal absorption. Their low stability can be related to
stomach pH denaturation, the high concentrations of luminal gastric and pancreatic peptidases and
proteinases, and the high peptidase activity in the brush border membrane of the enterocytes [7]. These
issues can be partly circumvented by the formulation approaches. For instance, (1) enteric coating can
prevent gastric chemical instability and peptide degradation; the (2) proteinase/peptidase inhibitors
in the formulation can increase the local luminal stability of the drug; and (3) drug release may be
targeted to the colon where peptidase activity tends to be lower than in the small intestine [9,37,38].

The low intestinal permeability of most peptides is related to their large size, low lipophilicity,
and extensive hydrogen binding, all of which are physicochemical properties that predict low passive
membrane transport [39]. A strategy to circumvent low intestinal permeability was recently approved
for the first time in an oral product, for which a PE increased the intestinal membrane transport of
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semaglutide, a pharmaceutical peptide containing 31 amino acids, even though the bioavailability
in dog is as low as 0.29% of the oral dose (data from patent: wo2012080471) [6]. The use of PEs has
also been proposed in the colon, as the low luminal volumes and long transit time allow for high local
mucosal PE concentrations at extended exposure times. Together these increase the likelihood of a
positive effect on peptide membrane permeation. Accordingly, rat luminal instillation studies report a
generally higher effect of PE in the colon than the jejunum on the plasma exposure of various molecular
probes and peptides [8,40–44]. However, the rat luminal instillation model does not differentiate
between PE effects on membrane permeability, and on transit/motility, dilution, and hydrodynamics
in the luminal segment. This is in contrast to the SPIP model in which luminal and experimental
conditions are controlled [10]. Therefore, our study performed a systematic evaluation of the effect of
four permeation enhancers with different mechanisms of action at different luminal concentrations
in colon.

In our rat SPIP study, all PEs (except EDTA at 1 mg/mL) increased the Peff of the two low
permeability drugs, atenolol and enalaprilat. However, for the vast majority of the PEs in this study,
the increase in Peff ratio was not different from what we have previously observed in the jejunum in our
laboratory [11,12]. This is in stark contrast to the significantly higher effect of all PEs in this study on
CLCr-EDTA ratio in the colon compared to the jejunum. The substantially higher effect on the transport
of the clinical marker for mucosal integrity and damage, compared to drug absorption, indicates a
greater risk for tissue damage than medical benefit in using PE for increasing colonic drug absorption.
On the basis of the data from our study, we agree with other reports that the rationale is weak for
colonic targeting of systemically acting drugs/peptides in combination with PEs [45].

In conclusion, this rat SPIP study showed no difference in jejunal and colonic permeability
determined from plasma appearance data of two low permeability model compounds (atenolol and
enalaprilat) and two high-permeability ones (ketoprofen and metoprolol). Comparison of these data
with previous human data challenges ability of the rat SPIP model for predicting differences in human
regional intestinal permeability of low-to-medium permeability drugs. The effect of PEs on drug
permeability in the colon was similar to previously reported data from the rat jejunum. In contrast, their
effect on the transport of Cr-EDTA—a clinical marker for mucosal barrier integrity—was significantly
higher in the colon than in jejunum. These results indicate that the risk of using PE for increasing
colonic drug permeability is higher than the potential medical reward.
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Abstract: In this study, the potential for correlation between disintegration and dissolution
performance of enteric-coated (EC) dosage forms was investigated. Different enteric hard shell capsule
formulations containing caffeine as model drug were tested for disintegration (in a compendial
disintegration tester) and for dissolution in both USP type I (basket) and type II (paddle) apparatuses
using different media. Overall, good correlations were obtained. This was observed for both the
basket and the paddle apparatus, indicating that the use of disintegration testing as a surrogate for
dissolution testing (allowed by International Conference on Harmonization (ICH) for immediate
release dosage forms in case, in addition to other conditions, a correlation between disintegration and
dissolution is proven) could be extended to include delayed release dosage forms.

Keywords: disintegration; dissolution; enteric-coated; ICH; quality control

1. Introduction

Disintegration tests have been used to evaluate dosage form performance since the early 20th
century, with the current compendial disintegration tester being available since the 1950s [1]. Despite
the limitation of the released amount of the active pharmaceutical ingredient (API) not being measured,
these tests are still widely used in pharmaceutical practice owing to their simplicity and speediness
compared to dissolution tests. This contributed to the International Conference on Harmonization
(ICH) allowing disintegration tests to be used as dissolution test surrogates if (among other conditions)
a correlation between disintegration and dissolution is proven [2].

In this regard, it appears from the literature data that the likelihood of obtaining a
disintegration–dissolution correlation varies greatly from formulation to formulation, with Gupta
et al. [3] testing a 12 different verapamil hydrochloride formulations and finding that only one of
them gave a satisfactory correlation. Radwan et al. [4] investigated different trospium chloride
formulations under different conditions and found that a correlation is possible when the disintegration
is not too rapid. Nickerson et al. [5] on the other hand found good correlations for several immediate
formulations of an unnamed API. However, the focus has generally been restricted to immediate release
dosage forms, most probably because of the ICH guidance restricting the possibility of employing
disintegration test as a dissolution test surrogate to non-modified release dosage forms.

However, one class of modified release dosage forms, namely enteric-coated (EC) formulations,
offers at least a theoretical possibility for obtaining good disintegration dissolution correlations. For, in
the presence of a rapidly disintegrating and dissolving core, having a situation where the disintegration
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of the enteric coat strongly influences the overall release performance is likely. Therefore, this work is
going to investigate the correlation between disintegration and dissolution of enteric-coated hard shell
capsules in order to explore the feasibility of employing the disintegration test as a dissolution test
surrogate for EC dosage forms.

2. Materials and Methods

2.1. Materials

Hydroxypropyl methylcellulose size 0 capsules (ACG Nature Caps Plus) were received form
ACG Associated Capsules Pvt Ltd (Mumbai, India). DRcaps® (nutraceutical capsules with inherent
enteric properties of the capsule shell) were obtained from Neue Lebensqualität (Badendorf, Germany).
Caffeine (median particle size 48 µm) and magnesium stearate were purchased from Caesar &
Loretz GmbH (Hilden, Germany). Fumed silica was purchased from Fagron GmbH & CO.KG
(Glinde, Germany). Hypromellose phthalate (HP-50), hypromellose acetate succinate (HPMCAS-HG,
AQOAT) and low substituted hydroxypropyl cellulose (L-HPC) were received as a gift from Shin-Etsu
(Wiesbaden, Germany). Lactose (FlowLac® 90) was received from Molkerei Meggle (Wasserburg,
Germany). Triethyl citrate (TEC) was purchased from Sigma-Aldrich (Overijse, Belgium). Talc was
purchased from Imerys (Luzenac, France). All other materials were of analytical grade.

2.2. Capsule Filling

The HPMC capsules and DRcaps® were filled manually (aponorm® Kapselfüllgerät, WEPA
Apothekenbedarf GmbH & CO.KG, Hillscheid, Germany) with a powder formulation. The powder
formulation was prepared using a 1.6 L Turbula mixer (Willy A. Bachofen GmbH, Muttenz, Switzerland)
at 49 rpm (batch size 600 g), and its composition is described in Table 1. The capsules were filled with
375 mg of the powder (i.e., 75 mg of caffeine). The filled capsules complied with the content uniformity
requirements of the European Pharmacopoeia 9.0.

Table 1. Formulation of the capsule filling. All values (%) are based on the total weight (m/m).

Substance % (m/m) Weights of the Components per Capsule (mg)

Caffeine 20 75

L-HPC 15 56.25

Lactose 63.75 239.06

Silica 0.25 0.94

Magnesium stearate 1 3.75

Total 100 375

2.3. Capsule Coating

The ACG Nature Caps Plus were coated. Two different batches of coated capsules were prepared
from them. The coating formulations are described in Table 2. First, the ethanol–water solution was
prepared. The polymer was dissolved in 80% of the solvent and the remaining 20% of the solvent were
used to disperse the talc. Afterwards, the polymer solution is combined with the talc dispersion. Last,
triethyl citrate is added to the formulation (in case of the HPMCAS-HG formulation). Before coating,
the polymer solution is filtered using a sieve with a pore size of 0.2–0.4 mm. The coating levels of the
capsules coated with HP-50 and HPMCAS-HG are 10 mg polymer/cm2 and 9 mg polymer/cm2 (30% and
27% weight gain), respectively. A Solidlab 1 drum coater (Robert Bosch Packaging Technology GmbH,
Waiblingen, Germany) was used for coating with the following parameters: 230 g of capsules/batch
preheated to 30 ◦C; spray rate of 6.5–7 g/min and a atomizing pressure of 2.0 bar; nozzle diameter of
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0.5 mm; the inlet air was heated to 58–60 ◦C and had a flow rate of 55 m3/h; product temperature of
35–38 ◦C.

Table 2. Coating formulation. All values (%) are based on the total solution.

Substance
HP-50 Formulation HPMCAS-HG Formulation

% (m/m) Weights of the Components (g) % (m/m) Weights of the Components (g)

Polymer 6 60 5 40

Talc 7.5 75 7.5 60

TEC - - 2 16

Ethanol 69.2 747.7 68.4 591.25

Water 17.3 117.3 17.1 92.75

2.4. Disintegration Test

The capsule disintegration was performed with disks using a DT2 Disintegration Tester (Sotax AG,
Aesh, Switzerland) complying with the European Pharmacopoeia specifications for a type A disintegrat
ion testing apparatus. All capsules were first exposed to 700 mL of 0.1 M HCl for one hour followed by
one hour testing in 700 mL of buffer. The temperature was maintained at 37.0 ± 0.5 ◦C There were
three different buffers tested, namely the 50 mM USP phosphate buffer pH 6.8, blank FaSSIF buffer
(28.4 mM) pH 6.5 and a 15 mM phosphate buffer pH 6.5 that showed to be biopredictive in previous
studies (henceforth referred to as the “Al-Gousous et al. medium” [6]). The disintegration times
recorded are the times at which the capsules ruptured, which helps reduce the uncertainty associated
with determining the disintegration times based on “complete disintegration” [7]. Accordingly, these
times are defined as the times at which first visible cracks in the capsule shell appear. In order to avoid
observer bias, disintegration tests were performed before dissolution tests.

2.5. Acid Uptake Test

Six capsules were individually weighed and then tested in a disintegration tester as outlined
above (the Disintegration Test subsection) but without disks, and only in HCl (0.1 and 0.01 M) for one
and two hours. Sinkers (Japanese Pharmacopoeia Standard, Pharma Test, Hainburg, Germany) were
used to prevent the capsules from floating. At the end of the test the capsules were removed, blotted
and the %weight gain was calculated as follows:

% weight gain in acid =
mass after acid exposure−mass before acid exposure

mass before acid exposure
× 100%

2.6. Dissolution Test

The drug release was tested with a DT6R dissolution tester (Erweka GmbH & CO.KG, Langen,
Germany). The device was used as a USP type I dissolution tester at 100 rpm as well as a USP type
II dissolution tester with sinkers (same as in previous subsection) at 50 rpm. The use of sinkers
prevented the capsules from floating in the paddle apparatus. In accordance with the disintegration
test, the capsules were studied for one hour in 0.1 M HCl followed by a media change to either one of
the buffers described previously. The volume of the dissolution media was 700 mL. The temperature
was maintained at 37.0 ± 0.2 ◦C. The 5 mL samples were filtered through a 0.8 µm cellulose acetate
nitrate filter (Rotilab Spritzenfilter CME, Carl Roth, Karlsruhe, Germany). The first 1 mL of the filtrate
was discarded to saturate the membrane. Blank buffer was used to replace the sample volume. Caffeine
was quantified spectrophotometrically at λ = 275 nm.
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2.7. Correlation between Disintegration and Dissolution Results

Disintegration times were correlated with the times required to achieve 10%, 50% and 80% release
(t10%, t50% and t80% respectively) representing the early, middle and late portions of the dissolution
profiles. The aforementioned times were calculated using linear interpolation. The correlation was
done using simple linear regression performed by Microsoft Excel (Microsoft Office 2013, Microsoft
Corporation, Redmond, WA, USA). Hypothesis testing was performed on the slope using a one-sided
t-test (With the null hypothesis being slope = 0). One-sided p-values were calculated since a positive
correlation is expected. The hypothesis testing was performed using the vassarstats website [8].

3. Results and Discussion

3.1. Disintegration and Acid Uptake

As shown in Figure 1, DRcaps®Enteric gave the fastest disintegration while HPMCAS-HG gave
the slowest. Disintegration tended to be fastest in the USP dissolution testing medium and slowest
in the Al-Gousous et al. medium as would be expected based on the buffer molarities of the media.
The fast disintegration of DRcaps®Enteric, however, seems to be associated with poor resistance to
acid as evidenced by the acid uptake values shown in Table 3 and by the deformation exhibited by
those capsules (Figure 2). This indicates that it is rather the weakened capsule shell structure that
results in rapid disintegration in buffer. This is rather in line with the findings of Al-Tabakha et al. [7],
where even rupture of such capsule shells was observed in simulated gastric fluid.

 

 

Figure 1. Disintegration times (mean ± SD) of the tested formulations (n = 6).

Table 3. Weight gain (mean ± SD) of the tested formulations (n = 6) after 1 h in acidic media.

Formulation
% Weight gain in 0.1 M HCl % Weight gain in 0.01 M HCl

After 1 h After 2 h After 1 h After 2 h

DRcaps® 6.5 ± 0.7 7.4 ± 0.3 11.2 ± 0.2 13.5 ± 0.6

HP-50 3.4 ± 0.6 4.2 ± 0.3 3.8 ± 0.1 6.1 ± 0.7

HPMCAS-HG 2.5 ± 0.4 Ruptured 2.8 ± 0.6 Ruptured
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Figure 2. Appearance of DRcaps® and coated capsules after 1 h in 0.1 M HCl. 
Figure 2. Appearance of DRcaps®and coated capsules after 1 h in 0.1 M HCl.

It is interesting that despite showing the lowest acid uptake at one hour, the HPMCAS-HG capsules
ruptured in acid within roughly 1.5–2 h during the acid uptake tests. This might be related to mechanical
instability. Figure 2 shows that while the DRCaps®show extensive deformation, HP-50-coated ones
show only some wear at the gap between the body and the cap. HPMCAS-HG-coated capsules
behave in a manner similar to the HP-50-coated ones but the wear at the gap seems to be a bit more
extensive, which may impart mechanical instability to the capsule. The causes behind this need to be
further investigated.

As shown in Figure 1, after 1 h in acid, the capsules coated with HPMCAS-HG still show the
longest disintegration times. Only the high buffer capacity USP medium [6] showed large acceleration
in disintegration compared to the situation where testing in acid was continued for one further hour (in
the acid uptake tests with sinkers and without disks). This further supports the mechanical instability
hypothesis. As for why the presence of disks in the disintegration test (compared to their absence in
the acid uptake test) does not seem to have a dramatic effect, this might be related to the disk impacting
the capsule from above rather than tearing it apart. Other factors could be the force generated on
contact between the capsules and the sinkers in the disk-free setup as well as the tilted orientation
of the capsules in the disintegration tester tubes when inside sinkers and its potential effects on
hydrodynamics. Further investigation is needed regarding this issue, which is outside the scope of
this manuscript.

3.2. Dissolution

As shown in Figure 3, the dissolution results followed the trends exhibited by the disintegration
times. The disintegration times are lesser even than the t10% values, which is most probably associated
with the capsule rupture being a pre-requisite for significant drug release and with the greater
mechanical stresses in the disintegration tester [9]. Dissolution tended to be slower in the basket
apparatus. This may be associated with the lower fluid velocities in the central and upper regions of
the basket (at 100 rpm) where the capsule tends to be located owing to its buoyancy compared to the
bottom of the vessel in a paddle apparatus (at 50 rpm) [10]. This implies that hydrodynamic differences
between the different apparatuses play an important role in the obtained correlations.

137



Pharmaceutics 2020, 12, 123

 

 

Figure 3. Dissolution test results (mean ± SD) of the tested formulations (n = 6). Panels (A–C) represent
DRcaps®, HP-50 and HPMCAS-H respectively in basket apparatus, while panels X, Y and Z represent
DRcaps®, HP-50 and HPMCAS-H respectively in paddle apparatus.

3.3. Correlation between Disintegration and Dissolution Results

Disintegration times were correlated with the times required to achieve 10, 50 and 80% release
(t10%, t50% and t80% respectively) representing the early, middle and late portions of the dissolution
profiles. When all the dissolution times were correlated with their respective disintegration times,
good overall correlations were obtained for all dissolution profile portions (Figure 4).
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Figure 4. Overall correlation of all the disintegration results with their respective dissolution results 
Figure 4. Overall correlation of all the disintegration results with their respective dissolution results
(all formulations in all media are present in each graph) in the basket apparatus (right-hand side) and
the paddle apparatus (left-hand-side). The p-value is a one-sided value for a t-test applied to the slope.

A more detailed analysis was performed by making three point correlations for formulation effects
(Figures 5 and 6) and medium effects (Figures 7 and 8). When the results of different formulations
tested in the same medium were correlated, good r2 and p-values were almost invariably obtained.
However, the situation was different when correlating results of the same formulation in different media
(Figures 8 and 9), where the differences tended to be smaller than the inter-formulation differences.

Poor correlations were generally obtained for DRcaps®(with the notable exception of the t80%
case). A possible explanation for that could be that the weakened capsule shell structure made the initial
rupture more associated with random mechanical events and less with the enteric-polymer dissolution
promoting capabilities of the buffer. The complete process of shell dissolution/disintegration was
less confounded by such random effects resulting in better correlations for t80%. As for the weak
correlations obtained for the t10% and t80% parameters for the HP-50-coated capsules, they seem to be
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caused by the close disintegration times in the blank FaSSIF and Al-Gousous et al. media. This is most
probably related to the different discriminative abilities of the disintegration tester vs. paddle and
basket apparatuses (owing to the different hydrodynamics). HPMCAS-HG gave the best correlations
likely due to the slow capsule shell disintegration relative to drug dissolution. Anyway, despite
multiple instances of weak correlations, when correlating the results of one formulation in different
media, each formulation shows at least one instance with p < 0.05.

 

 

Figure 5. Correlating disintegration times with different dissolution parameters (basket apparatus) for
different formulations tested in one medium. The p-value is a one-sided value for a t-test applied to
the slope.
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Figure 6. Correlating disintegration times with different dissolution (paddle apparatus) parameters for
different formulations tested in one medium. The p-value is a one-sided value for a t-test applied to
the slope.
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Figure 7. Correlating disintegration times with different dissolution (basket apparatus) parameters for
one formulation in different media. The p-value is a one-sided value for a t-test applied to the slope.
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Figure 8. Correlation of disintegration times with different dissolution (paddle apparatus) parameters
for one formulation in different media. The p-value is a one-sided value for a t-test applied to the slope.
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Figure 9. Overall correlation of all the disintegration times with their (t80%–t10%) values results (all
formulations in all media are present in each graph) in the basket apparatus (right-hand side) and the
paddle apparatus (left-hand-side). The p-value is a one-sided value for a t-test applied to the slope.

An additional observation is that the correlations for different dissolution time points show not
only different intercepts but also different slopes. This indicates that the disintegration times do not
correlate with the different dissolution times solely because of the profiles being shifted because of
different coat rupture times, but also because of the influence of the disintegration on the overall
post-capsule rupture release kinetics. This is shown by the fair to strong overall correlations obtained
for the difference between t80% and t10% (corresponding to the time required for % release to rise
from 10% to 80%).

Figure 9 shows stronger correlation for the paddle apparatus. A possible reason could be that
variation in the floating capsule orientation inside the basket, together with the more variable fluid
velocities in the upper region of the basket [10], leads to the greater data point scatter observed for the
basket apparatus.

All in all, the obtained set of correlations shows that enteric-coated formulations seem promising
with regard to using disintegration tests as dissolution surrogates. This shows that the use of
disintegration testing as dissolution testing surrogate might not have to be restricted only to immediate
release dosage forms. However, further investigations on further EC dosage forms need to be performed
before making a definitive judgment on this matter.

4. Conclusions

Obtaining good correlations between the dissolution and disintegration results of EC dosage
forms is possible. This opens the way for more rigorous research that could help in expanding the
dissolution test waiver concept beyond immediate release dosage forms. Further investigations on
additional EC formulations could help to establish regulatory criteria regarding this matter. However,
extrapolating these findings to the in vivo situation should be done with extreme caution since many
factors like (among others) possible transporter saturation effects [11], interplay with food and gastric
emptying effects [12,13] as well as different hydrodynamics and mechanical stresses [9] complicate
the correlation between disintegration and bioavailability. These issues need to be taken into account
when considering an expanded role for disintegration testing in product evaluation.
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Abstract: The main factors influencing the absorption of orally administered drugs are solubility
and permeability, which are location-dependent and may vary along the gastrointestinal tract (GIT).
The purpose of this work was to investigate segmental-dependent intestinal absorption and its role
in controlled-release (CR) drug product development. The solubility/dissolution and permeability
of carvedilol (vs. metoprolol) were thoroughly studied, in vitro/in vivo (Octanol-buffer distribution
coefficients (Log D), parallel artificial membrane permeability assay (PAMPA), rat intestinal perfusion),
focusing on location-dependent effects. Carvedilol exhibits changing solubility in different conditions
throughout the GIT, attributable to its zwitterionic nature. A biorelevant pH-dilution dissolution
study for carvedilol immediate release (IR) vs. CR scenario elucidates that while the IR dose (25 mg)
may dissolve in the GIT luminal conditions, higher doses used in CR products would precipitate if
administered at once, highlighting the advantage of CR from the solubility/dissolution point of view.
Likewise, segmental-dependent permeability was evident, with higher permeability of carvedilol
vs. the low/high Peff marker metoprolol throughout the GIT, confirming it as a biopharmaceutical
classification system (BCS) class II drug. Theoretical analysis of relevant physicochemical properties
confirmed these results as well. A CR product may shift the carvedilol’s solubility behavior from class
II to I since only a small dose portion needs to be solubilized at a given time point. The permeability
of carvedilol surpasses the threshold of metoprolol jejunal permeability throughout the entire GIT,
including the colon, establishing it as a suitable candidate for CR product development. Altogether,
this work may serve as an analysis model in the decision process of CR formulation development
and may increase our biopharmaceutical understanding of a successful CR drug product.

Keywords: controlled release drug product; biopharmaceutics classification system; drug solubility;
drug permeability; location-dependent absorption

1. Introduction

Oral drug absorption depends on various parameters: physicochemical (e.g., ionization, pKa,
solubility, physicochemical stability, lipophilic nature, polar surface area (PSA), molecular weight,),
physiological (e.g., gastrointestinal pH, surface area available for absorption, transit time, expression
of certain transporters, enzymes), and parameters associated with the dosage form [1–3]. However,
keeping this complexity in mind, it was determined that the drug permeability and solubility/dissolution
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in the gastrointestinal aqueous milieu are the two essential variables that guide absorption in the
gastrointestinal tract (GIT) [4].

These two key factors, the solubility and the permeability, are location-dependent and can
vary along the GIT. Change in pH or presence of bile salts can modify drug solubility/dissolution
in a given intestinal segment; for a drug to be considered as a high solubility compound as
per the biopharmaceutical classification system (BCS), it needs to be dissolved in an aqueous
media (250 mL or less) with the different pH values relevant to the GIT lumen (1.0–6.8) [5–7].
Likewise, intestinal permeability is also location-dependent, and pertains in each region of the
GIT [1,3,8,9]. Therefore, in different scenarios, e.g., drug discovery, drug and formulation
development, and regulatory considerations, assigning the BSC class membership founded only on
physicochemical drug features may lead to the incorrect decision [2,10–13]. Thus, regional-dependent
permeability factors also need to be considered, for instance, expression of membrane transporters
(influx/efflux) along the intestinal tract [11,14–16], luminal pH that influences the changes in the drug
ionization [1,3,8,13], local water absorption [10], and others.

Segmental-dependent biopharmaceutical considerations are particularly important for
controlled-release (CR) drug products; the drug is continuously released throughout the entire
GI; therefore, it is not sufficient for a drug moiety to have suitable solubility/permeability in only one
particular intestinal segment [17–19].

Carvedilol is a third-generation β-blocker, and is commonly used for treating hypertension,
heart failure, and left ventricular dysfunction (LVD) [20,21]. The pharmacokinetics and pharmacodynamics
of carvedilol from controlled release (CR) and immediate release (IR) products were compared in two
clinical studies [22,23]. The data from these studies demonstrated that once-daily CR carvedilol is
clinically correspondent to the IR carvedilol drug product administered two times a day, in patients
with heart failure and asymptomatic post-myocardial infarction [23]. In addition, carvedilol CR
maintains steady β1-adrenergic blockade with a dose administered once every 24 h [22]. Metoprolol is
a passively transported drug which is not affected by the P-glycoprotein (P-gp) efflux transport [24],
while carvedilol is a substrate of P-gp [25]. Carvedilol inhibits the activity of P-glycoprotein (P-gp)
transporter [26,27]. It also undergoes extensive stereoselective first-pass metabolism; the main
cytochrome P450 enzymes responsible for the metabolism of both R(+) and S(−)-carvedilol are CYP2D6
and CYP2C9, with some of the resulting metabolites having pharmacological activity. Despite its
extensive first-pass metabolism, marketed carvedilol CR capsules have a bioavailability of 85% relative
to IR tablets, with good clinical efficacy [23]. Hence, carvedilol was shown as a successful candidate for
development as a controlled-release drug product, despite the fact that the pH variations along the GIT
may significantly alter both the solubility and the permeability of this ionizable (basic) drug [28,29].
This raises the question of carvedilol’s location-dependent intestinal solubility and permeability and
its successful use as a CR product.

This work aimed to study the segmental-dependent biopharmaceutical consideration of carvedilol
as a model basic drug, analyzed in view of CR scenario, allowing to pinpoint the rational for a successful
CR drug product. Carvedilol solubility/dissolution and permeability were systematically investigated,
through in vitro/in vivo (Octanol-buffer distribution coefficients (Log D), parallel artificial membrane
permeability assay (PAMPA), rat intestinal perfusion) techniques, focusing on location-dependent
variations, as well as theoretical physicochemical properties analysis of the drug. As a Food and
Drug Administration (FDA) recommended standard for the low-high permeability class boundary,
we used metoprolol, which also served as an accompanying model compound, since it is also marketed
as a CR drug product. This study offers a deeper understanding of the factors that could influence
segmental-dependent permeability and solubility in a controlled-release setting, and their contribution
to a successful controlled-release drug product.
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2. Materials and Methods

2.1. Materials

Carvedilol, metoprolol, sodium chloride, potassium phosphate monobasic, and sodium phosphate
dibasic, hexadecane, octanol, and trifluoroacetic acid (TFA) were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). Water and acetonitrile (Merck KGaA, Darmstadt, Germany) were
ultra-performance liquid chromatography (UPLC) purity grade. All other substances were of analytical
reagent grade.

2.2. Solubility

The pH-dependent solubility, as well as carvedilol solubility BCS classification, was evaluated
by the shake-flask method, as previously reported [8,30]. Briefly, the equilibrium solubility of
carvedilol was studied at 37 ◦C, at pH 7.5 with phosphate buffer (potassium phosphate monobasic
and sodium phosphate dibasic), pH 4.5 acetate buffer (sodium acetate and acetic acid), and pH 1.0
maleate buffer (maleic acid). Five hundred microliters of buffer was added to glass vials, and excess
carvedilol quantities were added to buffer-containing glass vials, until the solution was no longer
clear. Equilibrium was verified by comparison of 48- and 72-h samples. The pH of each solution
was measured following the drug’s addition to the buffer solution. The vial caps were firmly sealed,
and the vials were placed in a shaking incubator (100 rpm, 37 ◦C). Before the drug concentration was
analyzed, the vials were centrifuged at 10,000 rpm (10,621 rcf) for 10 min, and the supernatant was
removed, followed by drug quantification with UPLC. For dose number (D0) calculations, the highest
dose of carvedilol immediate-release (IR) oral drug product was taken to be 25 mg [22].

2.3. Octanol-Buffer Distribution Coefficients

Octanol-buffer distribution coefficients (Log D) for carvedilol and metoprolol were determined at
pH 6.5, 7.0, and 7.5 using the shake-flask method [12,30]. This pH range represents the physiological
pH relevant for the intestinal tract (naturally, permeability from the stomach is considered not
significant). Carvedilol and metoprolol solutions were prepared in a phosphate buffer saturated with
octanol (pH 6.5, 7.0, and 7.5.), and consequently equilibrated at 37 ◦C, 48 h with an equal volume
of buffer saturated with octanol of corresponding pH. The aqueous and octanol phase were parted
by centrifugation, and the concentration of the drug in the aqueous phase was quantified by UPLC;
the drug in the octanol phase was determined by mass balance.

2.4. Biorelevant pH-Dilution Dissolution Studies

An in vitro biorelevant pH-dilution dissolution study was performed (n = 5 each) as we have
previously published [31–33], to simulate drug dose dissolution while traveling along the GIT, in two
scenarios: carvedilol concentrations of 100 µg/mL vs. 320 µg/mL, simulating the highest IR dose
(25 mg; COREGTM) and CR dose (80 mg; COREG CRTM) on the market, taken with 250 mL of water.
An aqueous suspension of the drug dose was first diluted into HCl 0.1M to obtain a pH of 1.2 (dilution
factor 1:0.66) and agitated for 15 min (100 rpm at 37 ◦C), to mimic the stomach compartment, as we
have previously reported. Then, samples were further diluted with fasted state simulated intestinal
fluid (FaSSIF) (Biorelevant.Com Ltd., London, UK) with a dilution factor (1:1) for 30 min, followed by
a dilution factor of 1:1.5, agitated for 30 min, and consequently 2 other dilutions of 1:1 with agitation
time of 1 h each, to closely mimic the conditions throughout the small intestinal travel; the complete
time of the study was 3 hours and 15 min (with samples taken at time points 0, 15, 45, 75, 105, 135, 195
min). During the course of the study, samples were centrifuged, filtrated, and the drug concentration
was instantly quantified by UPLC. The solubilized drug amount, quantified by UPLC, was compared
to the total amount of drug, which was calculated using the initial drug dose and consequent dilutions.
This comparison enabled evaluation of the fraction of dose dissolved vs. precipitated for the IR vs.
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CR simulated experiments. The pH gradient throughout the experiment was designed to mimic the
physiological conditions along the GIT, with a final pH of 7.6.

2.5. Parallel Artificial Membrane Permeability Assay Studies

In vitro permeability studies through an artificial membrane were carried out in the
hexadecane-based parallel artificial membrane permeability assay (PAMPA) using Millipore (Danvers,
MA) 96-well MultiScreen-Permeability filter plates with 0.3 cm2 polycarbonate filter support (0.45 µm).
The filter supports in every well were impregnated with 15 µL of a 5% solution (v/v) of hexadecane in
hexanes and were then permitted to dry for 1 h. This time frame allowed the hexanes to be entirely
evaporated, producing a consistent hexadecane layer. The permeability studies using hexadecane
layer were carried out according to the standard protocol, with minor modifications [13]. Briefly, both
carvedilol and metoprolol solutions (n = 4) were prepared in phosphate buffer solution (pH 6.5, 7.0,
and 7.5) with comparable ionic strength and osmolality (290 mOsm/L). PAMPA sandwich plates were
composed of donor wells containing various drug solutions (200 µL), and the receiver wells containing
blank buffers (300 µL). The plate was incubated at room temperature, and samples were taken from the
receiver plates every hour for a total of 4 h. Apparent permeability coefficient (Papp) was calculated
from the linear plot of drug collected in the acceptor side vs. time with the following equation:

Papp =
dQ/dT
A× C0

where dQ/dt is the appearance rate in the steady-state of carvedilol/metoprolol from the receiver
side, C0 is the starting drug concentration in the donor side (0.02 mM for carvedilol, and 0.1 mM for
metoprolol), and A is the membrane surface area (0.048 cm2). Linear regression was used to acquire
the steady-state appearance rate of the drug on the receiver side.

2.6. Rat Single-Pass Intestinal Perfusion (SPIP)

The rat effective permeability coefficient (Peff) of carvedilol and metoprolol in different intestinal
regions was evaluated using the single-pass intestinal perfusion (SPIP) model. This experimental model
was designed and validated to account for the complex physiological background of drug absorption
along the GIT: the living animal, intact and viable GIT including tissue composition, membrane
morphology, expression/distribution of functional transporters/enzymes, and the composition of the
luminal milieu of the different segments, are all part of the high biorelevance of this model [34–36].
All animal experiments were performed according to the protocols accepted by the Ben-Gurion
University of the Negev Animal Use and Care Committee (Protocol IL-07-01-2015). The animals
(male Wistar rats weighing 230–260 g, Harlan, Israel) were housed and handled in agreement with the
Ben-Gurion University of the Negev Unit for Laboratory Animal Medicine Guidelines.

The experimental procedure used for the in situ experiments in rats was previously
described [3,12,13,30]. Prior to the experiment, the rats were fasted overnight. Namely, rats were
anesthetized and positioned on a 37 ◦C surface (Harvard Apparatus Inc., Holliston, MA, USA), and a
3 cm midline abdominal incision was performed. Considering the complexity behind each of the
intestinal segments, permeability was simultaneously measured through 3 separate intestinal regions
(length of 10 cm each); a proximal segment of the jejunum at pH 6.5 (beginning at 2 cm under the
ligament of the Treitz), a distal segment of the ileum at pH 7.5 (finishing 2 cm above the cecum), and the
colonic segment at pH 6.5 (approximately 6 cm); the pH values through each region corresponded to
the physiological pH of that region [1,3]. Each intestinal segment was cannulated at both sides and was
rinsed with the relevant blank perfusion buffer. Phosphate buffers containing carvedilol and metoprolol
were prepared at pH 6.5 and 7.5, while maintaining similar ionic strength and osmolality (290 mOsm/L)
in all buffers. All solutions were incubated in a water bath at 37 ◦C. The steady-state conditions were
established by perfusing the drug-containing buffer solution (0.02 mM) for 1 h, and an additional
hour of perfusion followed, with sample collection every 10 min. The pH value was determined in
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the outlet samples to ensure the there was no pH variation during the course of perfusion. At the
end of the perfusion study, the drug concentration in the outlet samples was determined by UPLC,
and the length of the intestinal segment used for perfusion was measured for further permeability
calculations. The effective permeability (Peff; cm/s) through the gut wall was calculated through to the
following equation:

Peff =
−Qln (C′out/C′in)

2πRL

Q being the perfusion buffer flow rate (0.2 mL/min), C′out/C′in is the ratio of the outlet and the inlet
drug concentration that has been adjusted for water transport by the gravimetric method [37–39], R is
the radius of the intestinal segment (conventionally used as 0.2 cm), and L is the length of the perfused
intestinal segment.

2.7. Physicochemical Analysis

The theoretical fraction extracted into octanol (fe) was calculated using the following
equation [40,41]:

fe =
fuP

1 + fuP

where P stands for the octanol–water distribution coefficient of the unionized drug form and
fu is the drug fraction unionized at a certain pH. The fu vs. pH was plotted according to the
Henderson–Hasselbalch equation, using the following literature pKa values: 9.7 for metoprolol [42]
and 7.8 for carvedilol [28].

2.8. Ultra-Performance Liquid Chromatography

An ultra-performance liquid chromatography (UPLC) instrument Waters (Milford, MA, USA)
Acquity UPLC H-Class was equipped with a photodiode array detector and Empower software.
The instantaneous determination of carvedilol and metoprolol was accomplished using a Waters
Acquity UPLC XTerra C18 3.5-µm 4.6 × 250 mm column. The gradient mobile phase consisted of
90:10 going to 30:70 (v/v) water:acetonitrile (containing 0.1% TFA) at a flow rate of 0.5 mL/min during
4 min. The wavelength of detection and retention times for carvedilol and metoprolol were 230
and 275 nm and 2.5, 3.1 min, respectively. UPLC injection volumes for all analyses were in a range
from 2 to 50 µL. The limit of quantitation was termed as the lowest drug concentration that could be
measured with an accuracy and precision of<20%, as per US Food and Drug Administration Guidelines.
Precision was stated as the intra- and inter-day relative standard deviation (RSD). Intra-day accuracy
and precision were determined by analyzing six replicates of control samples on the same day (samples
of known concentration), while the inter-day accuracy and precision were evaluated by measuring
six replicates of control samples on three different days. The carvedilol limit of quantification was
5 ng/mL, and for metoprolol 25 ng/mL, and the inter- and intra-day coefficients of variations were
<1.0% and 0.5%, respectively.

2.9. Statistical Analysis

Log D studies and PAMPA assays were replicated with n= 6 and n= 4, respectively. Animal studies
were replicated with n = 6. All values are stated as means ± standard deviation (SD). Statistically
significant differences between the experimental groups were evaluated by the nonparametric
Kruskal–Wallis test for multiple comparisons, and the two-tailed nonparametric Mann–Whitney
U test for two-group comparison. A p < 0.05 was considered statistically significant.
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3. Results

3.1. Solubility

The solubility data for carvedilol in the three pH values (1.0, 4.0, and 7.5) at 37 ◦C are presented
in Table 1. The solubility data presents a complex picture: from pH 1.0 to 4.0, the solubility was
rising, and again decreased towards pH 7.5, where the solubility was very low. The dose number
was calculated using the subsequent equation: D0 =M/V0/Cs, where M is the highest single-unit dose
strength of carvedilol (25 mg) [22], V0 is the initial volume of water (250 mL), and Cs is the solubility at
each pH; drug molecules with D0 ≤ 1 are considered highly soluble. At a pH of 1.0 and 7.5, the dose
number for carvedilol was higher than 1, indicating low BCS solubility class membership. The chemical
structure of carvedilol is presented in Table 2.

Table 1. Carvedilol solubility values (mg/mL) in the tree pH values 1.0, 4.0, and 7.5, at 37 ◦C, and the
corresponding dose number (D0) for a 25 mg dose. Data presented as mean ± SD; n = 6.

pH Solubility (mg/mL) Corresponding D0

1.0 0.021 (±0.004) 4.720

4.0 2.320 (±1.090) 0.043

7.5 0.035 (±0.002) 2.880

Table 2. Carvedilol and metoprolol molecular structures and relevant physicochemical parameters.

Drug Molecular Structure pKa Log P PSA

Carvedilol

≤

7.8 [43] 3.8 [43] 75.7 [44]

Metoprolol

≤

 

9.7 [42] 2.2 [45] 50.7 [46]

3.2. Biorelevant pH-Dilution Dissolution Studies

We have studied the ability of the two highest marketed dosages for both IR (25 mg) and CR (80 mg)
carvedilol drug products to accomplish and maintain complete dissolution of the carvedilol dose in
the dynamic GIT environment using the pH-dilution method we have previously developed [31].
The dissolution results are presented in Figure 1, where it can be observed that a significant difference
between the dissolution behavior of the 25 mg and 80 mg drug product was detected. The results
indicate what may happen if these doses were to be orally administered at once; while the 80 mg
dose would quickly precipitate, the 25 mg dose was completely dissolved (with ~15 min delay) and
maintained dissolved throughout the GIT travel.
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−

−

Figure 1. Dissolution of the highest carvedilol dose for IR and CR drug products on the market (25 mg
and 80 mg, respectively) in the dynamic GIT environment, using the pH-dilution dissolution method.
Values are presented as means ± SD; *** p < 0.001; n = 5. The pH at each time point for IR: 1.4 at 15 min;
1.9 at 45 min; 5.8 at 75 min; 6.9 at 105 min; 7.2 at 135 min; 7.3 at 195 min; and for CR drug product: 1.6
at 15 min; 2.9 at 45 min; 7.0 at 75 min; 7.4 at 105 min; 7.6 at 195 min.

3.3. Log D

The octanol–water distribution coefficients (Log D) for carvedilol and metoprolol were measured
at the three pH values of 6.5, 7.0, and 7.5, representative of the environment of the small intestine
(Figure 2). It can be seen that both carvedilol and metoprolol have evident pH-dependent upward
Log D in the investigated pH range (6.5–7.5), however, while the Log D of metoprolol ranged from 0.8
(pH 6.5) to −0.2 (pH 7.5), carvedilol Log D was positive and ranged from 2.7 (pH 6.5) to 3.7 (pH 7.5).

−

−

Figure 2. The octanol-buffer distribution coefficients for carvedilol vs. metoprolol at pH values of 6.5,
7.0, and 7.5. Values are presented as means ± SD; n = 6.

3.4. Physicochemical Analysis

The theoretical fraction unionized (fu) and fraction extracted into octanol (fe) as a function of
pH for carvedilol vs. metoprolol are presented in Figure 3. The fu of the basic drugs carvedilol and
metoprolol was negligible at low pH, and rose as the pH increased, producing a standard sigmoidal
shape. It can be seen that the fe vs. pH plot of both drugs shows a similar pattern, but with a shift to
the left at the lower pH values. The shift degree equals to Log (P − 1) at the midpoint of the fe and fu

sigmoidal curves [40]. Experimental octanol-buffer distribution of the drugs at the three pH values of
6.5, 7.0, and 7.5 are also presented in Figure 3 and are in excellent correlation with the theoretical plots.
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Figure 3. The theoretical fraction unionized (fu) and fraction extracted into octanol (fe) plots are
presented as a function of pH for carvedilol and metoprolol. Log D values for both drugs are presented
as circles; n = 6.

3.5. PAMPA Assay

The transported amounts vs. time in the PAMPA experiment for carvedilol and metoprolol are
presented in Figure 4, with their matching Papp values. Compatibly to the log D results, the same
pH-dependent upward permeability trend was found for both drugs; carvedilol showed considerably
higher log D than metoprolol in the studied pH range, and the PAMPA permeability values confirmed
this trend, as can be seen in Figure 4.

Figure 4. The hexadecane-based parallel artificial membrane permeability assay (PAMPA) permeability
studies for carvedilol vs. metoprolol in the different pH conditions along the small intestine: amounts
transported (mmol) as a function of time (left panel), and the corresponding Papp values (right panel;
cm/s). Mean ± SD; n = 4.

3.6. Rat Intestinal Perfusion Studies

The values of carvedilol vs. metoprolol effective permeability coefficient (Peff) determined using
the rat SPIP model, through the three intestinal segments: the proximal jejunum (pH 6.5), the distal
ileum (pH 7.5), and the colon (pH 6.5), are presented in Figure 5. It can be observed that all of the
permeability studies revealed a similar trend: higher pH led to higher permeability values, and as a
result, the permeability of carvedilol and metoprolol in the ileum was significantly higher than in the
jejunum. Furthermore, at any given intestinal segment/pH, the permeability of carvedilol was higher
than that of metoprolol. In addition, when looking at the colon, the permeability value of carvedilol
was higher than that of metoprolol in the jejunum (marked as a dashed line in Figure 5).
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Figure 5. Effective permeability coefficient (Peff; cm/s) obtained for carvedilol vs. metoprolol in three
rat intestinal segments, the upper jejunum (pH 6.5), terminal ileum (pH 7.5), and the colon (pH 6.5).
The black dashed line represents the permeability of metoprolol in the jejunum (pH 6.5), which is
the low/high Peff class boundary standard. Data are presented as means ± SD; *** p < 0.001 between
jejunum and ileum for both carvedilol and metoprolol; n = 6.

4. Discussion

The variable physiological conditions throughout the GIT can greatly influence the rate and
degree of oral drug absorption [10]. It was previously shown that there is a high level of
correlation between the drug jejunal permeability and the fraction of dose absorbed from an IR
drug product [11,47,48]. Conversely, for CR formulations, to obtain an optimal dissolution, intestinal
permeability, and hence, acceptable bioavailability, a larger part of the GIT has to be accounted for
in comparison to IR drug product, highlighting the crucial importance of regional variation among
absorption factors. Both metoprolol and carvedilol are marketed as controlled-release products
(metoprolol extended-release tablets of 25, 50, 100, or 200 mg; and carvedilol CR of 10, 20, 40, or 80 mg)
which allows us to use them as model drugs in predicting important parameters that may dictate the
development of a successful CR product [49,50].

Carvedilol is an alkaline drug that exhibits poor solubility in different conditions throughout the
GIT [29]. However, the solubility studies revealed a high solubility at pH 4.0 (Table 1). In different
studies, using simulated/aspirated media, it was shown that depending upon the experimental
technique, some discrepancies are noticed [51,52], however, an apparent rise in solubility in the
simulated intestinal fluid in the fed state (FeSSIF; pH = 5) is evident. This could be explained by the
carvedilol chemical structure, where the aliphatic -NH group is more basic than the carbazole -NH
group, which could lead to protonation, creating a soluble salt with the anionic form of the buffer,
causing an increase in solubility [28,53]; in acidic media, the aliphatic -NH is ionized forming a cationic
center, while in basic media, the carbazole -NH is ionized forming a anionic center. This zwitterionic
nature is responsible for the unique solubility pattern presented in Table 1. At any rate, the low solubility
values of carvedilol at acidic and neutral environment indicate a low-solubility BCS classification, as in
the case of IR carvedilol product, a maximal single unit dose is 25 mg [23], leading to a dose number
higher than 1 in different GIT locations. Alongside the high permeability values throughout the GIT,
it was confirmed that carvedilol is indeed a BCS class II compound.

Under such solubility limitations, developing carvedilol as a CR drug product may, in a way,
help to avoid solubility limitations. By definition, a CR product releases the drug gradually from the
formulation while traveling along the GIT, and so, in place of requiring the solubilization the entire
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dose at once, only a small fraction of the dose needs to be solubilized at a given time point, which may
allow overcoming solubility limitations. On the other hand, at each point throughout the intestinal
tract, the aqueous volume is lower than the 250 mL initially taken with the drug dose. In particular,
it was reported that when simulating the fate of low-solubility drugs after oral administration, the small
intestinal water volume that allowed the best fits with in vivo data was about 130 mL (ranging
10–150 mL in the fasted state), and 10 mL in the colon (with estimations as large as 125 mL in the fasted
state) [54]. Nevertheless, if there is sufficient fluid in the lumen at each point, it may be possible to
obtain adequate drug solubility throughout the digestive system.

The pH-dilution dissolution experimental method mimics the passage and fate of the drug dose
through the different GIT segments over time and hence, allows revealing whether the drug can be
solubilized, and remain dissolved, while in the GIT. Our results elucidate that generally the highest
IR dose (25 mg) has the ability to be dissolved, and remain such throughout the GIT travel, which
explains why this formulation is an efficient marketed drug product. On the other hand, if the CR dose
of carvedilol (80 mg) were to be administered at once as a simple IR formulation, rapid precipitation
would take place (Figure 1), preventing the success of such drug products. Formulating this carvedilol
dose as a CR product allows overcoming this solubility/dissolution limitation by distributing small
portions of the dose at each stage throughout the GIT. This model analysis illustrates the application of
biopharmaceutical aspects in the decision process of successful CR formulation development.

A literature search showed that carvedilol in vitro absorption was studied in a model called the
Boehringer–Mannheim ring model using porcine intestine [55]. According to this study, the main
route of absorption for carvedilol was transcellular, and the optimal absorption was obtained in the
neutral pH of 6.8. In situ intestinal perfusion with mesenteric blood sampling in rats using human
intestinal fluids and biorelevant media was used to study the food effect on the intestinal solubility
and permeability of carvedilol [52]; however, the use of biorelevant media that contain high lecithin
concentration would also affect the solubility aspect of carvedilol in comparison to our SPIP study.
Therefore, we used the buffers for the perfusion study instead. This study also did not account for the
segmental-dependency of the solubility/permeability of carvedilol.

Prior to evaluating intestinal permeability (Peff) results, the threshold for the low/high permeability
class membership must be set, since it reflects the penetration degree that allows complete absorption.
For this purpose, metoprolol is a widely used and accepted standard compound [56,57]. Metoprolol
exhibits significant segmental-dependent intestinal permeability with increasing Peff towards the distal
parts of the small intestine. Therefore, the question is raised, which permeability should be taken
as the class boundary: jejunal (~5 × 10−5 cm/s) or the much higher ileal value (~1.2 × 10−4 cm/s),
presented in Figure 5. Absorption data obtained from humans revealed that 80% of metoprolol dose
from IR product occurs already in the upper 50 cm of the small intestine (duodenum and proximal
jejunum), leaving no drug for absorption in the ileum [58]. This was later shown in rats as well [59].
Therefore, ileal permeability values of metoprolol are not physiologically relevant for an IR drug
product; it can be claimed that from an IR metoprolol product, no drug arrives into the ileum, as
the entire dose gets absorbed much earlier. Hence, the jejunum permeability of metoprolol allows
its complete absorption, and this value should be taken as the low/high threshold for permeability
classification. Similarly, carvedilol demonstrated segmental-dependent permeability that matched the
trend of metoprolol (the permeability in the ileum was significantly higher than in the jejunum, as
demonstrated in Figure 5). However, the Peff values of carvedilol were significantly higher than that of
metoprolol in each intestinal segment. Importantly, colonic permeability values for both carvedilol and
metoprolol were higher than that of metoprolol in the jejunum (illustrated as a dashed black line in
Figure 5), validating the biopharmaceutical suitability of carvedilol, and metoprolol, to be developed as
CR drug products. Typically, a CR drug product releases the drug continuously over 12–24, and since
the transit time throughout the small intestine is 3-4 hours [60], the majority of the dose is released in
the colon. This explains why high colonic drug permeability is a key biopharmaceutical factor in the
decision process of CR drug product development. This permeability analysis of both model drugs
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(carvedilol and metoprolol) demonstrated the decision process required for successful CR dosage
form development.

Permeability studies both in vitro and in vivo (Log D, PAMPA, SPIP) resulted in higher
permeability of carvedilol vs. metoprolol in all of the investigated segments/pHs. Both PAMPA
and SPIP methods (Figures 4 and 5) showed the same upward trend. The in vitro permeability
models used in this work account for simple passive diffusion, without taking into account intestinal
transporters, however, the in vivo SPIP model accounts for all permeability mechanisms, including
active transport. When looking at the in vivo results (Figure 5), it can be seen that throughout the entire
intestinal tract, carvedilol’s permeability was higher than that of metoprolol’s in the jejunum. In the
colon (Figure 5), carvedilol’s permeability was higher than both metoprolol’s high/low permeability
benchmark and permeability of carvedilol in the jejunum. The permeability of carvedilol in the colon
was lower than in the ileum, likely due to a shift in the ionization state. This correlation between
artificial and animal permeability studies depicts the main mechanism of carvedilol’s permeability
as passive absorption. Furthermore, the octanol-buffer distribution coefficient of carvedilol was
tremendously higher than that of metoprolol at different pH values (Figure 2). Even though Log P and
Log D values are widely used as a replacement for passive intestinal permeability, relying solely on
physicochemical drug properties when assessing drug permeation may lead to incorrect conclusions.
For instance, the polar surface area (PSA) of carvedilol and metoprolol is 75.7 A2 and 50.7 A2 (Table 2),
respectively [44,46]; lower PSA is usually associated with higher permeability, and hence, judging
merely based on this characteristic would lead to the wrong conclusion. Therefore, prior to assigning
a BCS classification, the many relevant aspects need to be thoroughly considered, to circumvent
misconception in drug research, development, and regulation.

The solubility–permeability interplay is an important part of evaluating a novel drug formulation.
By merely looking at the solubility improvement that the formulation allows can be ambiguous in terms
of predicting the consequent oral drug absorption, and vice versa, this interplay must be accounted
for when aiming to optimize the solubility–permeability balance, and the overall drug absorption.
Carvedilol is a low solubility compound whose solubility enhancement when developing a CR drug
product relied on using a phosphate salt in the CR formulation. This increase in solubility might be
responsible for a slight decrease in overall bioavailability. However, in the case of this drug product,
it did not affect the clinical efficacy of carvedilol.

Carvedilol is both a substrate [26,61] and inhibitor [62] of the efflux transporter P-glycoprotein
(P-gp). The involvement of intestinal transporters in general, and specifically P-gp, in the absorption
process following oral administration is more biorelevant for low-permeability drugs, and the
regional-dependent expression of the relevant transporters should be considered in these cases [63,64].
However, for high-permeability compounds, neither active uptake nor efflux transporters are expected
to be rate-limiting [65,66]. Given that carvedilol has very high passive intestinal permeability
throughout the entire GIT (Figure 5), the fact that it is a P-gp substrate would not be significant
in the in vivo conditions. In addition, as mentioned before, carvedilol undergoes extensive
stereoselective first-pass (CYP2D6 and CYP2C9). Similarly to transporters, intestinal enzymes may
also exhibit regional-dependent expression, which needs to be accounted for when developing oral CR
formulation [67]. Extensive knowledge of intestinal/hepatic transport and enzymatic metabolism is
essential in the development process of a CR product.

5. Conclusions

Altogether, the analysis of carvedilol/metoprolol presented in this work serves as a model for a
suitable candidate for a CR product development, from both the permeability and solubility/dissolution
point of view. This work may increase our biopharmaceutical understanding of a successful CR
drug product.

Regional-dependent drug permeability and solubility/dissolution, and the effects of these factors
on CR drug product development is often overlooked, and in this article, we aimed to emphasize these
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important issues; yet, additional data, including pharmacokinetics, metabolism, and pharmacotherapy
considerations, are essential for the thorough prediction of a CR candidate.
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Abstract: An increased interest in colonic drug delivery has led to a higher focus on the design of
delivery devices targeting this part of the gastrointestinal tract. Microcontainers have previously
facilitated an increase in oral bioavailability of drugs. The surface texture and shape of microcontainers
have proven to influence the mucoadhesion ex vivo. In the present work, these findings were further
investigated using an in situ closed-loop perfusion technique in the rat colon, which allowed
for simultaneous evaluation of mucoadhesion of the microcontainers as well as drug absorption.
Cylindrical, triangular and cubic microcontainers, with the same exterior surface area, were evaluated
based on in vitro release, in situ mucoadhesion and in situ absorption of amoxicillin. Additionally,
the mucoadhesion of empty cylindrical microcontainers with and without pillars on the top surface
was investigated. From the microscopy analysis of the colon sections after the in situ study, it was
evident that a significantly higher percentage of cubic microcontainers than cylindrical microcontainers
adhered to the intestinal mucus. Furthermore, the absorption rate constants and blood samples
indicated that amoxicillin in cubic microcontainers was absorbed more readily than when cylindrical
or triangular microcontainers were dosed. This could be due to a higher degree of mucoadhesion for
these particular microcontainers.

Keywords: in situ perfusion; microdevices; shape; mucoadhesion; colon absorption

1. Introduction

Oral drug delivery remains the preferred administration route due to ease of use, flexibility and
patient compliance [1]. Despite many advances in oral delivery systems [2–4], the design of ‘the ideal
delivery device’ is still widely discussed and depends on the application.

In the past decades, an increased interest in colon drug delivery has led to significant research
with a focus on designing delivery devices that target this part of the gastrointestinal (GI) tract [5].
In addition to local delivery, the colon has also been suggested as an interesting site for systemic
drug delivery due to increased oral bioavailability for some drugs and longer transit time compared
to the small intestine [6–8]. The prolonged transit time allows timing of the treatment to periods
with maximal disease activity; for example, in diseases where symptoms are more pronounced in the
morning (hypertension, asthma and arthritis) [7].

Mucoadhesion is an important factor in relation to targeted delivery to any part of the GI tract,
since it can prolong the residence time and facilitate drug release in close proximity to the epithelium.
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To understand mucoadhesion, six general theories have been proposed [9]. Amongst these are
the wetting theory and the mechanical theory. The wetting theory is mainly applied to liquid or
low-viscosity systems [9], while the mechanical theory can be applied to more rigid and adhesive
materials. The mechanical theory explains mucoadhesion in terms of interlocking into irregularities on
a rough surface [9,10]. Due to the complex nature of mucoadhesion, it is not likely that the phenomenon
can be described by one of these theories alone [9]. Properties affecting mucoadhesion have been
thoroughly investigated and it has been indicated that size and shape have a high impact on the
mucoadhesive strength for micro- and nano-scale particles [11–13]. Advanced polymeric particles
have paved the way for many new controlled drug delivery strategies [14]. However, as the field of
drug delivery is moving towards more advanced microdevices, additional knowledge is needed to
fully disclose and understand the influence of the multitude of parameters influencing mucoadhesion
of drug delivery devices and the associated absorption of drugs.

Unidirectionally-releasing microdevices have been proposed for oral drug delivery to ensure a
high local concentration of the active pharmaceutical ingredient (API) at the absorption site and to
prolong the residence time [15,16]. The prolonged residence time is proposed to occur by decreased
shear stress and increased retention [17]. For example, planar microdevices with a diameter of 200 µm
were shown to enhance in vivo retention after oral dosing in mice [15]. These microdevices were
found to adhere better than microspheres with the same surface area in the proximal and medial
intestine. In the colon, however, the microspheres were retained approximately two times more than
the microdevices [15]. The concept of planar microdevices was further developed with the inclusion of
nanostraw structures on the surface, which was shown to enhance bioadhesion in a Caco-2 cell flow
system when compared to similar microdevices without nanostraws [18]. Microcontainers, one type of
unidirectionally-releasing microdevice, have previously been shown to improve oral bioavailability
of drugs and provide inherent mucoadhesion [16,19]. Microcontainers are micrometer-sized devices
(fabricated in polymers) with an inner cavity for storage of the API. Coating of the API-loaded cavity
protects the content from the harsh environment of the stomach and provides unidirectional release at
a relevant site in the GI tract [16]. Due to versatile fabrication processes, microcontainers have been
fabricated in different materials, shapes and size ranges [20–22].

The influence of material composition, shape and size on the interaction with mucus has
also been evaluated for microcontainers in an intestinal ex vivo perfusion model [22–24]. Here,
triangular microcontainers adhered more readily in the mid-part of a porcine small intestinal section
than cylindrical ones. Similarly, larger cone shaped microcontainers generally adhered better than
cylindrical microcontainers with the same size [22,24]. When evaluating these microdevices fabricated
in different materials in an ex vivo perfusion model, poly(lactic-co-glycolic acid) (PLGA) (50:50)
microcontainers showed slightly higher mucoadhesion compared to polycaprolactone (PCL) and
PLGA (75:25) microcontainers [23]. In a different study performed in the same model, there was a
tendency that SU-8 microcontainers adhered better to the mucosa than PCL microcontainers with the
same dimensions [22].

Techniques like the perfusion model described above, or atomic force microscopy (AFM),
are commonly applied to study mucoadhesion ex vivo [25,26]. However, these techniques do
not allow for simultaneous evaluation of the permeation across the intestinal barrier. In order to study
API permeation, methods like in vitro studies with Caco-2 cells or ex vivo studies using an Ussing
chamber setup are traditionally used [27,28].

A well-documented method to explore the performance of drug delivery systems in situ is the
intestinal perfusion technique in rodents, introduced by Schanker in 1958 [29]. Several decades
later, the technique is still widely applied in the field of intestinal absorption research due to its
versatility [30–32]. Furthermore, the in situ technique provides the opportunity to investigate
absorption and mucoadhesion simultaneously in a specific region of the intestine. These are important
characteristics for evaluation of both local delivery and formulations aiming for prolonged release
followed by absorption.
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This in situ perfusion technique is applied in anesthetized rodents, where the relevant part of the
intestine is isolated from nearby tissues, but not removed from the living organism. The perfusion can
be performed as single-pass intestinal perfusion or with a closed-loop technique [32]. In both cases,
the neural, endocrine, blood and lymphatic contributions are maintained during the experiment in
order to simulate in vivo conditions. Both perfusion techniques have shown equally good correlations
to literature values of the absorbed fraction of the oral dose (Fabs) in humans [32,33]. The closed-loop
in situ perfusion technique based on Doluisio’s method [34] has been widely applied for intestinal
absorption of different drugs and in different regions of the intestine [35–37]. Earlier, the closed-loop
intestinal perfusion technique has been applied to investigate the mechanisms governing absorption
from drug suspensions [38] and drug-loaded microdevices [16] in the small intestine. The closed-loop
perfusion technique has previously been validated to study colonic absorption [37], but has not yet
been applied to study mucoadhesion and absorption simultaneously in this region of the GI tract.

Previously, we have seen that the shape and surface texture of microdevices influence
mucoadhesion ex vivo [22,39]. More specifically, triangular microcontainers previously resulted
in improved mucoadhesion in parts of a small intestinal section compared to cylindrical
microcontainers [22]. However, these microcontainers were not normalized with respect to the
surface area. Thus, it is unclear whether the shape or the difference in surface area was the reason
for this observed effect. To elaborate on this, the present study aimed to evaluate differently shaped
microcontainers, with the same exterior surface area, using a closed-loop in situ intestinal perfusion
technique. This technique allowed us to simultaneously evaluate mucoadhesion of microcontainers
and absorption of a model drug, amoxicillin, in the colon of rats. Cylindrical, triangular and cubic
microcontainers were evaluated regarding in vitro release, in situ mucoadhesion and in situ absorption
of amoxicillin. Additionally, the mucoadhesion of empty cylindrical microcontainers with pillars on
the top surface were compared to a control without pillars.

2. Materials and Methods

2.1. Materials

Amoxicillin trihydrate was bought from TCI (Tokyo, Japan) and Eudragit® L100 was acquired
from Evonik Industries (Essen, Germany). Dibutyl sebacate, isopropanol and potassium phosphate
monobasic for the HPLC mobile phase were purchased from Sigma Aldrich (St. Louis, MO, USA).
Methanol was bought from VWR International (Radnor, PA, USA).

The negative epoxy based photoresist SU-8 was used for production of microcontainers.
Formulations with two different viscosities were used (i.e., SU-8 2035 and 2075) and the cross-linked
structures were developed in Developer mr-Dev 600. Resist and developer were purchased from
Micro Resist Technology GmbH (Berlin, Germany). Single-side polished ø100 mm Si substrates with a
thickness of 525 µm were acquired from Topsil Globalwafers A/S (Frederikssund, Denmark).

For the phosphate buffered saline (PBS) used in the in situ perfusion studies, sodium chloride,
potassium chloride, sodium phosphate dibasic and potassium phosphate monobasic were purchased
from Scharlab (Barcelona, Spain). Animals were from Charles River Laboratories (Quebec, QC,
Canada). Sylgaard 184 silicone elastomer kit was purchased from Dow Chemical (Midland, MI, USA).
Ultrapure water used throughout the studies was obtained from a Q-POD® dispenser (Merck Millipore,
Burlington, MA, USA).

2.2. Fabrication of SU-8 Microcontainers

Microcontainers with five different designs were used in these experiments. Amoxicillin-loaded
microcontainers enteric coated with Eudragit® L100, were produced as 3D structures in three different
shapes; cylindrical, equilateral triangular prism and quadrangular prism (Table 1). The central
cylindrical compartment for drug loading was designed with a constant volume for all shapes.
Furthermore, the three shapes were designed to have a constant outer surface area when neglecting
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the top surface (which was coated). By maintaining a constant interaction area, the studies aim to
isolate the influence of geometry on the colonic mucoadhesion. In addition to the above mentioned
microcontainers, cylindrical microcontainers with and without 35 µm pillars (in diameter) on the
sidewalls were produced (Table 1).

Table 1. Design parameters of the microcontainers evaluated in the present study. Data represents
mean ± SD and n = 5 unless otherwise specified.

Shape Topology Image
Inner

Diameter
(µm)

Outer
Diameter/Side
Length a (µm)

Inner
Height (µm)

Outer
Height (µm)

Surface Area
(Normalized to

Cylinder)

Cylindrical

 

λ λ

 

157.8 ± 2.2 304 ± 2.2 210.8 ± 3.1 247.8 ± 3.1 1.000 b

Cubic

 

 

 

157.6 ± 2.2 248.0 ± 2.2 211.0 ± 4.6 245.0 ± 4.6 0.985

Triangular

 

 

 

158.2 ± 2.2 342.0 ± 2.2 210.6 ± 4.2 245.4 ± 4.0 1.003

Cylindrical (reference) c

 

 

 234.3 ± 2.2 324.7 ± 2.2 218.0 ± 3.0 252.0 ± 1.7 1.099

Cylindrical (reference)
with pillars d,e

 

 

 

219.5 ± 2.2 323.7 ± 2.2 166.3 ± 1.5 202.8 ± 1.2 0.933

a the diameter for all cylindrical microcontainers and the side length for the cubic and triangular microcontainers.
b corresponding to 309243.3 µm2. c n = 3. d n = 6. e pillar dimensions: 41 µm high with a diameter of 35 ± 2.2 µm.

All microcontainers were produced following an approach first introduced for drug delivery
devices in [40], then adapted and modified in [41]. Starting out with clean Si substrates, a release layer
consisting of 5 nm Ti and 20 nm Au was deposited (Temescal FC-2000, Ferrotec Corporation, Santa
Clara, CA, USA) using electron-beam evaporation. The release layer ensures adequate adhesion during
drug loading and lid coating, but allowed for harvesting the microcontainers without damaging the
SU-8 structures. All microcontainers featured an approximately 35 µm thick bottom layer formed
by spin coating SU-8 2035 (RCD8 manual spin coater, Süss MicroTec, Garching, Germany). This was
followed by performing a soft bake at 50 ◦C for 2 h (ramping rate 2 ◦C/min, used for all baking steps),
conducting UV exposure using doses in excess of 200 mJ/cm2 and then carrying out a post exposure
bake (PEB) at 50 ◦C for 6 h using the aforementioned ramping rate. The UV exposure was conducted
using a maskless aligner (MLA100 Tabletop Maskless Aligner, Heidelberg Instruments, Heidelberg,
Germany) or a conventional mask aligner (Karl Süss Mask Aligner MA6, Süss MicroTec, Garching,
Germany) operated in soft contact mode. The sidewalls of the microcontainers were defined in SU-8
2075, which was spin coated and subject to a soft bake at 50 ◦C for 10 h. The UV exposure was
conducted using a dose of 500 mJ/cm2. For defining the cylindrical empty reference microcontainers
with no pillars on the sidewalls, the mask aligner was operated in proximity exposure mode to avoid
direct contact between the soda-lime glass mask and the SU-8. The remaining four microcontainer
types were UV exposed using the maskless aligner. After UV exposure, a PEB of 10 h at 50 ◦C was
carried out. To form the pillars on the sidewalls of one of the empty control microcontainer groups,
a final layer of SU-8 2035 was spin coated, soft baked at 50 ◦C for 2 h, UV exposed using a dose of
200 mJ/cm2 and finally subjected to a PEB at 50 ◦C for 6 h. The substrates, carrying the multitude of
different drug delivery devices, were developed by immersion in two separate baths for 2 × 20 min and
flushed with copious amounts of isopropanol before leaving the substrates to dry. Prior to drug loading
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and lid coating, the Si substrates were diced (Automatic Dicing Saw DAD 321, DISCO, Tokyo, Japan)
into 12.8 × 12.8 mm2 chips, each containing 625 microcontainers arranged in a 25 × 25 array.

The microcontainers were characterized using both conventional bright-field microscopy (Nikon
Eclipse L200, Nikon Metrology, Tokyo, Japan) for extracting data on the horizontal dimensions
and vertical scanning interferometry (PLu Neox 3D Optical Profiler, Sensofar Metrology, Barcelona,
Spain) aimed at characterizing the vertical dimensions (i.e., inner and outer heights and pillar height).
The results of the topology characterization are summarized in Table 1. For the horizontal measurements
(i.e., diameters and side lengths), a value corresponding to the optical resolution multiplied by a
factor of 3 was used. The optical resolution, R, of the used objective (20×, NA = 0.45) was evaluated
as R = (0.61λ)/NA where the illumination wavelength was λ = 550 nm. This resulted in the stated
measurement uncertainty of ±2.2 µm. When considering the height measurements, we used the
standard deviation based on an ensemble of measurements. Generally the horizontal dimensions are
subject to small variations and the spread in the vertical dimensions are governed by the homogeneity
of the spin coated SU-8 layers.

2.3. Loading of Amoxicillin into Microcontainers and Spray Coating with Eudragit® L100

For the in situ perfusion study, the microcontainer chips were loaded with amoxicillin as previously
described [16,42]. Briefly, amoxicillin was manually distributed on the microcontainer chip and excess
drug between the microcontainers was subsequently removed with an air gun. For the in vitro release
studies, the microcontainers were loaded using a PDMS shadow mask to cover the chip area between
the microcontainers, as previously described [43]. In both cases, the chip with microcontainers was
weighed before and after loading to determine the loaded amount of amoxicillin. Visualization of the
loading was carried out by scanning electron microscopy (SEM) using a Hitachi TM3030Plus tabletop
microscope (Hitachi High-Technologies Europe, Krefeld, Germany).

A lid of Eudragit® L100 was deposited over the microcontainers as previously described [19],
by spray coating an isopropanol solution with 1% w/v Eudragit® L100 and 5% w/w (in relation
to the polymer) dibutyl sebacate. Briefly, the solution was sprayed over the amoxicillin-loaded
microcontainers one chip at a time using an ultrasonic spray coater (Exactacoat system, Sono-Tek,
Milton, NY, USA) with an Accumist nozzle operating at 120 kHz. Each chip was coated with 30 loops of
two alternating spray paths having an offset of 2 mm, resulting in a total of 60 passages. Visualization
of the coated microcontainers was carried out by SEM.

2.4. In Vitro Release Studies

The release of amoxicillin from the differently shaped microcontainers coated with Eudragit®

L100 was measured using a µDISS ProfilerTM (Pion Inc., Billerica, MA, USA), as previously described in
the literature [16,19,42]. Initially, a calibration curve was prepared by addition of different volumes of
amoxicillin in PBS stock solution to 10 mL PBS (pH 7.4) followed by measurements of UV absorbance in
the range of 270–280 nm. For the release study, a microcontainer chip was placed on top of a cylindrical
magnetic stirring bar with double-sided carbon tape, transferred to a sample vial and covered with
10 mL PBS at the same time as the experiment was started. Studies were performed at 37 ◦C with a
stirring rate of 100 rpm, and the path length of the UV probes was 5 mm. UV measurements were
carried out every 10 s until an amoxicillin release of 100% was observed after approximately 60 min.

2.5. Closed-Loop Colon Perfusion Study in Rats

Male Wistar rats were used in accordance with 2010/63/EU directive of 22 September 2010
regarding the protection of animals used for scientific experimentation. The Ethics Committee for
Animal Experimentation of the University of Valencia approved the experimental protocols (code
A1544541996825). Male Wistar rats weighing 240 ± 12 g were fasted for 3 h before the experiments with
ad libitum access to water. The rats were anesthetized by intraperitoneal injection of pentobarbital
sodium (40 mg/kg) prior to the surgical procedure.
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The drug absorption rate constant of amoxicillin in the colon and the mucoadhesion of
microcontainers were evaluated by the in situ closed-loop perfusion method based on Doluisio’s
technique [34]. Briefly, the animals were placed under a heating lamp and a midline abdominal
incision was made to expose the intestine. The colon section was isolated by making two incisions;
one after the caecum and the other just before the rectum. Two glass syringes connected to three-way
stopcock valves were introduced in the incisions with the help of two cannulas, creating an isolated
compartment as depicted in Figure 1. Procedures were performed with care to avoid disturbance of
the intestinal blood supply and intestinal bleeding. In order to remove all intestinal content and wash
the colon, the intestinal section was thoroughly flushed with PBS pre-heated to 37 ◦C. The colon was
carefully placed back into the peritoneal cavity and the abdomen was covered with cotton wool pads
to prevent peritoneal liquid evaporation and heat loss [16,32,35].

 

Figure 1. Schematic overview of the in situ colonic perfusion study. The different microcontainers
were dosed through two cannulas connected to glass syringes creating a closed colon compartment.
To investigate the absorption of amoxicillin, intestinal samples were collected from the two glass
syringes every 5 min throughout the experiment and a blood sample was collected 30 min after
the experiment. The plasma and intestinal samples were analyzed with high performance liquid
chromatography (HPLC) to determine the concentration of amoxicillin. The mucoadhesion of the
microcontainers was evaluated as the percentage adhering to the colonic section after the study.

A number of microcontainers, corresponding to 0.4 mg amoxicillin (120 cylindrical, 278 cubic
or 136 triangular microcontainers) were dispersed in 5 mL pre-heated PBS and introduced through
the cannulas into the isolated section. For the empty reference cylinders without and with pillars,
204 ± 25 and 223 ± 45 microcontainers, respectively, were dosed in the same manner. Samples of
150 µL were collected every 5 min up to a period of 30 min (Figure 1). Sample withdrawal was
performed by pushing the luminal content from one syringe to the other, alternatively from the
proximal syringe to the distal one and the other way around [44]. Intestinal samples were stored at
−20 ◦C until further analysis.

Water flux absorption processed during the experiment could be significant, and hence it must be
considered [45]. To do so, the volume of the intestinal content was measured in every animal after the
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whole procedure (Vt) and compared to the initial volume (V0) of 5 mL. The drug concentration in the
samples was corrected according to Equation (1):

Ct = Ce (Vt/V0), (1)

where Ct represents the concentration in the absence of water reabsorption at time t, and Ce is the
experimental value. The corrected concentration, Ct, was then used to calculate the actual absorption
rate coefficient in relation to the initial concentration (C0) [45]. The absorption rate coefficients (ka) of
the compounds were determined by nonlinear regression analysis of the remaining concentrations in
the intestinal lumen (Ct) versus time according to Equation (2):

Ct = C0 e−k
a

t (2)

After 30 min, a cardiac puncture was performed under anesthesia to collect the blood from the
rat (Figure 1). The blood was collected in heparinized tubes and centrifuged at 10 ◦C and 6100× g for
8 min. The plasma was stored at −20 ◦C until further analysis. After the experiment, the isolated colon
section was cut and placed onto a glass slide with the luminal side upwards to determine the number
of microcontainers. A light microscope (Nikon Eclipse 50i, Nikon, Tokyo, Japan) with camera (Nikon
digital camera, DXM1200C, Nikon, Tokyo, Japan) was used to visualize the microcontainers on the
colon section.

2.6. High Performance Liquid Chromatography Analysis of Intestinal and Plasma Samples

The concentration of amoxicillin in the intestinal fluid and plasma was determined by high
performance liquid chromatography (HPLC). HPLC analyses were performed on a Shimadzu HPLC
system (Shimadzu, Kyoto, Japan). The system consisted of a CBM-20A system controller, SIL-20AC
HT auto sampler, LC-20AD pump, DGU-20A5R degassing unit, CTO-20AC column oven, RID-20A
refractive index detector, and SPD-30A photodiode array detector. The mobile phases consisted of
A: phosphate buffer (6.8 g KH2PO4/L, pH 5) and B: acetonitrile, and the samples were run with an
isocratic method with an A:B mobile phase ratio of 95:5 v/v. A Luna 5.0 µm C18 100 Å, 250 × 4.6 mm
column (Phenomenex ApS, Værløse, Denmark) was used for the analyses and samples were run at
25 ◦C.

The intestinal samples were vortexed and centrifuged at 10,600× g for 10 min and the supernatant
was transferred to HPLC vials with 300 µL flat bottom inserts (Frisenette, Knebel, Denmark). For the
plasma samples, 60 µL plasma was mixed with 100 µL methanol and otherwise treated as described
above for the intestinal samples. Calibration curves were prepared from stock solutions of amoxicillin
in water. For the plasma sample analysis, accurate volumes of the stock solutions were mixed with
plasma and methanol (same ratio as the samples) and treated the same way as the samples. A volume
of 20 µL was injected and the flow rate was 0.8 mL/min with a run time of 10 min for each sample.
The absorbance was measured at 230 nm.

2.7. Data Analysis

All data processing was performed in Microsoft Excel 2016 (Redmond, WA, USA), GraphPad
Prism version 6.0 (GraphPad software, San Diego, CA, USA) and SPSS version 22.0 (IBM Corp, Armonk,
NY, USA). The data is expressed as the mean ± standard deviation (SD) unless otherwise stated.
Statistical differences were determined using one-way ANOVA followed by Games–Howell post-hoc
analysis, where p-values below 5% were considered significant.
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3. Results and Discussion

3.1. Microcontainer Characterization and Preparation

For the present study, which addresses the impact of microcontainer geometry on the colonic
mucoadhesion and absorption during in situ experiments in rats, three 3D container designs were
investigated: cylindrical, cubic and equilateral triangular (Table 1). The microcontainers all had a
cylindrical center compartment for drug storage and the outer surface area (neglecting the top surface)
was kept constant to ensure an identical interaction area between microcontainers with different shapes
and the mucosal layer in the colon.

The microcontainers were loaded with 1.50± 0.27 mg, 0.89± 0.19 mg and 1.78± 0.18 mg amoxicillin
per chip for the cylindrical, cubic and triangular microcontainers, respectively (Figure 2a–c). Despite
having the same inner cavity volume for drug loading, the cubic microcontainers were loaded with
significantly less amoxicillin than the two other shapes. This is ascribed to the manual loading process,
where the additional corners can affect the loading efficiency. After drug loading, the microcontainers
were coated with Eudragit® L100. Inspection with SEM showed uniform coatings covering the cavities
of the drug-loaded microcontainers for all three shapes (Figure 2d–f).

 

 

Figure 2. SEM images of a (a) cylindrical, (b) cubic and (c) triangular microcontainer loaded with
amoxicillin and a (d) cylindrical, (e) cubic and (f) triangular microcontainer loaded with amoxicillin
and coated with Eudragit® L100. All scale bars represent 100 µm.

Besides the three shapes described above, cylindrical reference microcontainers with pillars on
the top surface of the sidewalls were also fabricated (but not loaded with drug) and the mucoadhesion
of these were compared to the mucoadhesion of traditional empty cylinders of similar dimensions as
the control (Table 1).

3.2. In Vitro Release Studies

To investigate the release rate, the in vitro release of amoxicillin from the microcontainers was
evaluated on a µDISS ProfilerTM in PBS at pH 7.4 (Figure 3).

For all three formulations, the loaded amount of amoxicillin was released after 60 min (98 ± 1%,
98 ± 3% and 94 ± 3% for the cylindrical, cubic and triangular microcontainers, respectively).
The observed in vitro release of amoxicillin from the Eudragit® L100-coated microcontainers was
expected since the coating dissolves at pH values above 6.0. After 30 min, a release of approximately
60% was observed for the cylindrical and triangular microcontainers, whereas there was a trend
towards slower release of amoxicillin from the cubic ones (44 ± 10% after 30 min).

After 45 min, at least 80% of the initial amoxicillin dose was released, which categorizes the
formulation as an immediate release formulation according to the European Pharmacopoeia [46].
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Comparable pH-dependent release profiles have previously been observed for drugs loaded in
microcontainers and coated with Eudragit® L100 [16,47].

 

Figure 3. Amoxicillin in vitro release profiles as a function of time from

 

 cycylindrical,

 

lindrical, cucubic
and

 

and triangtriangular microcontainers in PBS (pH 7.4). All microcontainers were coated with Eudragit®

L100. Data represent mean ± SD, n = 4.

3.3. In Situ Closed-Loop Colon Perfusion Study in Rats

The in situ closed-loop perfusion technique was applied to study the interaction between
microcontainers and the colonic mucus layer, and whether this interaction affected the absorption of
amoxicillin from the microcontainers compared to a control solution.

3.3.1. Mucoadhesion of Microcontainers

After 30 min of the perfusion study, the microcontainers were manually localized and counted by
inspecting the colon sections under a light microscope (Figure 4). When qualitatively investigating the
microcontainers retained in the colonic mucus, it was observed that the microcontainers were mainly
found in clusters that were partly or completely covered by mucus (Figure 4). Similar clustering trends
have previously been observed for other microdevices evaluated on a cell monolayer under flow [17].

The mucoadhesion of the microcontainers was quantified as the percentage of microcontainers
adhering to the colonic mucus after 30 min compared to the total amount of microcontainers dosed
(Figure 5). It was found that 12 ± 7% of the loaded cylindrical microcontainers were retained in the
colonic mucus. In contrast, a significantly higher (p = 0.019) number of cubic microcontainers (33± 12%)
were found to be retained in the colon sections after the same period of time (Figure 5). The percentage
of the triangular microcontainers in the colonic mucus was 28 ± 26% and a higher inter-individual
variation was observed for these rats compared to the rats in the other groups (Figure 5).

Based on the data presented in Figure 5, the only significant difference was between the cubic and
cylindrical microcontainers loaded with amoxicillin. The absence of significant differences between
the other groups can be explained through the rather large data distribution in the group dosed with
triangular microcontainers, which varied between 3 and 81% (Figure 5). As expected, the shape with
the least pronounced mucoadhesion was the cylindrical one, since this shape did not provide any
corners or edges to allow for interaction with the mucus. The most mucoadhesive shape seemed
to be the cube, although the differences were non-significant due to the large variations observed
for triangular microcontainers. If the cubic and triangular microcontainers are analyzed based on
geometry/topology, there are obvious differences between the two shapes. The cubic structures have 6
surfaces with approximately the same area and shape, 12 edges and 8 corners, whereas the triangles
have 5 surfaces, 9 edges and 6 corners. We believe that the number of surfaces, corners and edges
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strongly influence the way the microcontainers are retained in the mucus. These shape differences
would also result in different contact surfaces between the microcontainers and the mucus, and thus,
differences in mucoadhesion according to the wetting theory [9]. The cylinders will for example have a
much smaller contact surface with the mucus if they land on their curved side.

 

 

Figure 4. Microscopy images of microcontainers in colonic mucus following in situ perfusion studies.
(a,b) cylindrical microcontainers, (c) pillared reference microcontainers, (d) cubic and (e) triangular
microcontainers. All scale bars represent 100 µm.

 

Figure 5. Mucoadhesion of the five microcontainer formulations expressed as percentage of dosed
microcontainers still adhering to the mucus after the closed-loop intestinal perfusion study (mean ± SD,
n = 4–7). * indicates a significant difference with a p-value below 5%.

A previous study investigated the mucoadhesion of cylindrical and triangular microcontainers in
an ex vivo perfusion model and found triangular microcontainers to be significantly more mucoadhesive
in the mid-part of the intestinal section [22]. This finding, in relation to the results in the present study
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about cubic microcontainers being more adhesive than cylindrical microcontainers, suggest that the
presence of corners or edges can influence the mucoadhesion properties. However, the changing
properties of the mucosa along the GI tract makes it difficult to directly extrapolate findings from one
intestinal region to another.

We did not expect the material SU-8 to have any significant influence on mucoadhesion in itself.
Even if SU-8 interacted with the mucus layer, the effect of this interaction would be similar for all
the shapes since they have been normalized to have the same exterior surface area. Hence, we
would not expect the differently shaped microcontainers to adhere differently as a result of interfacial
interactions relating to material properties. Thus, we expect that the observed interaction with the
intestinal mucosa is mostly due to mechanical detainment due to the differences in shape rather than
chemical interactions.

In addition to the influence of the shape itself, the mucoadhesive effect of pillars applied to the top
surface of cylinders was investigated (Figure 5). The amount of reference cylindrical microcontainers
with pillars adhering to the colonic mucus was found to be 16 ± 13% after 30 min, which was very
similar to the percentage of conventional reference and loaded cylinders (13 ± 9% and 12 ± 7%,
respectively). In accordance with the mechanical theory of mucoadhesion described in the introduction,
the pillars were introduced on the reference cylinders as bioinspired structures to increase adhesion by
filling the imperfections of a rough surface. However, unexpectedly, no differences in mucoadhesion
were observed by adding these small structures on top of the reference microcontainers. This could be
attributed to the size or number of pillars, which might have been insufficient in order to interact with
the mucus in a significant way. Finally, it was observed that handling of the reference microcontainers
with pillars resulted in loss of some pillars when the microcontainers were evaluated with SEM before
dosing, which could outweigh the potential adhesion effect of the pillars. To fully investigate the
concept of surface structures further, additional studies are needed. Nevertheless, the microcontainers
themselves seem to present adequate geometrical forms which can be detained in the mucus layer
without help from smaller structures on the surface.

Surface modified microdevices have previously been found to increase adhesion in vitro and
ex vivo [18]. However, these microdevices were not investigated in situ or in vivo and the surface
structures on these devices were remarkably smaller (60–160 nm) than the pillars on the surface of the
microcontainers in the present study (41 µm in height and 35 µm in diameter). In a different study,
the impact of larger and more complex surface structures was investigated ex vivo and these were
found to have a large impact on the adhesive properties of the microdevices [39].

When comparing the loaded and coated microcontainers to the empty reference microcontainers
with and without pillars, it is important to consider the possible effect of the lid coating. Eudragit®

polymers have previously been found to possess mucoadhesive properties when applied on
nanocapsules [48]. Thus, the coating itself could influence the adhesion of the microcontainers
even if Eudragit® L100 is expected to dissolve quickly at pH 7.4. However, all three types of cylindrical
microcontainers appeared to result in similarly low mucoadhesion (Figure 5), which indicates that the
shape is the most important factor for mucoadhesion in the present study.

In two euthanized rats dosed with cylindrical reference microcontainers, a remarkably smaller
number of microcontainers were found to adhere after 30 min than for other rats dosed with reference
cylinders. These findings indicate that the microcontainers interact differently with the colonic mucus in
the presence of peristalsis, irrigation and water-resorption processes, which emphasizes the importance
of evaluating mucoadhesion in situ as well as ex vivo.

3.3.2. Absorption of Amoxicillin

To address whether the mucus retention affected the absorption of amoxicillin from the
microcontainers, blood and intestinal samples were collected. Based on the remaining concentrations
in the intestinal lumen, the absorption rate constant (ka) was calculated for amoxicillin in solution and

173



Pharmaceutics 2020, 12, 355

amoxicillin dosed via cylindrical, cubic and triangular microcontainers (Figure 6). The values for ka

are relevant in order to evaluate how mucoadhesion affects the absorption of amoxicillin.

 

−

−

− −

Figure 6. First-order absorption rate constants (ka) calculated from the closed-loop intestinal perfusion
studies for Eudragit® L100 coated microcontainers loaded with amoxicillin and for an amoxicillin
control solution (mean ± SD, n = 6).

For amoxicillin in cubic microcontainers, ka was calculated to be 2.5 ± 0.6 h−1, which is not
statistically different to the value obtained for the solution (2.6 ± 0.4 h−1) (Figure 6). For cylinders and
triangular prisms, ka of amoxicillin was calculated to be 0.0 ± 0.7 h−1 and 0.0 ± 0.5 h−1, respectively
(Figure 6). In the case of the cubic microcontainers, absorption seems to be faster than the release,
resulting in a positive ka. This could be related to the slower in vitro release observed from this shape
(Figure 3). On the contrary, the concentrations of amoxicillin measured in the lumen after dosing
with cylindrical and triangular microcontainers appeared to be constant during the whole experiment.
This could indicate that the absorption and release occurred with the same rate, and, thus, the absorbed
amount of amoxicillin was continuously replaced by the released amount.

After 30 min, a blood sample was collected to compare ka to the amount of amoxicillin absorbed
from the colon during the experiment. In plasma, amoxicillin was mainly detected after dosing
in solution and cubic microcontainers (0.26 ± 0.03 and 0.08 ± 0.02 µg/mL, respectively). On the
contrary, amoxicillin could only be detected in plasma from one of the six rats dosed with triangular
microcontainers (resulting in 0.02 ± 0.02 µg/mL for the group on average). Systemic uptake of
amoxicillin was not detected in any of the blood samples from the rats dosed with cylindrical
microcontainers. The absorption of amoxicillin has previously been shown to vary in different regions
of the GI tract with limited absorption in the colon [49]. These region-dependent differences in
absorption are believed to be caused by decreased levels of the uptake transport responsible for the
absorption of amoxicillin [49,50].

In summary, the control solution and the cubic microcontainers were the formulations with the
highest ka, which also resulted in the highest concentration of amoxicillin in the plasma after 30 min.
Amoxicillin dosed in the control solution had the obvious advantage that it was already in solution
and available for absorption, whereas the amoxicillin powder inside the microcontainers needed more
time to be released, solubilized and then absorbed. Based on the in vitro release profiles (Figure 3),
only approximately 40% of the dose was expected to be released in the intestinal medium after 30 min,
which could explain the observed difference in plasma concentrations. The different preconditions,
but yet comparable performances, for the solution and the cubic microcontainers, suggested that
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the microcontainers must hold a different advantage, which might be related to the mucoadhesion.
A high degree of mucoadhesion as observed for the cubic microcontainers would result in a high local
concentration of amoxicillin facilitating the absorption.

Cylindrical microcontainers have previously been evaluated in an in situ closed loop perfusion
model in the small intestine in order to investigate mucoadhesion and absorption of furosemide [16].
The microcontainers were found to adhere to the intestinal mucus and result in a higher absorption
rate constant for furosemide when compared to a control solution [16]. The differences between this
work and the present one can be attributed to the properties of the API and the intestinal section in
which the absorption takes place.

4. Conclusions

In the present study, we investigated the influence of microdevice shape on colonic mucoadhesion
and drug absorption by applying an in situ closed-loop intestinal perfusion technique. Cylindrical,
triangular and cubic microcontainers were loaded with amoxicillin as a model drug and subsequently
coated with Eudragit® L100. The amoxicillin release was evaluated in vitro and the absorption of
amoxicillin and adhesion of microcontainers was evaluated in a closed-loop intestinal perfusion model
in anesthetized rats.

In vitro, a complete amoxicillin release was observed after 60 min from the three types of
microcontainers. From the microscopy analysis of the colon sections after the in situ perfusion
study, it was evident that a significantly higher percentage of cubic microcontainers than cylindrical
microcontainers (33 ± 12% and 12 ± 7%, respectively) was detained in the mucus. Additionally,
the absorption rate constants and the blood samples indicated that amoxicillin in cubic microcontainers
was absorbed more readily (2.5 ± 0.6 h−1 and 0.08 ± 0.02 µg/mL, respectively) than when cylindrical
microcontainers (0.0 ± 0.7 h−1 and no absorption detected) or triangular microcontainers (0.0 ± 0.5 h−1

and 0.02 ± 0.02 µg/mL) were dosed. This could be due to a higher degree of mucoadhesion for these
particular microcontainers.

With the present study, we have demonstrated that the in situ closed-loop intestinal perfusion
model is a promising tool to evaluate overall performance of microdevices in a confined region of a rat
intestine. Based on the presented results, the use of more complex microcontainer shapes including
more edges and corners, such as star shapes, should be investigated in the future.
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Abstract: The properties of the segregated flow model (SFM), which considers split intestinal flow
patterns perfusing an active enterocyte region that houses enzymes and transporters (<20% of the
total intestinal blood flow) and an inactive serosal region (>80%), were compared to those of the
traditional model (TM), wherein 100% of the flow perfuses the non-segregated intestine tissue.
The appropriateness of the SFM model is important in terms of drug absorption and intestinal and
liver drug metabolism. Model behaviors were examined with respect to intestinally (M1) versus
hepatically (M2) formed metabolites and the availabilities in the intestine (FI) and liver (FH) and
the route of drug administration. The %contribution of the intestine to total first-pass metabolism
bears a reciprocal relation to that for the liver, since the intestine, a gateway tissue, regulates the
flow of substrate to the liver. The SFM predicts the highest and lowest M1 formed with oral (po)
and intravenous (iv) dosing, respectively, whereas the extent of M1 formation is similar for the
drug administered po or iv according to the TM, and these values sit intermediate those of the
SFM. The SFM is significant, as this drug metabolism model explains route-dependent intestinal
metabolism, describing a higher extent of intestinal metabolism with po versus the much reduced or
absence of intestinal metabolism with iv dosing. A similar pattern exists for drug–drug interactions
(DDIs). The inhibitor or inducer exerts its greatest effect on victim drugs when both inhibitor/inducer
and drug are given po. With po dosing, more drug or inhibitor/inducer is brought into the intestine
for DDIs. The bypass of flow and drug to the enterocyte region of the intestine after intravenous
administration adds complications to in vitro–in vivo extrapolations (IVIVE).

Keywords: segregated flow intestinal model (SFM); traditional model (TM); route-dependent
intestinal metabolism; first-pass effect; drug-drug interactions; DDI; in vitro in vivo
extrapolations; IVIVE

1. The Intestine–Liver Unit

The extent of the absorption of orally administered drugs is controlled by the intestine and liver,
which are anatomically linked as a serial unit that is sequentially perfused by the circulation (Figure 1).
The intestine is the gateway tissue to the liver and is important for drug absorption and first-pass
removal. The superior mesenteric artery (SMA) supplies blood to the small intestine and its venous
drainage, together with venous returns from the spleen, pancreas, gallbladder and gastrointestinal
tract (GIT) including the stomach, constitute the hepatic portal vein flow (QPV), which is approximately
75% of the total liver blood flow, QH. Together with the hepatic artery (QHA), the remaining 25% of
QH, the dual flows collectively perfuse the liver.
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The intestine is endowed with absorptive transmembrane transporters in simple columnar,
epithelial cells known as enterocytes that line the inner surfaces of the small intestine. These
cells contain numerous protrusions known as the villi and microvilli that increase the surface area
multiple-fold to absorb drug molecules or nutrients from the gut lumen. Intestinal absorption models
have been classically linked to drug properties and the dosage form (pKa, logP, and solubility), as
well as the physiology of the gastrointestinal tract (pH, gastrointestinal transit time, gastric emptying
time, surface area, and microbiota) that control the fraction of dose absorbed (Fa) [1–11]. In addition
to passive diffusion, absorptive transporters known as the apical solute carrier transporters (SLC),
as exemplified by the PEPT1 (oligopeptide transporter 1), OATP1A2, OATP2B1 (the organic anion
transporting polypeptide 1A1 and 2B1), MCT1 (the monocarboxylic acid transporter 1), ASBT (apical
sodium dependent bile acid transporter) that reclaims bile acids, and OCT (organic cation transporter),
facilitate the entry of weak acids and weak bases [12–18]. Counterbalancing drug entry are the
efflux transporters—the P-gp (P-glycoprotein), BCRP (breast cancer resistance protein) and MRP2
(multidrug resistance-associated protein 2) that mediate drug or metabolite secretion back to the
intestinal lumen [19,20], and this backward flux tends to reduce the net absorption of solutes. The OSTα
and OSTβ (organic solute transporter α and β, half-transporters) transport bile acids out of the
enterocytes [21]. It is well recognized that P-gp is capable of secreting highly lipophilic drugs [22,23].
Since lipophilic drugs with high solubility and permeability (Biopharmaceutical Classification System
or BCS, Class I) are readily reabsorbed, the excretory function of P-gp is readily nullified [24].
The significance of P-gp, being more abundant distally in the ileum is, therefore, reduced for drugs
that are readily reabsorbed [20,23,25,26]. However, for highly soluble but poorly permeable Class
III BCS drugs, P-gp is more effective in reducing intestinal drug absorption [7]. It is also notable
that drug permeability can be influenced by the pH of the intestinal lumen that becomes more and
more basic and in turn, influence the extent of drug absorbed [3,8]. Segment-dependent decline in
membrane permeability, reduced surface area from the duodenum to ileum [27] and pH changes along
the intestine [8,28] are noted. These variables will modulate the extent of passive drug absorption.

α β α β

 

−
−

−

Figure 1. The intestine as a gateway tissue to the liver. Because of intestinal removal [extraction ratio,
EI or (1 − FI)], the drug entering the liver is reduced, and the liver may further remove the drug with
a liver extraction ratio (EH) to effect first-pass metabolism. The fraction absorbed, Fa and FI or (1 −
EI), and FH or (1 − EH) influence the systemic bioavailability, Fsys. This figure was reproduced with
permission from Noh and Pang [18], Wiley, 2019.

After crossing the intestinal membrane, the drug is met with metabolizing enzymes such as the
cytochromes P450 3A (CYP3A) and UDP-glucuronosyltransferases, UGTs [29–32]. The most abundant
CYP isoform is CYP3A4, which exceeds other isoforms such as 2C9, 2C19 > 2J2 > 2D6 that are present
in lower quantities [31,33–35]. UGT 1A (1A1, 1A6, 1A5, 1A8, and 1A10) and 2B (2B7, 2B15, and
2B17) subfamilies are present to mediate the glucuronidation of morphine, raloxifene, mycophenolate,
bisphenol A and gemfibrozil [36–40]. The intestinal metabolic activities for CYP3A4 and some of
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the UGTs are comparable to, or higher than, those in the liver [31,41,42]. Cytosolic glutathione
S-transferases [43,44] are found abundantly, whereas epoxide hydrolases [43] and sulfotransferases
(SULT) [45] are present at much lower quantities in the intestine.

The availability of the intestine (FI) after intestinal metabolism or secretion is defined as (1 − EI)
[where EI is the intestinal extraction ratio], and hepatic availability, FH, is given by (1 − EH) [where EH

is the hepatic extraction ratio]. The overall systemic availability, Fsys, is given by FaFIFH. Following oral
(po) drug dosing, the fraction of the dose absorbed (Fa) is attributed to dosage forms and/or solubility
properties, intestinal removal via metabolism or secretion (defined by the intestinal extraction ratio,
EI), and liver removal (defined as the hepatic extraction ratio, EH), respectively. The product of the
availabilities, FaFIFH, constitute the net fraction, the systemic availability, Fsys. For this reason, the
intestine and liver are both capable of removing a significant proportion of the orally administered
dose, a phenomenon known as the first-pass effect [46]. The extent of intestinal versus liver removal of
drugs is therefore intimately related [47–50].

2. Reason or Need for Intestinal Flow Models

Although the development of clearance concepts for the intestine has lagged behind that for
the liver [51–53], there have been some activities trending towards the fabrication of a useful and
meaningful intestine clearance model to predict the extent of removal and examine how the intestine
influences the rate of liver removal according to the route of drug administration. The correct intestinal
model will exert serious implications in terms of drug–drug interactions (DDIs) with inducers or
inhibitors, or in terms of in vitro–in vivo extrapolation (IVIVE).

3. Route-Dependent Intestinal Metabolism

Midazolam is a prototypic probe substrate of CYP3A4 metabolism that is often utilized for the
screening of CYP3A4 and CYP3A5 activities in inhibition or induction studies [42,54–58]. Midazolam
is metabolized by both the intestine and liver [42,59]. For the completely absorbed drug (Fa ~ 1), there
was a dramatically lower intestinal extraction ratio (EI = 0.08), measured across the arterial and hepatic
portal venous blood for midazolam after its intravenous administration among anhepatic patients
whose livers were removed during transplantation surgery [59]. In comparison, the mean fraction
metabolized across the intestinal mucosa when given intraduodenally was much higher (EI = 0.43).
This first, direct evidence uniquely shows route-dependent metabolism of the small intestine. Clinically,
the erythromycin breath test relates well to the midazolam unbound liver clearance and not correlated
to the intestinal clearance [60]. For radiolabeled (-)morphine that forms morphine 3-glucuronide
(M3G) in both the intestine and liver, M3G was absent and undetectable in the vascularly perfused rat
intestine preparation when morphine from the reservoir recirculated the rat intestine, a scenario akin
to the systemic administration of morphine. This contrasts the copious presence of the radiolabeled
M3G metabolite in both the intestinal lumen and reservoir after the intraduodenal administration of
morphine into the gut lumen [61]. Additional animal and human studies attest to the same trend of a
higher extent of intestinal metabolism after oral (po) than after intravenous (iv) drug administration
(Table 1). These examples serve as direct evidence that display route-dependent metabolism of the
small intestine. There will be a corresponding route-dependent change in the proportion of liver
metabolites formed as well, since the unmetabolized drug leaving the intestine now enters the liver for
further processing.
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Table 1. Examples of route-dependent intestinal metabolism.

Compound System Enzyme/Metabolite Examples References

Enalapril Perfused rat intestine–liver
preparation Esterase/enalaprilat

Enalaprilat formed from
enalapril after po

administration but not
systemic administration

[62]

Acetaminophen Perfused rat small
intestine preparation

Ugt1a6/acetaminophen
glucuronide

Metabolite observed after
intraduodenal but not

systemic dosing
[63]

(-)-6-aminocarbovir
(6AC)

Perfused rat small
intestine preparation

Adenosine deaminase activates
(-)-carbovir to 6AC

6AC was highly extracted
by intestine after luminal
dosing (0.54) compared to

reservoir dosing (0.08)

[64]

Morphine Perfused rat small
intestine preparation

Ugt2b1/
morphine 3-glucuronide (M3G)

M3G appeared after
intraduodenal but not

systemic dosing
[61]

L-754,394,
(furanopyridine

derivative)

Rats and dogs in vivo and
rat liver perfusion

Cyp3a/
epoxide intermediate

Inhibition of L-754,394 and
its metabolites by Cyp3a is
much greater for po than
iv administration of drug

[65]

Cyclosporine Human in vivo CYP3A4/AM1 and AM9
Metabolites: AM1 and
AM9 are lower after iv

compared to po
[66]

Verapamil Human in vivo CYP3A4 and 3A5/ norverapamil Metabolite, norverapamil
formation after po > iv [67]

Hydralazine Human in vivo
Acetyltransferase/

3-methyl-striazolo-3,4,
α-phthalazine (MTP)

More MTP formation
observed after oral dosing

than iv dosing
[68]

Cyclobenzaprine Human in vivo
UGT/

cyclobenzaprine glucuronide
(CBG)

Formation of CBG was
greater for the oral than for

parenteral case
[69]

Midazolam
(MDZ) Human in vivo

CYP3A4/
1’-OH and 4-OH MDZ

EI after intraduodenal
administration >> EI for iv

administration
[59,70]

Methyldopa Human in vivo SULT/
methyldopa sulfate (MS)

Greater formation of MS
after po than iv dosing of

M
[71]

Quinidine Human in vivo CYP3A/
3-hydroxyquinidine

More 3-hydroxyquinidine
formed via oral compared

to iv route
[72]

4. Intestinal Flow Models: Segregated Flow (SFM), QGut, and Traditional (TM) Models

Compartmental models are ill equipped to examine the extent of drug metabolism among
metabolizing tissues or organs that are arranged serially. Hence, physiologically based pharmacokinetic
(PBPK) modeling of the intestine and liver works a lot better. The approach has been used to appraise
the extent of intestine vs. liver removal of drugs [48,49,73–78]. Here, the view is that the intestine
is perfused 100% by superior mesenteric arterial flow (QSMA), which drains into the portal venous
blood (QPV) for the traditional intestinal model (TM), and, upon combining with QHA, these flows in
turn perfuse the liver. However, the TM would not explain route-dependent intestinal metabolism
on midazolam [59] and morphine [61], which propelled us to develop useful intestinal flow models
that can describe this phenomenon. The segregated flow model (SFM) describes a split flow pattern,
as proposed by Klippert and Noordhoek [79], with a lower flow rate perfusing the active, enterocyte
region (fQ or fraction of the total intestinal flow, <20%) that houses the enzymes and absorptive/efflux
transporters, and the remainder flow (>80%) perfusing the non-active, serosal region has since
surfaced [80]. With oral administration, the entire dose amount needs to cross into the enterocyte
region—the volume of which is conveniently viewed as (fQ´Vint), where Vint (or VI) is the volume
of the total intestine—whereas, for intravenous dosing, <20% of the drug in the circulation reaches
the enterocyte region, and this will effectively reduce the rate of drug removal by the intestine. The

182



Pharmaceutics 2020, 12, 312

segregated flow behavior of the intestine is found to explain route-dependent intestinal removal
observed for many drugs.

A similar flow model, the QGut model [81–83], was coined as a minimal model based on
the well-stirred model equation for the liver, namely, FI =

QGut

QGut+fuBCLI
int

[49], after the equation of

Yang et al. [83] was corrected upon substitution of fuB for the unbound fraction to intestinal tissue, fuI.
Since the villous flow (Qvilli) is 6% of the cardiac output as 19 L/h, the ratio of the Qvilli/QPV or fQ value
for the QGut model is as high as 0.484 for a lipophilic drug such as midazolam [81–83]. Notably, fQ is
different among these flow models: the SFM (fQ < 0.2), QGut model (fQ = 0.484) and TM (fQ =1). The fQ

value is expected to affect the extent of intestine and liver removal (EI and EH) in the intestine–liver
unit with respect to the route of drug administration.

5. Equations for Prediction of Route-Dependent Intestinal Removal

There are major differences in drug distribution and therefore intestinal drug clearance when the
drug is entering from gut lumen into the villous tip or from the circulation (drug given intravenously)
(Figure 2). For the TM, whereby the total intestinal flow perfuses the entire intestine (fQ = 1), there is
no difference in the distribution and clearance of drug between oral and intravenous administration
when the enterocyte and serosal regions are meshed together (Figure 2A). After po administration, the
drug is absorbed into the enterocyte (yellow arrow) and is well distributed in the enterocyte (right
graph); the distribution of drug into the enterocyte is also similar after intravenous administration,
and the drug is again well-distributed into the enterocyte (fQ = 1). For the SFM (Figure 2B), the extent
of distribution after po dosing for a rapidly absorbed drug is similar to that as for TM. Since the
enterocyte region is perfused with a lower flow rate (fQ´QPV) according to the SFM, its drug extraction
ratio for EI,po,SFM is therefore slightly higher than that for the TM, EI,po,TM, as the drug is associated
with a longer transit time in the tissue [18]. However for iv dosing, there is a reduced distribution of
drug reaching the enterocyte due to the reduced intestinal flow (fQ < 0.2), and there will be a smaller
intestinal clearance pursuant to intravenous dosing (Figure 2B). Thus EI,po,SFM > EI,iv,SFM or FI,iv,SFM >

FI,po,SFM (Figure 2B) when the drug is shunted away from the enterocyte region, especially for highly
permeable drugs entering the intestinal tissue from the circulation than from the gut lumen [18,80].

The explicit solutions for both the TM and SFM (and QGut model) are provided by Sun and Pang [84],
who placed the intestine and liver into simple or semi-physiologically based pharmacokinetic (PBPK)
models upon viewing both metabolic as well as transport (basolateral influx and efflux) pathways
in the intestine and liver (Figure 3). The only difference between the TM and SFM (or QGut model)
is the presence of an additional intestinal compartment, since the intestine is now denoted as two
subcompartments, the enterocyte and serosa, for the SFM and QGut model. For simplistic assignment
of the volume and flow, fQ x volume or flow are used to designate the enterocyte volume and flow,
respectively, and (1 − fQ) x volume or flow are used to denote the serosal volume and flow, respectively.
A common solution ([Equation (1)] now surfaces to represent the systemic bioavailability with oral
administration [84]. This common equation may be used to describe bioavailability, Fsys, when fQ = 1,
0.484 and <0.2, respectively, for the TM, QGut model, and the SFM.

AUCpo/Dosepo
AUCiv/Doseiv

= Fsys = Fa FIFH

Fa

[

fQQPVCLI
d2

fQQPVCLI
d2+(f QQPV+fuBCLI

d1)[CL I
int,met1+CLI

int,met2+CLI
int,sec(1−F a)]

][

QH(CL H
d2+CLH

int,H

)

QH(CL H
d2+CLH

int,H)+fuBCLH
d1CLH

int,H

]

(1)

where CLI
d1 is the influx transport clearance and CLI

d2 is the efflux transport clearance. CLI
int,met

is the intestinal intrinsic metabolic clearance (for pathways 1 or 2) and CLI
int,sec is the secretory

intestinal intrinsic clearance. In the liver, the sum of CLH
int,sec and CLH

int,met is CLH
int; fuB is the unbound

fraction in blood, and QPV and QH are the portal venous flow and total liver blood flow, respectively.
The superscripts I and H denote the intestine and liver, respectively. Notably, the unbound fractions of
drug in intestine and liver tissue (fuI and fuH) are canceled out in the manipulation.
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Figure 2. Schematic of drug molecules (D) traversing the intestinal membrane and entering the
enterocyte for the tradtional model (TM) (A) and segregated flow model (SFM) (B). After po
admininstration, the drug is absorbed into the enterocyte (yellow arrow) and distributed abundantly in
the epithelisum (adjacent) for both the TM and SFM. After intravenous administration, the drug is
distributed to the same extent in the epithelium according to the TM (fQ = 1) while the SFM (fQ < 0.2)
predicts a much lower distribution of drug in enterocytes. This figure was reproduced with permission
from Noh and Pang [18], Wiley, 2019.

 

PVC

Figure 3. Physiologically based pharmacokinetic (PBPK) models depicting the intestine as a single
tissue or compartment for the TM (left) or as the two subcompartments, the enterocyte and serosal
subcompartments for the SFM (right), perfused by segregated flows. This figure was reproduced with
permission from Sun and Pang [84], Springer, 2010.

For a drug in the circulation entering the intestine, the rate of drug removal by the enterocyte is
fQ.QPV (1 − FI)·CA, but there is no removal by the serosal region (Figure 4). The split flow pattern for
the SFM or QGut model results in a flow-averaged outflow, portal venous concentration, CPV [49].

CPV =
fQQPVFICA+(1− f Q)QPVCA

QPV
= CA[fQFI + (1− f Q)] (2)
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Figure 4. Drug removal by the intestine–liver unit: the intestine controls the substrate flux to the
liver. The contributions of intestinal (A) and liver (B) removal are given by Equations (3) and (4).
The drug in the circulation enters two subcompartments of the intestine—the enterocyte and serosal
compartments. Removal by the enterocyte but not seroal compartment results in a flow-averaged
portal venous concentration,CPV. If intestinal removal is high, the contribution by the liver is opposite
and will be low. This figure was modified with permission from Pang and Chow [49], ASPET, 2012.

This flow-averaged portal venous concentration is then combined with the arterial concentration
(CA) to perfuse the liver. Along the same line of reasoning, the rates of removal of drug by the intestine
and liver or the fractional contributions are given by,

vI

vI+vH
=

fQQPV(1− F I

)

fQQPV(1− F I) + EH

〈

QPV[f QFI+(1− f Q)] + QHA

〉 (3)

and
vH

vI+vH
=

EH
〈

QPV[f QFI+(1− f Q)] + QHA

〉

fQQPV(1− F I) + EH

〈

QPV[f QFI+(1− f Q)] + QHA

〉 (4)

The contributions of the intestine (vI) and liver (vH) in first-pass removal are hence described by
Equations (3) and (4). With fQ values = 1 (left) (TM), = 0.1 (SFM), or = 0.484 (QGut model) and with
the assumption that QPV is approximated by QSMA, simulations show that, for a drug entering the
intestine from the circulation, the TM predicts the highest intestinal contribution by the intestine–liver
unit, whereas the SFM predicts the least; the QGut model predicts values somewhere in the middle
(Figure 4A). The importance of the intestine increases when the liver possesses a low enzymatic
removal capacity (high FH). Under the same scenario, results for the %contribution by the liver are
the exact opposites, since there is a reciprocal relation to the intestine (Figure 4B). For the SFM, which
suggests a lower contribution of metabolism by the intestine for drugs entering from the circulation,
the contribution by the liver to first-pass removal is higher than those predicted for the TM and QGut

model, since there is a greater substrate flux entering the liver that will result in a greater %contribution
by the liver, especially for high EH drugs.

6. Is the SFM the Better Intestinal Flow Model Compared to the TM?

Theoretical development of the SFM readily explains the observed higher EI for midazolam
and morphine given orally versus intravenously (also Table 1), as do many other drug examples or
substrates. When different sets of in vivo or intestinal perfusion data were fitted to the TM versus the
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SFM, fits to the SFM were all superior over those for the TM. The fitted values of fQ were all <0.2, and
the SFM was shown to better the TM statistically among all examples (Table 2). The villous flow pattern
to the enterocyte region [85], being a low fraction (<0.2), has also been suggested by Granger et al. [86].
A better discrimination between the TM and SFM occurs when metabolite data are present, as provided
by the example of morphine, which forms morphine-3-glucuronide (M3G) by the intestine and liver in
the rat in vivo. The discriminatory power for the morphine study was further provided by the biliary
versus urinary excretion ratio of the metabolite, M3G, which is unable to cross the liver membrane due
to its polarity [87]. The M3G presence in bile suggests that the origin of the metabolite is from the liver.
The urinary morphine 3-glucuronide originates from both intestinal and liver metabolism, and the
observed ratio of M3G in urine/bile associated with intraduodenal morphine dosing was 2.55-fold
that with intravenous morphine administration, as predicted for the SFM [76]. The observations for
morphine and morphine 3-glucuronide correlated much better with the predictions from the SFM than
from TM.

Table 2. Fitted values of fQ in rodents in vivo and in perfusion preparations.

Drug
Fraction of Intestinal

Flow to Enterocytes (fQ)
Experimental Condition References

Benzoic acid 0.07 Rat liver perfusion [88]

Codeine 0.16 Rat in vivo [77]

Digoxin 0.20 Rat intestinal perfusion [26]

Digoxin 0.16 Mouse in vivo [89]

Morphine 0.10 Rat in vivo [76]

Morphine 0.024 Rat intestinal perfusion [80]

1,25-Dihydroxyvitamin D3 0.11 Mouse in vivo [87]

By contrast, there is practically no difference in the fitted results between the SFM and TM for
codeine, the inactive precursor that is N-demethylated to form morphine [77]. At first glance, the
similarity of both the SFM and TM fits is unique, suggesting that the drug is not subject to intestinal
metabolism. For codeine, rat Cyp2d1 (human CYP2D6) is of very low abundance in the intestine, and
intestinal metabolism of codeine is very low. For that reason, the agreement of the TM and SFM fits
to the codeine data infer a lack of intestine metabolism for codeine. We also recently observed the
same pattern for the pan-inhibitor, ketoconazole, after oral and intravenous administration to the rat
(unpublished information, Keumhan Noh, Lilly Xu, and K. Sandy Pang).

6.1. Implications on Formation of Intestinal and Liver Metabolites

Noh and Pang [18] examined the formation of the metabolites: M1 from intestine and M2 from
liver, as well as extraction ratios of the intestine with the route of drug administration. For TM, the
simulations verified that FI,po,TM = FI,iv,TM for highly permeable drugs, but FI,po,SFM < FI,iv,SFM for
SFM and FI,po,SFM < FI,po,TM = FI,iv,TM < FI,iv,SFM. The SFM predicts the highest formation of the M1
metabolite with oral dosing but the lowest formation of M1 with intravenous administration; the
converse should occur for M2 formation from liver. From M1/M2, the ratio would further unveil that
there is more M2 formation arising via the iv route because of direct delivery of drug via the hepatic
artery to the liver. Additionally, M1 is less formed according to the SFM for drugs administered iv
than po. For this reason, the ratio M1/M2 would always be smaller after intravenous administration
according to the SFM as well as TM (Figure 5).
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Figure 5. Formation of M1 and M2, specific metabolites formed by the intestine and liver, respecitvely,
as simulated by Noh and Pang [18]. The hepatic arterial flow (QHA), normally 25% of total liver
blood flow (shown where red line is), delivers the drug directly into the liver, and this contributes M2
formation. Additionally, M2 formation is highest according to the SFM for iv drug administration
wherein M1 formation is low due to the low fQ. For the TM, the extent of M2 formation is identical for
a drug given orally and intravenously, when there is no QHA flow; the extent increases with increasing
QHA. This figure was reproduced with permission from Noh and Pang [18], Wiley, 2019.

6.2. Implications of the SFM on Drug–Drug Interactions (DDIs)

Another reason for properly selecting the intestine flow model is on the prediction of DDI with
an inducer or inhibitor. Because >80% intestinal flow bypasses the enterocytes according to the SFM,
the route of administration of the inhibitor/inducer, if oral, should be much more effective than the
intravenous route, with the underlying reason that the inhibitor/inducer concentrations would be
higher in the enterocyte region. Hence, the extent of DDIs is dependent on how the victim drug or
inhibitor/inducer is administered and which intestinal flow model, TM or SFM, prevails (Table 3). For
midazolam given intravenously (2 mg) or orally (6 mg) to humans, its AUCiv increased 5-fold, whereas
AUCpo increased 16-fold upon pretreatment with 3 po doses of 200 mg ketoconazole orally at 12 h prior
to midazolam dosing, and twice at every 12 h thereafter [57]. For digoxin (1 mg), the inducer rifampin
(600 mg daily po for 15 days) produced a dramatic lowering of AUCpo but not AUCiv of digoxin due to
a 3.5-fold induction of intestinal P-gp protein [20]. In monkeys, ketoconazole inhibited the metabolism
of simvastatin, a typical Cyp3a substrate, when given orally and increased the AUCpo 5 to 10x, without
changing AUCiv for simvastatin given intravenously [90]. For midazolam, oral treatment (50 mg/kg/day
for 4 days) of dexamethasone increased the Vmax values for 1′-hydroxylation and 4-hydroxylation of
midazolam in rat intestinal microsomes much more than that with iv dexamethasone [91]. For digoxin
given to Wistar rats, purple grape juice (inhibitor of transporter or enzymes) increased the AUCpo

(73%) but not AUCiv for digoxin [92]. There exist many other examples attesting to this interesting
DDI pattern for orally but not intravenously administered victim drugs in the presence of inhibitors
or inducers, also given orally (Table 3). These examples confirm the observation that inhibitors or
inducers of intestinal enzymes act best after oral administration, since the concentration attained will
be highest within the intestine, and the same goes for the victim drug. The inhibition expected for the
SFM should be the greatest, and hence this would also create opposite changes in liver metabolism,
since inhibition of the intestine leads to a greater flux of substrate towards liver metabolism.
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Table 3. Greater inhibitory or inductive effects after oral administration than iv administration for
drug–drug interactions (DDIs) of the intestine.

Compound
Inducer/Inhibitor (Dosing

Route)
Enzyme
/Transporter

Outcome Reference

Induction Studies

Alfentanil Rifampicin (po) CYP Decrease in
AUCpo/AUCiv = 8.2 [93]

Cyclosporin Rifampicin (po) CYP Decrease in
AUCpo/AUCiv = 2.6 [94]

Digoxin Rifampicin (po) P-gp Decrease in
AUCpo/AUCiv = 1.3 [20]

Indinavir Dexamethasone (po) CYP and
P-gp

Decrease in
AUCpo/AUCiv = 2.3 [24]

Methadone Rifampicin (po) CYP Decrease in
AUCpo/AUCiv = 1.4 [95]

Midazolam Rifampicin (po) CYP Decrease in
AUCpo/AUCiv = 4.4 [96]

Nifedipine Rifampicin (po) CYP Decrease in
AUCpo/AUCiv = 8.5 [97]

Talinolol Rifampicin (po) P-gp Decrease in
AUCpo/AUCiv = 1.7 [98]

Tacrolimus Rifampicin (po) CYP Decrease in
AUCpo/AUCiv = 2.0 [99]

Temsirolimus Rifampicin (po) CYP Decrease in
AUCpo/AUCiv = 1.3 [100]

Inhibition Studies

Alfentanil Grapefruit juice (po)
Troleandomycin (po) CYP Increase in

AUCpo/AUCiv = 1.5–2.6 [93]

Atorvastatin Itraconazole (iv) CYP and
P-gp

AUCiv +INH
/AUCiv,control = 1.3

AUCpo +INH
/AUCpo control = 2.2

[101]

Cyclosporine
Carvedilol (po)

Grapefruit juice (po) Ketoconazole
(po)

CYP Increase of
AUCpo/AUCiv = 1.5–2.8 [66,102,103]

Felodipine Grapefruit juice (po) CYP Increase of
AUCpo/AUCiv = 1.9 [104]

Losartan Ticlopidine (po) CYP Increase of
AUCpo/AUCiv = 1.2 [105]

Midazolam

Clarithromycin (po) Diltiazem
(po) Erythromycin (po)

Fluconazole (po) Grapefruit juice
(po) Itraconazole (po)

Ketoconazole (po) Saquinavir (po)
Voriconazole (po)

CYP Increase of
AUCPO/AUCIV = 1.4–3.2 [57,91,93,106–111]

Nifedipine Grapefruit juice (po) licochalcone
A (po) CYP Increase in

AUCpo/AUCiv = 1.2–1.4 [112,113]

Saquanvir Grapefruit juice (po) CYP Increase in
AUCpo/AUCiv = 1.7 [114]

Simvastatin Ketoconazole (po) CYP Increase in
AUCpo/AUCiv = 5.0 [90]

Tacrolimus Ketoconazole (po) CYP Increase in
AUCpo/AUCiv = 1.4 [115]

Noh and Pang [18] recently explored the properties of the SFM and TM models with respect
to inhibitors via simulations. Within the assigned, limited parameter space set forth for the drug
example, the reduction in M1 formation is highest when both inhibitor (intestine inhibition constant,
Ki = 2 µM) and drug are both given orally, and least or almost unaltered at all when the drug is
given intravenously (Figure 6A). Inhibition of metabolism is revealed by the higher drug AUC in the
presence of the inhibitor. Often, changes in metabolite patterns are able to reveal inhibition of enzymes
within the tissue. For TM, the same extent of M1 formation occurs for both intravenous and oral drug
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administration, and inhibition of M1 formation is the same after iv or po drug administration. For SFM,
a greater extent of inhibition exists for the drug given orally and least when given intravenously. Liver
metabolism is in turn affected upon inhibition of the intestinal metabolism, and an inverse relation to
that for the intestine is found.

μ

 

Figure 6. Simulation of intestinally (M1) and hepatically (M2) formed metabolites. For simulation,
M1 and M2 were assumed to be inhibited within the intestine only (A), and both the intestine and
liver (B) for a drug example ([18]; data in Table 6 of the reference). The simulation showed that the
SFM predicted the highest and lowest M1 formation after oral and intravenous drug admintration,
respectively, and the TM predicts a similar extent. The inhibition on intestinal metabolism is the greatest
when both the inhibitor and drug are given orally, as predicted by the SFM (A). When both intestine
and liver metabolism is inhibited, the pattern of change is not readily predictable (B). A greater liver
inhibition exists after iv drug administration, and the extent of inhibition within the liver can exceed
that in the intestine (B). This figure was reproduced with permission from data in Table 6 of Noh and
Pang [18], Wiley, 2019.

The patterns of intestinal and liver metabolites formed upon inhibition of both the intestine and
liver are less revealing as to which tissue is being inhibited, since the proportions of M1 to M2 formed
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do not always change in the same direction. When inhibition occurring for both the intestine and liver
(same Ki = 2 µM for M1 and M2 formation), the fluctuations for M1 and M2 are small for the TM and
SFM for oral drug administration when inhibition of the intestine is highest. Although inhibition is
noted for the victim drug, the extent of M1 formation may even increase due to inhibition of liver
metabolism to a greater extent for the drug given intravenously due to the higher input with QHA,
with inhibition of the liver being more severe than for the intestine (Figure 6B). It is surmised that the
extent of change here depends very much on the parameter space and susceptibility of the intestine
versus the liver to the inhibitor and route of administration. But a higher AUC of the drug is strong
evidence for the presence of the inhibitor on intestinal and liver metabolism.

6.3. Changes in Intestinal and Liver Metabolism with Respect to Flow to Intestine and Liver

Different flow rates to the enterocyte region in the intestine–liver unit would affect intestinal and
liver drug processing differentially. An increase in QPV decreases the EI,po (increased FI,po), allowing
for more substrate flow to the liver for both the TM and SFM. With the greater substrate flux but faster
transit in the liver, the rate of liver metabolism may remain the same although the increase in liver
blood flow increases the CLH [47,50]. The converse is also true, with a lower QPV or QSMA, an increase
in EI and a lower flux to the liver will result.

6.4. Implications of the SFM on IVIVE

The IVIVE of transporter function is difficult to deduce when different transit times in GIT, gastric
emptying rates, varying pH, and microenvironment exist [116]. The permeability, apical absorptive
transporters, and split flow pattern of the intestine to the enterocyte and serosal regions, and efflux
transporters complicate the IVIVE picture in the prediction of Fa and FI. In terms of IVIVE, Kadono et
al. [117] employed permeability measurements in artificial membranes to obtain Fa from the apparent
permeability (Papp) with the parallel artificial membrane permeability assay (PAMPA) and obtain Fa

and FI from a scaling factor against a standard such as midazolam using the Yang equation [83]. In
addition, IVIVE may be poor for the SFM due to the split flow behavior of the intestinal models, when
there is incomplete accessibility of the substrate in circulation to reach enterocytes to fully recruit the
intestinal metabolic activity, and this translates to poor IVIVE for the liver. Moreover, methods for
identification of intestinal enzymatic activities vary. There are differences in the intestinal functional
activity with the mucosal scraping and buffer isolation methods [70,118]. Paine et al. [70] found
CYP3A content in each intestinal segment as 30.6, 22.6 and 16.6 pmol/mg mucosal microsomal protein,
with similar Km towards midazolam but varying Vmax values. von Richter et al. [119] showed that
the CYP3A4 in isolated enterocytes (76 pmol/mg homogenate protein corresponded to 210 pmol/mg
microsomal protein) and was 3.2-fold higher than that in corresponding liver samples, whereas the
P-gp content was 7.2-fold higher in enterocyte homogenate than in liver. The CYP3A4 content from
the isolated cell method is higher than that from mucosal scraping. Moreover, intestinal metabolism
may occur within cells that are shed into the gut lumen that possess copious metabolic activities
in the lumen [118]. Nishimuta et al. [120] employed human intestinal and human microsomes to
predict the CYP3A intrinsic metabolic clearance for human intestinal microsomes (HIM) versus human
liver microsomes (HLM) (CLint,HIM and CLint,HLM, corrected by the ratio of CLint,HIM to CLint,HLM),
and alamethicin-activated HIM for the clearance of UGT substrates. The CYP3A intestinal intrinsic
clearance (CLint,I,CYP3A) was highly correlated to hepatic intrinsic clearance (CLint,L,CYP3A), being
2.2-fold higher in liver, although the correlation was poorer for UGTs. Ito and Houston [34] scaled
up the CLint,H with an empirical scaling factor (SF) of 6.2 g protein/kg weight to compensate for the
extent of underprediction for IVIVE in rats. Allometric scaling shows that in vitro microsomal data
consistently underestimate CLint,met,I and CLint,met,H. Hence, scaling and IVIVE remain somewhat
empirical approaches.

190



Pharmaceutics 2020, 12, 312

7. Other Intestinal Models

Our laboratory has extended the SFM to the segmental, segregated flow model (SSFM) to
accommodate transporter and enzyme heterogeneity [121]. However, we have oversimplified the
segments as a 1/3 of the total volume, flow and permeability characteristics (Figure 7), even knowing
that the surface area, permeability, and lengths of the segments of the digestive tract differed [27]. We
found higher abundance P450 activity in the proximal region but higher localization of P-gp in the distal
region; this pattern produced the lowest availability in drug absorption (Figure 8). This same trend
was confirmed by Watanabe et al. [122] years later in a simulation study. The transporter distributions
and functions along the intestinal segments reveal similar transporter and drug metabolizing enzyme
distribution patterns along the small intestine for rodents and humans (Table 4). Therefore, the rat may
be used to predict drug transport across the small intestine in humans. The same extrapolation, however,
is not recommended for drug metabolizing enzymes due to the known species differences observed
among animal species [123]. The TM- or SFM-PBPK models have been developed to encompass
heterogeneity of transporters and enzymes for improved prediction of PK, including polymorphism and
sex differences in enzymes, and tease out contributions of intestine and liver in first-pass metabolism
(Table 4). Other factors on the physiology of the GIT may also be considered. It is known that the
duodenum is the shortest segment and is approximately 1/5 and 1/7 the lengths of the jejunum and
ileum, respectively [28]. As shown by the transport of substrates in segments using chamber or
single-pass segmental perfusion, drug permeability, revealed with use of a deconvolution-permeability
model, is higher in the jejunum [124,125]. Moreover, the pH and transit times in the duodenum,
jejunum and ileum differed [28]. Dressman et al. [3] described, in the continuous absorption model,
that the GIT is a continuous tube with varying spatial properties on permeability and solubility and pH,
surface area, lengths, diameters, gastric emptying [4], highlighting the importance of gastric emptying
time, small intestinal transit time, and effective surface area for absorption [5]. There are other models
that accommodate variation in villi surface area, in drug permeability along the intestinal segment.
Wu [126] applied the SSFM to examine enterohepatic circulation of glucuronides and found that the
processes is affected by segmental distribution of enzymes. With accountability of segmental CYP
and P-gp activities, reasonable absorption, efflux, and metabolism are observed for midazolam and
compound S [25].

Figure 7. An expanded intestinal flow model—the segmental segregated flow PBPK model depicting
the intestine as three different segmental regions with segregated flows to the enterocyte and serosal
subcompartments. This figure was reproduced with permission from [121], ASPET, 2003.
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Figure 8. Heterogeneous distribution of Cyp3a and P-gp in the rat intestine, and changes accompanying
the inducer, pregnenolone 16α-carbonitrile (PCN) on intestinal bioavailablity. Both P-gp and Cyp3a
relative protein expressions were determined by Western blotting (see referecne 26). The scale on the
y-axes of the left panel represents an arbitray scale. Segments 1, 2, 7, and 8 are the duodenal, proximal
jejunal, distal jejunal and ileal segments, respectively. The symbols, duo and jej of the left panel denote
the duodenum and jejunum, respectively. This figure was reproduced with permission from [26],
ASPET, 2006.

Commercially available softwares on drug absorption include Simcyp® (advanced dissolution
absorption metabolism (ADAM) model is implemented in Simcyp®), GastroPlus and GI-Sim [127],
and GUT framework [128], which tackle the subject of drug absorption. Although the same input
parameters may be used, the software show different Fa prediction characteristics depending on the
rate-limiting steps of oral drug absorption [127]. The advanced compartmental absorption transit
model or ACAT model [9], first conceived by Yu and Amidon [2] as the compartment absorption
model [1], has evolved to include permeability (in silico properties derived from chemical structure),
logP, pKa, particle size and dose. Dissolution that is based on the Nernst–Brunner modification of the
Noyes–Whitney equation is implemented. The influx and efflux transporters [129], pH and pKa, and
heterogeneous enzyme distribution are recognized as important processes of the software [2,10,11].
Other considerations include the microbiota and composition. It appears that most of these models deal
with dosage form and drug properties and may not have considered the segregated flow behavior of the
intestine. A suggestion is for these software developers to consider first finalizing their software based
on the absorption of a drug solution while incorporating flow and enzyme/transporter heterogeneity,
then combining this to another model with the drug and intestine properties (logP, pKa, particle size,
pH, surface area) to consider drug absorption.

Table 4. Heterogeneous distribution of enzymes and transporters in animal and human intestine.

Transporter/Enzyme Segmental Distribution References

Animals

Apical sodium-dependent bile acid transporter
(Asbt)

highest at ileum
duodenum < jejunum < ileum [130,131]

Nucleoside transporters (Cnt) highest in jejunum [132]

Monocarboxylic acid transporter (Mct1) duodenum < jejunum > ileum [88]

Organic cation transporter 1 (Oct1) duodenum < jejunum < ileum [133]
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Table 4. Cont.

Transporter/Enzyme Segmental Distribution References

Organic cation transporter 3 (Oct3) duodenum < jejunum < ileum [133]

Organic anion transporting polypeptide 3 (Oatp3) highest in jejunum [133]

Oligopeptide transporter 1 (PepT1) duodenum > jejunum > ileum [133]

Multidrug resistance-associated protein 2 (Mrp2) duodenum > jejunum > ileum [133]

Multidrug resistance-associated protein 3 (Mrp 3) duodenum < jejunum < ileum [133]

Multidrug resistance-associated protein 4 (Mrp 4) duodenum > ileum > jejunum [88]

P-glycoprotein (P-gp) duodenum < jejunum < ileum [26]

Organic solute transporter α-β (Ostα,β) duodenum > jejunum > ileum [21]

Cytochrome P450 3A (Cyp3a) duodenum ~ jejunum > ileum [134,135]

Estrone sulfatase duodenum > jejunum > ileum [136]

Glutathione S-Transferase (Gst) duodenum ~ jejunum > ileum [137]

UDP-Glucuronosyltransferase (Ugt) duodenum ~ jejunum > ileum [138]

Humans

ASBT duodenum < ileum [139]

OATP2B1 duodenum < ileum [140]

PEPT1
slightly increasing

jejunum > ileum > duodenum
duodenum ~ ileum

[19,139]

MCT1 slightly decreasing
duodenum > ileum [19]

CNT11
CNT2

even
duo > ileum [138]

OCT1 even [19]

OCTN1 duodenum < ileum [138]

OCTN2 even [19,139]

MRP3 even [19]

P-gp ileum > jejunum > proximal [19,25,28,140]

BCRP even
jejunum > ileum > duodenum [19,55,141]

MRP2 mRNA
MRP1 protein
MRP2 protein

slightly decreasing
proximal > distal

even
[19,142]

MRP1 to 5
MRP2 to MRP6

MRP4
duodenum < jejunum and ileum [141,143,144]

CYP3A4 proximal > distal [25,28]

UGT1A1
UGT1A3
UGT1A4
UGT1A5
UGT1A6
UGT1A7
UGT1A8
UGT1A9
UGT1A10
UGT2B4
UGT2B7

UGT2B10
UGT2B15

duodenum ~ jejunum and ileum
duodenum < jejunum and ileum
duodenum ~ jejunum and ileum
duodenum ~ jejunum and ileum
duodenum > jejunum and ileum
duodenum ~ jejunum and ileum
duodenum ~ jejunum and ileum
duodenum ~ jejunum and ileum
duodenum and jejunum > ileum
duodenum and jejunum < ileum
duodenum and jejunum < ileum
duodenum and jejunum < ileum
duodenum < jejunum and ileum

[145]

SULT1A1, 1A3, 1B1, 1E1
SULT2A1

jejunum < ileum
jejunum > ileum [146]

GST
GST

jejunum > ileum
jejunum ~ ileum [147]

8. Conclusions

This review has highlighted that metabolite formation and DDIs of the intestine are not well
predicted by the traditional intestinal flow model (TM) with respect to the routes of administration of
drug and inhibitor. Instead, we recognize the importance of the segregated flow model (SFM) as the
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premier model to examine intestinal drug metabolism. The evidence in the literature is compelling
in support of the SFM based on route-dependent intestinal metabolism. The higher propensity of
inhibition with oral and not intravenous dosing is indisputable. Implementation of the SFM is just
an additional intestinal compartment away, and this PBPK segregated intestinal flow model (SFM)
should be expanded to encompass heterogeneity of transporters and enzymes (SSFM) for improved
prediction of PK, including polymorphism and sex differences in enzymes to tease out contributions of
intestine and liver in first-pass metabolism. This type of metabolism model could now be coupled with
an absorption model to fully investigate the different aspects of Fa, FI and FH. We encourage the use
of the more “bottom–up” approach in PBPK modeling to provide mechanistic insight into intestinal
metabolism/transport [148] by incorporating the SFM into the model. Another improvement could be
made is when the QSMA is not assumed to equal QPV. The difference in flow (QPV-QSMA) is due to
the venous returns from the coeliac and splenic arteries, and stomach and mesenteries. These venous
returns would join that from the small intestine (QSMA) and the hepatic arterial flow to perfuse the
liver [149,150].
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Abstract: It is now widely appreciated that gastrointestinal function is central to the regulation
of metabolic homeostasis. Following meal ingestion, the delivery of nutrients from the stomach
into the small intestine (i.e., gastric emptying) is tightly controlled to optimise their subsequent
digestion and absorption. The complex interaction of intraluminal nutrients (and other bioactive
compounds, such as bile acids) with the small and large intestine induces the release of an array
of gastrointestinal hormones from specialised enteroendocrine cells (EECs) distributed in various
regions of the gut, which in turn to regulate gastric emptying, appetite and postprandial glucose
metabolism. Stimulation of gastrointestinal hormone secretion, therefore, represents a promising
strategy for the management of metabolic disorders, particularly obesity and type 2 diabetes mellitus
(T2DM). That EECs are distributed distinctively between the proximal and distal gut suggests that
the region of the gut exposed to intraluminal stimuli is of major relevance to the secretion profile of
gastrointestinal hormones and associated metabolic responses. This review discusses the process of
intestinal digestion and absorption and their impacts on the release of gastrointestinal hormones and
the regulation of postprandial metabolism, with an emphasis on the differences between the proximal
and distal gut, and implications for the management of obesity and T2DM.

Keywords: nutrient digestion; nutrient absorption; gastrointestinal hormone; postprandial glycaemia;
energy intake; region of the gut; obesity; type 2 diabetes

1. Introduction

As the key interface between ingested nutrients and the body, the gastrointestinal tract is now
recognised to play a central role in regulating postprandial metabolism. During the fasting state, ghrelin is
released from the gastric Gr-cells to drive food intake [1]. After meal ingestion, the stomach accommodates
the nutrients, grinds digestible solids into small particles, and releases the resultant chyme into the small
intestine in a regulated fashion to optimise intestinal digestion and absorption. It is now widely appreciated
that distinctive enteroendocrine cells (EECs) scattered along the gastrointestinal tract, comprising up to
1% of the gut epithelium, constitute the largest endocrine organ in the body, accounting for the release
of an array of peptides that orchestrate appetite, energy intake and the blood glucose responses to
meals [2]. Of particular importance are cholecystokinin (CCK) and glucose-dependent insulinotropic
polypeptide (GIP) released from the upper small intestine, and glucagon-like peptide-1 (GLP-1) and
peptide YY (PYY) secreted mainly from the distal gut. These integrated hormonal responses convey
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important regulatory signals governing subsequent gastric emptying, insulin and glucagon secretion
from the pancreas, energy intake, and postprandial glycaemic control. Stimulation of gastrointestinal
postprandial hormone secretion, therefore, represents an attractive strategy for the management of
metabolic disorders, such as obesity and type 2 diabetes mellitus (T2DM) [2]. Given that the distribution
of the respective types of EECs varies substantially along the gastrointestinal tract, the region of
the gut exposed to intraluminal stimuli is likely to be of major relevance to the secretion profile of
gastrointestinal hormones and associated metabolic responses. This review discusses nutrient digestion
and absorption along the gastrointestinal tract and how these processes influence the secretion of
GIP, CCK, GLP-1 and PYY, and highlights the importance of which region of the gut is stimulated to
the secretory profiles of these gastrointestinal hormones, the regulation of postprandial metabolism,
and the implications for the management of obesity and T2DM. Other hormones, such as ghrelin and
leptin, are also important metabolic regulators, but are not specifically discussed as they are outside
the scope of this review.

2. Nutrient Transport, Digestion, and Absorption

Following meal ingestion, the stomach stores the ingested content and grinds digestible solids
into small particles prior to delivering them into the small intestine. The latter occurs at a relatively
constant caloric rate (in the range of 1–4 kcal/min in healthy individuals), driven by antral and duodenal
contractions against tonic and phasic pyloric pressures [3], to optimise the subsequent digestion and
absorption of nutrients in the small intestine. Due to the inactivation of salivary amylase in the gastric
environment, there is limited digestion of carbohydrate in the stomach, whereas fat and protein are
digested into lipid emulsions [4] and oligopeptides [5], respectively. Upon entering the duodenum,
nutrients stimulate the release of a range of digestive enzymes from the exocrine pancreas and bile acids
from the gallbladder, influenced by both the load and composition of the meal. Starch is broken down
by pancreatic α-amylase and disaccharidases into glucose and other monosaccharides (e.g., fructose
and galactose) [6]. Dietary fat (90–95% in the form of triglycerides) is digested by pancreatic lipase, a
process relying largely on emulsification by bile acids, to form monoacylglycerol, glycerol and free
fatty acids [4]. Digestion of protein involves both pancreatic enzymes, including chymotrypsin and
trypsin, and aminopeptidases secreted by the small intestine mucosa, and yields individual amino
acids, dipeptides and tripeptides [5].

The digestive products are transported by peristalsis and absorbed by passive diffusion and/or
active transport via distinctive transporters at specific regions of the gut. For example, absorption
of glucose involves both active transport from the lumen into the enterocytes via sodium-glucose
cotransporter 1 (SGLT-1) and facilitated diffusion across the basolateral side of enterocytes through
the glucose transporter 2 (GLUT2), taking place predominantly in the upper small intestine [7–10].
Unlike glucose, fructose is absorbed mainly through GLUT5 [11], which is well expressed in both the
human jejunum and ileum [12]. Dietary fat typically binds to bile acids to form mixed micelles, which
are absorbed by fatty acid transport proteins (FATPs) (e.g., FATP4 and FAT/CD36) and Niemann-Pick C1
like-1 (NPC1L1) [13,14]. Although a small fraction of bile acids are absorbed passively in the jejunum,
the majority of them (~90%) are actively absorbed in the ileum through the apical sodium-dependent bile
acid transporter (ASBT) [15]. The uptake of amino acids depends on a variety of “amino acid transport
systems” that preferentially transport amino acids of similar biophysical properties [16,17], whereas
dipeptides and tripeptides are absorbed via the proton-dependent intestinal peptide transporter 1
(PEPT1) [18]. The large intestine hosts a diversity of gut bacteria, which are involved in the fermentation
of products that escape digestion/absorption in the small intestine, such as dietary fibre, resistant
starches and proteins, leading to the production of short-chain fatty acids (SCFAs) which can be
absorbed through facilitated diffusion [19–21].
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3. Secretion and Actions of Gastrointestinal Hormones

While intestinal EECs maintain a low secretory profile during fasting, the interaction between
intraluminal contents and EECs during the digestive process represents the main driver of the secretion
of gastrointestinal hormones. The latter, including GLP-1, GIP, CCK and PYY released from distinctive
EECs in various regions of the gastrointestinal tract (Figure 1), are now recognised as key regulators of
energy intake and postprandial glucose metabolism (Figure 2).

 

Figure 1. The density of enteroendocrine cells (EECs) secreting cholecystokinin (CCK),
glucose-dependent insulinotropic polypeptide (GIP), glucagon-like peptide 1 (GLP-1) and peptide YY
(PYY) in the duodenum, jejunum, ileum and colon.

 

Figure 2. The roles of gastrointestinal hormones, including cholecystokinin (CCK), glucose-dependent
insulinotropic polypeptide (GIP), glucagon-like peptide 1 (GLP-1) and peptide YY (PYY), released
in response to meal ingestion, in the regulation of gastric emptying, postprandial glycemia and
energy intake.

EECs are equipped with a variety of chemo-sensors linking the sensing of intraluminal stimuli
to the secretion of gastrointestinal hormones. For example, carbohydrates can be detected by both
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their sweet taste through sweet taste receptors (STRs) [22–24], and via the glucose transporters, SGLT-1
and GLUT2 [25,26], although stimulation of STRs by artificial sweeteners alone does not seem to be
sufficient to induce GLP-1 or GIP secretion in humans [23,27]. EEC sensing of intraluminal fat is
dependent on the degree of its digestion [28–30] and involves a number of G protein-coupled receptors
(GPRs), such as GPR40, GPR119 and GPR120 [31–33], and intestinal fat transporters FATP4 and
FAT/CD36 [34,35]. Amino acids are detected by the calcium-sensing receptors (CasR) [25,36] and amino
acid transporters [37,38]. Non-nutritive compounds are also effectively sensed by EECs. In particular,
bile acids are known to induce GLP-1 and PYY secretion via inhibition of nuclear farnesoid X receptor
(FXR) [39] and/or stimulation of Takeda G-protein coupled receptor 5 (TGR-5) [40,41]. Of note, TGR5
is expressed on the basolateral membrane of EECs [42], such that intestinal bile acid absorption is
necessary to achieve TGR5 activation [41,42]. There is recent evidence that a group of specialized
GPRs responsible for the sensing of bitter taste (i.e., bitter taste receptors; BTRs) are also abundantly
expressed on EECs. Activation of BTRs on EECs by a variety of natural or chemosynthetic bitter taste
compounds, therefore, has the potential to trigger the secretion of gastrointestinal hormones [43].

3.1. Glucagon-Like Peptide-1 (GLP-1)

GLP-1 is secreted from the enteroendocrine L-cells located mainly in the ileum and colon in
response to each of the macronutrients, although fat, relative to glucose and protein, is generally
more potent at stimulating GLP-1 secretion when administered into the duodenum in humans [44,45].
However, in patients who have undergone Roux-en-Y gastric bypass, oral ingestion of glucose was
shown to be more effective than fat or protein to stimulate GLP-1 secretion [46]. The discrepancy
observed in the latter is likely to be attributable to the influence of gastric emptying and digestion of
fat or protein. Other bioactive compounds released into the lumen following meal ingestion, such as
bile acids, are also responsible for postprandial GLP-1 secretion [41,47]. After its secretion, GLP-1 is
rapidly inactivated by the enzyme dipeptidyl peptidase IV (DPP-4) with a half-life of 1–2 min, such
that only 10–15% intact GLP-1 reaches the peripheral circulation [48,49]. While obesity is associated
with attenuated GLP-1 secretion, accumulating evidence suggests that the latter is otherwise unaltered
in patients with T2DM [50,51]. Importantly, the action of GLP-1 is also relatively well preserved in
T2DM [51].

GLP-1 binds to its receptor, expressed in a variety of metabolic tissues, to regulate glucose, lipid
and energy metabolism. Within the pancreas, GLP-1 stimulates insulin secretion from the pancreatic
β-cells and suppresses glucagon secretion from the α-cells in a glucose-dependent manner [52]. For
this reason, GLP-1-based glucose-lowering therapies, in general, entail a low risk of hypoglycaemia.
Although there is preclinical evidence that GLP-1 receptor signalling is involved in β-cell survival and
regeneration [53], such effects have not been established in humans. Within the liver, GLP-1-signalling
is linked to the control of endogenous glucose production, an effect that can be independent of changes
in insulin or glucagon [54]. Moreover, GLP-1 slows gastric emptying in both healthy individuals and
those with T2DM [55–58]. That the reduction in postprandial glycaemia induced by exogenous GLP-1 is
associated with less, rather than more, postprandial insulin secretion suggests that the slowing of gastric
emptying outweighs its insulinotropic effect in controlling postprandial glycaemia [59]. In contrast
to the GLP-1 receptor agonists, the DPP-4 inhibitors—which prolong the half-life of endogenous
GLP-1—have little, if any, effect on gastric emptying [60,61].

Effects of GLP-1 signalling on lipid metabolism have been noted in both preclinical and clinical
studies. GLP-1 has been shown to inhibit the production of lipid proteins (e.g., apolipoprotein B-48
(apob-48)) that are involved in the synthesis and transport of chylomicrons in the enterocytes, thereby
improving lipid metabolism in rodents [62,63]. Similarly, the GLP-1 receptor agonist, exenatide,
and the DPP-4 inhibitor, sitagliptin, have been shown to reduce plasma apob-48 concentrations in
humans [64,65], while in obesity, treatment with GLP-1 receptor agonists improves dyslipidaemia [66].

GLP-1 also has the capacity to regulate energy intake and expenditure. Both exogenous GLP-1
and the GLP-1 receptor agonists suppress energy intake [50,67], and this effect has been shown to
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be mediated primarily via vagal afferents [68,69] and the activation of GLP-1 receptors in the central
nervous system [70,71]. GLP-1 receptor agonists are therefore often associated with weight loss in both
obesity and T2DM [48,72]. The role of GLP-1 in the regulation of energy expenditure is controversial.
In mice, GLP-1 receptor agonists have been reported to induce browning of white adipose tissue and
increase β-oxidation of fatty acids [73–75], and administration of both GLP-1 receptor agonists and
DPP-4 inhibitors increases energy expenditure and reduces body weight [75–78]. However, a recent
meta-analysis suggests that GLP-1 receptor agonists have little, if any, effect on energy expenditure
in humans [79]. Although inhibition of DPP-4 by vildagliptin was found to augment the energy
expenditure response to an intraduodenal fat infusion in healthy humans [80], this effect was not
evident in patients with T2DM [81]. That antagonism of GLP-1 signalling by exendin (9–39) increased
energy expenditure in the latter group during treatment with vildagliptin suggests that endogenous
GLP-1 signalling may rather be associated with suppression of energy expenditure [81].

3.2. Glucose-Dependent Insulinotropic Polypeptide (GIP)

GIP is released from the enteroendocrine K-cells, distributed predominantly in the upper small
intestine [51]. GIP is also co-expressed with GLP-1 in a subset of “K/L-cells” in the duodenum and
proximal jejunum [82,83]. Similar to GLP-1, GIP is released in response to macronutrients—with fat
being a more potent stimulus than glucose or protein [44]—and rapidly inactivated by DPP-4 after
secretion [51,84]. However, the secretion of GIP does not seem to be affected by T2DM or obesity [50].

In health, GIP stimulates insulin secretion in a glucose-dependent manner by binding to the
GIP receptor expressed on the pancreatic β-cells [85], which contributes equally with GLP-1 to the
augmented insulin response that is observed during enteral glucose administration when compared
to an “isoglycaemic” intravenous glucose infusion, i.e., the so-called the “incretin effect”. However,
the insulinotropic effect of GIP is markedly diminished in patients with T2DM [49,86]. Unlike GLP-1, GIP
stimulates glucagon secretion from the pancreatic α-cells, particularly in the face of hypoglycaemia [87],
and has little effect on appetite [88] or gastrointestinal motility [89]. Moreover, GIP exhibits numerous
extra-glycaemic actions; blockade of GIP signalling in mice preferentially increases fat oxidation [90–92],
reduces fat accumulation in adipocytes [90,92,93] and skeletal muscle [91,92], decreases triglyceride
deposition in the liver [90,93], and prevents the development of obesity [90,91,94] in the context of
overfeeding. In line with these findings, the antagonism of the GIP receptor is associated with reduced
blood flow and triglyceride deposition in adipose tissue in healthy subjects [95]. Although compounds
that display dual GIP and GLP-1 receptor agonism appear to be more effective for weight loss and
glycaemic control than the GLP-1 receptor agonists, liraglutide and dulaglutide, in patients with
T2DM [96,97], the relative contribution of GIP signalling to this superiority remains to be characterized
in humans. Counterintuitively, acute administration of exogenous GIP failed to show any effect on
energy intake or expenditure, but rather, augmented postprandial glycaemia in patients with T2DM
receiving long-acting GLP-1 receptor agonists [98]. The mechanism underlying this phenomenon is
unclear, but may be related to the stimulation of glucagon by intravenous GIP administration [86,98].

3.3. Cholecystokinin (CCK)

CCK is secreted from the enteroendocrine I-cells located in the duodenum and upper jejunum [1].
In mice, there is also evidence that a subset of EECs co-express CCK, GIP, GLP-1 and PYY in the
proximal small intestine [83,99]. However, this is unlikely to be the case in humans, since exposure
to glucose in the proximal 60 cm segment of the small intestine, while inducing substantial GIP and
CCK secretion, does not affect GLP-1 secretion [100]. CCK is secreted within 10–15 min in response
to oral ingestion of macronutrients (fat > protein > carbohydrate) [1]. This is critical for subsequent
digestion since CCK stimulates the release of digestive enzymes and bile from the pancreas and the
gallbladder, respectively.

Exogenous CCK is reported to attenuate the postprandial glycaemic excursion in humans.
This effect is secondary to the slowing of gastric emptying, rather than a direct effect on glucose

207



Pharmaceutics 2020, 12, 790

metabolism; intravenous administration of CCK at physiological doses diminishes the glycaemic
response to an oral, but not an intraduodenal, glucose load in healthy males [101]. Similarly, in patients
with well-controlled T2DM, the administration of CCK at a physiological dose (0.4 pmol/kg/min) was
shown to slow gastric emptying and reduce postprandial blood glucose excursions [102]. However,
for those with longstanding T2DM, both the secretion and action of CCK appear to be impaired, due
probably to the development of autonomic neuropathy [3,103]. In addition to its effects on upper
gastrointestinal motor function, CCK has an established role in the regulation of appetite through
both vagal and endocrine pathways. In rats, the effect of exogenous CCK to suppress food intake
was abolished by small-molecule CCK antagonists or after vagotomy [104]. Similarly, intravenous
infusion of CCK at both physiological (0.6–0.8 pmol/kg/min) and supraphysiological doses (1.8 and
2.6 pmol/kg/min) suppresses hunger and energy intake in healthy subjects [105–107], effects abolished
in the presence of a CCK antagonist [108]. In a population-based study, genetic polymorphisms of
the CCK receptor, e.g., increased CCK_H3 haplotype frequency, may be responsible for over-eating
in obesity [109]. However, acute administration of exogenous CCK showed a comparable effect on
suppressing appetite in non-diabetic obese and lean subjects [110].

3.4. Peptide YY (PYY)

PYY is a 36-amino-acid peptide co-released with GLP-1 from L-cells [111]. Like other
gastrointestinal hormones, postprandial secretion of PYY is dependent on the composition and
load of macronutrients [112–115]. In contrast to GLP-1 and GIP, enzymatic conversion of PYY1-36 to
PYY3-36 by DPP-4 is necessary for the systemic effects of PYY, namely suppression of appetite and
slowing of gastric emptying [1].

PYY participates in the regulation of appetite and energy intake. PYY-null mice exhibit increased
daily food intake and weight gain when compared with wild type mice, and this phenotype is reversed
with PYY3-36 administration [115]. PYY binds to Neuropeptide Y receptor Y2 (NPY2R), which is
highly expressed in the hypothalamic arcuate nucleus [116]. That the effect of PYY on energy intake is
abolished in NPY2R knockout mice and by the selective NPY2R antagonist BIIE0246, suggests a key
role of NPY2R signalling in mediating the effect of PYY to suppress energy intake [117,118]. In healthy
humans, postprandial PYY levels are positively correlated with changes in satiety scores [119,120],
and intravenous PYY(3-36) infusion (up to 0.8 pmol/kg/min) reduces food intake in a dose-dependent
manner [121,122]. Recently, the long-acting PYY3-36 analogue, mAb-cycPYY, was shown to reduce food
intake and body weight over 7 days in rhesus macaques, effects further augmented when combined
with the GLP-1 receptor agonist, liraglutide [123].

PYY may be also involved in the regulation of postprandial glycaemia, given its effect to slow
gastric emptying in both rodents and humans [124–127]. Furthermore, PYY may influence insulin
secretin; PYY1-36, but not PYY3-36, was found to inhibit insulin secretion from the pancreatic β-cells
ex vivo [128–130], and isolated islets from PYY-knockout mice showed higher glucose-induced
insulin levels [131]. PYY-knockout mice exhibit relative hyperinsulinaemia during fasting and
postprandially [132]. However, exogenous PYY infusion had little effect on glucose-stimulated insulin
in healthy humans [133].

4. Regional Differences in Nutrient Absorption and Gastrointestinal Hormone Secretion,
and Associated Impact on Postprandial Glycemia and Appetite

4.1. Nutrient Absorption

The upper small intestine (duodenum and proximal jejunum) represents a major site of nutrient
absorption. Given that the delivery of nutrients into the small intestine is controlled by gastric
emptying, it is not surprising that the rate of nutrient absorption (such as glucose) is related directly to
the rate of gastric emptying [134]. In the case of glucose, the maximum capacity of absorption of the
upper small intestine approximates ~0.5 g/min per 30 cm [135]. Of note, glucose transporters (SGLT-1,
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GLUT2 and GLUT5) are less abundant in the distal than proximal small intestine [9,136]. Accordingly,
intra-ileal administration of glucose is associated with slower absorption than intraduodenal, in both
healthy individuals and patients with T2DM [137]. Moreover, duodenal-jejunal bypass improves
glucose tolerance, associated with a reduction in SGLT-1-mediated glucose absorption in both obese
rats and T2DM patients [138–141]. Similarly, the expression of the majority of lipid transporters
(e.g., FAT/CD36, FATP4 and NPC1L1) decreases from the duodenum and jejunum to the ileum in
rodents [142–146], and fatty acid and cholesterol uptake is slower in the distal than proximal small
intestine [146,147]. In mice, the ablation of FAT/CD36 and FATP4 is associated with impaired lipid
absorption in the proximal [145,148], but not in the distal [145,149] small intestine. However, fatty acid
transporters have been shown to be abundantly expressed in both proximal and distal small intestine
in humans [150]. The expression of transporters of amino acids and peptides varies substantially along
the gastrointestinal tract [16]. While the majority of digestive products of protein are absorbed in the
proximal jejunum, a considerable proportion is also absorbed in other small intestinal segments [17].
Amino acid transporters are abundant in the distal jejunum and ileum [151], such that obese patients
who have undergone Roux-en-Y gastric bypass (RYGB) exhibit accelerated uptake of amino acids [152].
The absorption of nutrients in the large intestine is minimal. Undigested nutrients are fermented by
microbiota localised in the large intestine to produce SCFAs which can be absorbed passively across
colonic mucosa.

4.2. Gastrointestinal Hormone Secretion

EECs secreting GIP, CCK, GLP-1 and PYY exhibit high regional specificity of distribution along
the gastrointestinal tract. Their secretory profiles are, therefore, largely dependent on the region of the
gut exposed to intraluminal stimuli. In response to meal ingestion, increments in plasma GIP and CCK
usually occur earlier than those of GLP-1 and PYY [153], consistent with the proximal distribution of K-
and I-cells, and distal predominance of L-cells. Studies employing intraduodenal infusion of nutrients
at different rates that mimic the physiological range of gastric emptying have shown that the secretion
of GIP and CCK increases in an approximately linear pattern with increasing rates of infusion in health,
obesity and T2DM [154–161]. In obese and T2DM patients, both the GIP and CCK responses to oral
meals are increased after Roux-en-Y gastric bypass [162,163], due probably to rapid gastric pouch
emptying [164]. However, postprandial GIP secretion is decreased after biliopancreatic diversion,
since this procedure bypasses the majority of K-cell rich regions of the small intestine [165,166].
By contrast, intraduodenal infusion of nutrients needs to exceed a threshold (e.g., ~2 kcal/min for
glucose) for sufficient nutrient to escape proximal small intestinal absorption and stimulate more distal
L-cells; accordingly, the GLP-1 response is minimal to intraduodenal glucose infusion at rates between
1–2 kcal/min but increases substantially in response to infusions of 3–4 kcal/min [155,158,159].

The extent to which nutrients are delivered to the more distal regions of the gut is dependent not
only on their rate of entry to the small intestine but also on their digestion and absorption in the upper
gut. For example, ablation or inhibition of SGLT-1 that reduces proximal intestinal glucose absorption
augments the GLP-1 and PYY responses to oral glucose in rodents [167,168]. In humans, intestinal
SGLT-1 inhibition (e.g., by GSK-1614235 [169] or licogliflozin [170]), while reducing GIP secretion, is
associated with overall increased, albeit relatively delayed, responses of GLP-1 and PYY to carbohydrate
meals. Similarly, malabsorption of carbohydrate induced by an α-glucosidase inhibitor (e.g., acarbose)
was shown to increase GLP-1 and PYY secretion in both health and T2DM [171,172]. Alternatively,
poorly absorbed carbohydrates, such as tagatose [27], xylose [173] and resistant starch [174], also can
induce sustained secretion of GLP-1. Consistent with this principle, consumption of a small amount of
tagatose or xylose as a “preload” has been shown to slow gastric emptying and improve the glycaemic
response to the subsequent main meal by stimulating GLP-1 secretion in both health and T2DM [27,175].
Treatment with the lipase inhibitor, orlistat, however, has been reported to either increase [176] or
decrease [177–179] postprandial GLP-1 secretion. These discrepancies may have reflected differences
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in the test meals (including the forms of dietary fat) and the associated impact of orlistat on their
digestion between studies.

Compared with intraduodenal infusion, administration of nutrients directly into the jejunum or
ileum is more effective at stimulating GLP-1 and PYY secretion [137,180–186]. Interestingly, intra-ileal
infusion of glucose is also associated with a considerable, albeit relatively lower, GIP response than
intraduodenal infusion in both healthy subjects and patients with T2DM [137,183], suggesting that
a considerable number of EEC cells capable of secreting GIP are found even in the distal small
intestine. The large intestine represents another major source of GLP-1 and PYY production. Microbial
metabolites, including SCFAs and secondary bile acids, are known to stimulate GLP-1 and PYY
secretion [47,187–193] and may also induce differentiation of stem cells towards L-cells [194]. Inhibition
of ileal ASBT (by elobixibat), increasing the exposure of the large intestine to bile acids, is therefore
associated with an increase in GLP-1 and PYY secretion in humans [195]. In both healthy individuals
and patients with T2DM [196,197], rectal administration of primary bile acid, taurocholic acid (TCA),
has also been shown to stimulate GLP-1 and PYY secretion in a dose-dependent manner, although the
PYY response seems to be more robust than that of GLP-1.

4.3. Regulation of Postprandial Glycaemia and Appetite

As discussed, the upper gut coordinates the delivery of nutrients for intestinal digestion and
absorption, and is primarily responsible for the release of GIP and CCK after meals, whereas the
interaction of intraluminal nutrients and bioactive compounds with the distal gut gives rise to the
secretion of both GLP-1 and PYY. These variations in nutrient absorption and gastrointestinal hormone
secretion along the gastrointestinal tract are of major relevance to the regulation of postprandial
glycaemia and appetite.

It is now widely recognised that the rate of gastric emptying represents a major determinant of
the glycaemic profile in response to carbohydrates in both health and diabetes [198,199]. While obesity
per se does not seem to have a major impact on gastric emptying [200], recent evidence suggests
that gastric emptying in patients with “early-stage” uncomplicated type 1 and 2 diabetes is more
rapid than in non-diabetic controls [199,201], which may predispose them to glucose intolerance.
By contrast, in patients with longstanding diabetes who have poor glycaemic control and autonomic
dysfunction, gastric emptying is often abnormally delayed [202]. Nevertheless, nutritional and/or
pharmacological strategies that slow gastric emptying have been shown to attenuate postprandial
glycaemic excursions in both type 1 and 2 diabetes [57,203–205]. However, it should be noted that
the relationship between the rise in postprandial blood glucose and the gastric emptying rate is not
necessarily linear. Intraduodenal glucose infusion at 2 kcal/min results in a much greater increase in
blood glucose levels than 1 kcal/min in healthy humans, while minimal additional increase occurs in
glycaemia at rates of 3 or 4 kcal/min [155,158,159], due probably to the increasing contribution of the
distal gut to provide counter-regulation to glycaemic excursions.

In health, GIP contributes to approximately 50% of the incretin effect [206] and may serve to
stabilise blood glucose by stimulating glucagon secretion during hypoglycaemia [87]. However,
the loss of the insulinotropic effect of GIP in T2DM, and the potential for GIP to increase fat deposition,
have rendered it an unappealing target for the management of T2DM. Recently, novel compounds
with dual GIP and GLP-1 receptor agonism have been developed to treat T2DM, with promising
glucose-lowering efficacy [96]. However, as mentioned earlier, the relative contribution of GIP receptor
agonism to the overall metabolic benefits of these compounds remains unclear. The rapid release of
CCK in response to meal ingestion is necessary for the digestion of complex macronutrients, particularly
fat, so it represents a determinant of subsequent gastric emptying and appetite responses.

However, when nutrients are administered intraduodenally, a threshold of the caloric load is
required to achieve suppression of appetite [207], indicative of a greater relevance of stimulating the
distal gut to the control of appetite. Indeed, relative to the upper gut, the lower gut appears to be more
effective at mediating postprandial glucose metabolism and suppressing appetite due to substantially
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augmented GLP-1 and PYY secretion. Recently, the comparative effects of the proximal and distal
small intestine on postprandial glucose metabolism were evaluated using targeted intraluminal
glucose infusion in both healthy individuals and patients with T2DM [137]. In both groups, intra-ileal
administration of glucose (2 kcal/min over 60 min) was associated with substantially greater GLP-1
secretion, incretin effect and gastrointestinal-mediated glucose disposal (GIGD), when compared with
intraduodenal infusion (Figure 3). That the absorption of glucose occurs at a lower rate in the ileum,
probably because of fewer glucose transporters in the distal gut, may not only attenuate the glycaemic
response to glucose infusion but also allow EECs to be stimulated over a longer duration than those
in the proximal gut [137]. In a similar study setting, Poppitt and colleagues compared the effects
of a small load of glucose (~0.65 kcal/min over 90 min), administered into either the ileum or the
duodenum, on gastrointestinal hormone secretion, appetite and food intake in healthy subjects. In this
study, ileal infusion of glucose-induced greater GLP-1 and PYY secretion and less food intake than did
intraduodenal infusion [183]. Compared with oral ingestion or duodenal perfusion, delivering fat or
protein into the ileum also induces a greater suppression of food intake in healthy humans [185,186,208].
Moreover, administration of a relatively small load of lauric acid (5 g; 20 kcal) in enterically coated
pellets for release in the ileum and colon has been shown to stimulate sufficient GLP-1 secretion to
improve the glycaemic response to a standardised breakfast and lunch in patients with T2DM [209].
Similarly, the ileocolonic delivery of mixed bile acids (1 g/day) increases GLP-1 secretion and reduces
postprandial blood glucose levels in patients with obesity and T2DM during a 4-week treatment [210].
Alternatively, EEC stimuli can be delivered through rectal administration; rectal perfusion with TCA
has been shown to stimulate GLP-1 and PYY secretion, and suppress appetite scores in health [196] and
reduces energy intake and glycaemia in T2DM [197]. Accordingly, enhancing the exposure of the distal
gut to nutrients, and associated bioactive compounds such as bile acids, either by pharmacological
inhibition of nutrient digestion and absorption in the upper gut [171,172], surgical reconstruction of
the gastrointestinal tract (such as Roux-en-Y gastric bypass) [211,212], or endoscopic implantation of a
duodenal-jejunal bypass sleeve device [140,141], has been shown to improve blood glucose control in
T2DM and reduce body weight in obesity. The causal links of these metabolic outcomes to GLP-1 and
PYY signalling have been further validated in T2DM patients undergoing Roux-en-Y gastric bypass,
in whom glucose tolerance is attenuated by the GLP-1 receptor antagonist exendin9-39) [213,214],
while energy intake is increased with either GLP-1 receptor antagonism, or inhibition of PYY activation
using a DPP-4 inhibitor [215].

In recognition that the gut microbiota are an essential regulator of the host energy metabolism [216],
and that insulin resistance, obesity and T2DM are linked to dysbiosis [217], the role of the large intestinal
bacteria in the regulation of glycaemia and food intake is now receiving increasing attention. While the
mechanisms by which the gut microflora participate in the regulation of metabolic homeostasis
remain incompletely understood, many of their metabolites are linked to gastrointestinal hormone
secretion [218,219]. For example, SCFAs, including acetate, butyrate and propionate, have been
shown to stimulate GLP-1 and PYY from colonic L-cells in a dose-dependent manner [187,188,192]
and to enhance insulin secretion either directly or indirectly in both rodents and humans [187–192].
Oral supplementation with propionate and butyrate improves blood glucose control and promotes
weight loss in rats [220]. In obese individuals, acute administration of inulin-propionate ester (10 g),
designed to be released in the colon, was shown to increase postprandial GLP-1 and PYY concentrations
and decrease energy intake, without affecting gastric emptying [191]. Moreover, the administration of
inulin-propionate ester (10 g/day) over 24 weeks showed a tendency to reduce body weight in obese
subjects [191]. However, this phenomenon is complicated by evidence of a central effect contributing
to the suppression of energy intake after a single dose of colonic inulin-propionate ester, independent
of changes in peripheral GLP-1 or PYY concentrations [221].
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Figure 3. Comparative effects of proximal and distal small intestinal glucose exposure on glycaemia,
incretin hormone secretion, and the incretin effect in both healthy individuals and patients with type
2 diabetes (T2DM) (n = 10 each). (A,B) Blood glucose levels, (C,D) plasma insulin, (E,F) plasma
total glucose-dependent insulinotropic polypeptide (GIP), (G,H) plasma total glucagon-like peptide
1 (GLP-1), (K) Gastrointestinal-mediated glucose disposal (GIGD), and (L) Incretin effect. * p < 0.05
for proximal vs. distal enteral glucose infusion; # p < 0.05 for proximal enteral vs. corresponding
i.v. glycaemic glucose infusion; dp < 0.05 for distal enteral vs. corresponding i.v. glycaemic glucose
infusion. Data are mean ± SEM. (Figures are adapted from reference [137], with permission from
Diabetes Care, 2019).

5. Summary

The gastrointestinal tract serves not only as the site of nutrient digestion and absorption but
also as an endocrine organ secreting a variety of gastrointestinal hormones as a result of the complex
interaction between ingested nutrients, bioactive compounds and EECs to regulate postprandial
glucose metabolism and energy intake. Given the major difference in the distribution of EECs between
the upper and lower gut, the load and delivery of nutrients, as well as the digestive processes in the
gastrointestinal tract, have major implications on how these EECs are stimulated. Exposure of the
upper gut to nutrients is associated with predominantly GIP and CCK release, whereas increasing the
delivery of nutrients to the distal small intestine and colon is associated with augmented secretion of
GLP-1 and PPY. These distal gut hormones appear more potent in mediating postprandial glucose
metabolism and suppressing energy intake than those secreted from the proximal gut. Accordingly,
the distal gut is becoming an appealing target for the management of T2DM and obesity, using
nutritional, pharmacological or surgical approaches to increase its exposure to nutrients and other
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bioactive compounds. Future development in this area is likely to yield novel therapies for T2DM and
obesity of high efficacy without the need for surgical procedures.
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