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Abstract

Purpose—~For optimizing the local, pulmonary targeting of inhaled medications, it is important
to analyze the relationship between the physicochemical properties of small molecules and their
absorption, retention and distribution in the various cell types of the airways and alveoli.

Methods—A computational, multiscale, cell-based model was constructed to facilitate analysis
of pulmonary drug transport and distribution. The relationship between the physicochemical
properties and pharmacokinetic profile of monobasic molecules was explored. Experimental
absorption data of compounds with diverse structures were used to validate this model.
Simulations were performed to evaluate the effect of active transport and organelle sequestration
on the absorption Kinetics of compounds.

Results—Relating the physicochemical properties to the pharmacokinetic profiles of small
molecules reveals how the absorption half-life and distribution of compounds are expected to vary
in different cell types and anatomical regions of the lung. Based on logP, pK, and molecular
radius, the absorption rate constants (K,) calculated with the model were consistent with
experimental measurements of pulmonary drug absorption.

Conclusions—The cell-based mechanistic model developed herein is an important step towards
the rational design of local, lung-targeted medications, facilitating the design and interpretation of
experiments aimed at optimizing drug transport properties in lung.

INTRODUCTION

The therapeutic benefits of inhaled drugs for treating pulmonary diseases (e.g. asthma,
chronic obstructive pulmonary disease (COPD) and pulmonary hypertension) have been
appreciated for several decades (1,2). These benefits include the rapid onset of drug action,
low systemic exposure and resultant reduction in side effects (3). In addition, the large
absorptive surface area, limited metabolic enzyme activity and active transporters in the
pulmonary system make inhalation a favorable delivery strategy for systemic drugs with low
bioavailability (4-6). Inhaled formulations of locally- and systemically-active drugs have
been used for quite some time, including formulations of biological agents that are poorly
bioavailable such as peptides, proteins, and oligonucleotides (7-11).

Although inhalation is an established delivery strategy, the relationship between drug
physicochemical properties and drug absorption kinetics in the lung has not been extensively
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investigated. In fact, most of the attention in terms of optimizing drug delivery to the lung
has focused on engineering of aerosol particles and of devices to deliver these particles deep
into the lower airways to take advantage of the large absorptive surface area of the alveolar
region for systemic drug delivery (12,13). Yet, investigation of the absorption Kkinetics in the
lung tissues in relation to the drugs” molecular properties is also critical to the design of
locally-acting medications for treating lung disease. Although oral drug absorption is an
important area of pharmaceutical research (14-16), comparatively little attention has been
devoted to the question of how to optimize local drug absorption and retention in the lung.

There are various models applicable to investigate inhaled drug absorption and retention,
ranging from in vitro permeability screening experiments in cell culture to ex vivo and in
vivo pharmacokinetic analyses in animals or human. Schanker and coworkers studied the
absorption profile of a series of compounds delivered to the lung of anesthetized rats, in
which the disappearance rate of compounds in the rat lung was assessed (17-19). Effros and
coworkers investigated the transport and composition of fluid and electrolytes in the lung
using the exhaled breath condensate (EBC) approach (20,21). In addition, Tronde and
coworkers performed a serial of in vitro, in vivo and ex vivo investigations of the absorption
profile of drugs from the lung to the systemic circulation and related it to the
physicochemical descriptors empirically (22-25). However, these cellular, tissue or in vivo
models are labor-intensive and technique demanding, hence they are not readily applicable
to screening large numbers of compounds at early stage. Many computational models are
available for the prediction of cell permeability and oral absorption (14,15,26), but they are
not necessarily applicable to inhaled drugs due to the difference in the anatomy and
physiology between the lung and Gl tract and the complexity of lung delivery. In addition,
construction of an in silico statistical prediction model requires a large amount of
experimental data, which is not readily available for inhaled medications.

Recently, an in silico cell based pharmacokinetic model (1CellPK) has been successfully
applied to the prediction of the permeability of monobasic drugs across cell monolayers
(27,28). In 1CellPK, the transcellular passive diffusion of small molecules is described by a
set of coupled mass balanced differential equation based on a compartmental model of a cell
with three subcellular compartments. Most importantly, 1CellPK not only allowed
calculation of the rate of transcellular mass transport, but also the mass of intracellular drug,
in the presence of a transcellular concentration gradient. Here, we used 1CellPK as the basis
for constructing a cell-based, multiscale, mechanistic drug transport model to analyze drug
absorption kinetics and retention in the cells and tissues of rat lung.

METHODS
Overall Modeling Strategy

As proposed in this study, each compartment in the lung model represents a cell type
delimited by a phospholipid bilayer (Figure 1A, B). For simulation, the passage of small
molecules across the air-blood barrier is captured by a set of differential equations that
describe mass transport across a series of cellular compartments bounded by lipid bilayers
(Supporting Information, eq 1). Since the primary force driving drug transport is the
concentration gradient of drug molecules between adjacent compartments, the Nernst-Plank
and Fick equations can be used to describe the rate of mass transport of charged and neutral
species of a molecule across each of the lipid bilayers. In turn, the time course change of
compound concentration in each compartment can be obtained by numerically solving the
differential equation system, according to the known physiological and histological structure
of the rat lung (Table I). For a monoprotic weak acid or weak base, the concentration of
molecule in each subcellular compartment is divided into two components: neutral and
ionized. Accordingly, three physicochemical properties are used as input to calculate the rate
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of mass transport across each lipid bilayer: the logarithms of the lipid:water partition
coefficient of the neutral and ionized form of the molecule, and the pK, of the molecule.
Different compartments have different pHs and lipid fractions, so the free active fraction of
neutral form and ionized form of molecules is calculated according to the molecule’s pKj,
logPy, logPy. Based on values previously used as input parameters for a generic epithelial
cell (27, 28), we estimated the electrical potential and permeability of each lipid bilayer
(Figure 1B) and the pHs of the subcellular compartments.

Modeling of Passive Diffusion Across Lipid Bilayers

According to the Fick’s First law, the net flux of passive diffusion of neutral form of
molecules is:

Ja,i,n:Pn(ao,n - ai.n) 1)

Py, is the permeability of the neutral form of molecules across membranes, a, is the activity
of the molecules, subscripts o and i indicate the direction of flux J is from outside (positive)
to inside (negative), n indicates the neutral form of molecules.

For electrolytes the driving force of passive diffusion are not only chemical potential but
also electrical potential, which is described by the Nernst-Plank equation (eg2).

N N
Jo,i,d—Pdm(ao,d —ajqe") @

N=zEF[RT (3)

Subscript d is for ionized/dissociated form of molecules. Py is the permeability of the
ionized form of molecules across biomembranes. a4 is the activity of the ionized form of
molecules. In eq3, z is the electronic charge, E is the membrane potential, F is the Faraday
constant, R is the universal gas constant, T is the absolute temperature. To calculate the
overall net fluxes (J, ;) for a compound across the membrane, the net fluxes of the neutral
(Jo,i.n) and ionized (Jo i ¢) are summed as:

N
(apd — ajqe™)

Jo.i=Pnlao, — ai,n)"'PdeN 1 )

Based on Henderson-Hasselbalch equation, eq 5 is derived to describe the relation between
the activity of neutral form (a,) and ionized form (aq) of molecules in each compartment.

ag=a, x 10 PH-PK) (5)

Therefore, the fraction of the activities (a, and aq) in the total concentrations (Cy) of
molecules can be described by eq 6 and eq 7.
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Kn/dZL x 1.22 x Kow,n/d (8)

fyg is the fraction of free active neutral or ionized form in the total molecular concentration.
W is the volumetric water fraction in each compartment, y is the activity coefficient in each
compartment. The activity coefficient of all neutral molecules (yy) is calculated based on the
ionic strength I (moles). Using the Setchenov equation, y, is 1.23 at | = 0.3 mol. The activity
of ions (yg) is estimated as 0.74 at | = 0.3 with the Davies approximation of the modified
Debye-Huckel equation (29). For noncellular compartments no corrections for the ionic
strength are made (yn/q = 1). Kpyq is the sorption coefficient of the neutral or ionized form of
molecules, which are estimated by eq 8. L is the lipid fraction in each compartment, Koy n/d
is the liposomal partition coefficient described by eq 9.

Kow,n/ d= 1010gpn/d‘lip

Empirical equations 10-13 is used to calculate the liposomal partition coefficient
(10gPnyg,lip) for neutral and ionized form of bases and acids (30).

logP,, ;;,=0.33logP,+2.2  (Neutral forms of bases) (10)
logP,, ;;,=0.37logP,+2.2  (Neutral forms of acids) (11)
logPi,=0.37logPs+2  (Cationic forms of bases) (12)
logPip=0.33l0ogPy+2.6  (Anionic forms of acids) (13)

Eq 14 was used to estimate the partition coefficients (logPq4) of ionized form of the
molecules from logPy,.

logP;=logP, — 3.7 (14)

The membrane permeability P, and P4 were estimated by eq 15 (30).
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Pn/dZDK/AX (15)

D is the diffusion coefficient, which is estimated as 10714 m?/s for organic molecules in
lipids. K is the partition coefficient and approximates the liposomal partition coefficient
Kow,nids A X is the membrane thickness (approximately 50 nm for a phospholipid bilayer).

The expanded coupled ordinary differential equations (ODES) can be derived based on the
forementioned equations (Suporting information, eq 2). Each equation describes the rate of
concentration change for a corresponding compartment. The time course of concentration
change for each compartment was obtained by numerically solving the differential equation
system using Matlab® (Version R2007b, The Mathworks Inc, Natick, MA). The ODE15S
solver was used to address the issue of the stiffness in the differential equations system, and
the relative and absolute error tolerance was set as 10712 to achieve good accuracy for the
numercial solutions.

Parameters of the Compartmental Model

Lung tissue varies in histological and anatomical properties from the trachea, to the bronchi,
to the lower airways, and all the way down to the alveolar region, as a function of the
branching generation. For the sake of simplicity, the lung was divided into two components:
(1) the upper airways encompassing trachea and bronchi, with its blood supply provided by
the bronchial circulation; and, (2) the lung parenchyma mainly composed of alveoli, with its
blood supply provided by the pulmonary circulation. Several cell types are present in the
upper airways epithelium, including basal cells, goblet cells, ciliated cells, brush cells, and
mast cells etc. Also for the sake of simplicity, three major cell types were considered; (1)
apical epithelial cells; (2) endothelial cells; and (3) interstitial cells including smooth muscle
and immune cells. In the alveolar region of the lung, the major cell types are epithelial,
endothelial and macrophages. Unlike in the trachea-bronchial airways, there is no substantial
smooth muscle or other interstitial cells in the alveolar region.

Most of the histological parameters (cell thickness, surface area) of the airways and the
alveolar region were obtained from the scientific literature (Table 1) (31-36). The volume of
each cell layer in each branching generation was estimated as the product of surface area and
cell thickness. The parameters of the immune cells in the interstitium were estimated based
on 10 percent of interstitial cells being macrophages. Nevertheless, the cell thickness and
surface area of epithelium and smooth muscle in tracheaobronchial airways varies, as
reported in the literature (31,34,36). We adopted the Yeh model to estimate the thickness,
surface area of epithelium and smooth muscle cells in airways (37). Yeh model describes a
“typical” pathway from trachea to terminal bronchioles with 16 generations of branches, in
which the number of airways, diameter, and length at each generation is pre-established.
Airways at each generation are considered as cylindrical tubes, so that the total surface area
of basement membrane beneath the epithelium at each generation of airways can be
calculated based on the respective diameter, length, and the number of airways at each
generation. Assuming that the epithelium and smooth muscle form around the airway as
cylinder tubes with same perimeter as the basement membrane, and that their cell thickness
decreases by 1 um with each generation beginning with the trachea, one can estimate the
volume of epithelium and smooth muscle for each branching generation of airways. The
volume and surface area of cells at each generation is then added up as geometric parameters
describing the corresponding compartment (Supporting Information, Table I). The average
interstitial thickness in airway (excluding the interstitial cells) was estimated to be 1 pm and
the surface area and volume of immune cells was estimated as 1 percent of interstitium
(38,39). The surface area of endothelium was estimated as one fifth of the airway surface
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area (40). The lipid fraction for surface lining liquid in airway and alveoli is estimated to be
0.2 and 0.95, respectively (41,42). The physiological parameters for an epithelial cell were
extracted from literature (27). The membrane potential for other cell types was set as —60
mv. To perform sensitivity analysis, each parameter in the model was randomly sampled
1000 times from a uniform distributed variable within 1/100 and 100 times of the default
value or a realistic span based on prior knowledge. All default parameter values and the
sensitivity analysis are given in the Supporting information, Table 11, I1l and IV. The logP
and pKj of propranolol were used as input parameters to evaluate the robustness of the
model.

of the Transcellular Absorption of Small Molecules in Tracheaobronchial

Airways and Alveolar Region

Simulations

Simulations

For simulation, a standard initial dose of 50 nmol was delivered to the surface liquid (drug
donor compartment) based on drug absorption experiments in rats (23,24). For simulation,
the pKj (5 to 14 with interval of 0.2 units) and logP (—2 to 4 with interval of 0.1 units,
corresponding to logP,,) of mono-basic compounds were varied independently and used as
input. For each logP and pK, combination, the time course change of amount of compounds
in each compartment in airways or alveolar region was obtained by numerically solving the
coupled differential equations at a predetermined time point, and then multiplying the
calculated local concentrations by the volume of the corresponding compartment. For each
time point, the amount of compound in each cellular compartment (macrophage, epithelium,
smooth muscle, etc) was summed up as the total amount of compound in lung tissue. The
absorption rate constant (K, min~1) was defined as follows:

B In2
* absTs (16)

The absorption half life (absTsgg, minutes) refers to the time when a half of dosage appears in
the drug receiver compartment (the plasma). P,y refers to the maximal percentage of
amount of compounds retained by the lung tissue as well as other cell types during the
absorption process, and Tmax, lung IS the time when the peak of amount of compounds in the
lung tissue is reached.

of the Transcellular Absorption of Small Molecules in Whole Rat Lung

For simulating drug absorption in whole rat lung, the regional distribution of dose in the rat
lung was used as input parameter, to mimic the drug deposition pattern achieved by aerosol
devices. Based on published experimental findings, simulation was performed using 50
nmol as total dose with regional distribution of 70% total dosage deposited in the
tracheaobronchial airways and 30% deposited in alveoli (23,24). After solving the
differential equations system for airways and alveoli separately, we generalized all
compartments in airways and alveoli area as three compartments, including drug donor
compartment (the surface liquid), lung tissue (the sum of all cellular compartments in airway
and alveolar region), and drug receiver compartment (the plasma). The absTsg is defined as
the time when a half of the total dose (25 nmol) enters the generalized drug receiver
compartment.

of Efflux Transporters and Organelle Sequestration

Efflux transporters were included at the apical membrane of epithelial cells in both airway
and alveolar region. The Michaelis-Menten equation was used to describe this saturable drug
efflux component. The K, value (432 uM) used for modeling was extracted from the in
vitro measurement of talinolol as substrate of P-glycoprotein (P-gp) (43-45). Lacking
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quantitative information of kinetic parameters of P-gp or other transporters in rat lung, we
performed simulations by gradually increasing the Vax area from 1x10715 mol/sec/cm? (the
Vmax Of the P-gp inhibitor verapamil in normal Caco-2 cell line) up to 1x10~8 mol/sec/cm?,
thereby making the simulation conditions cover a physiologically-relevant range of values
based on experiments in other systems (46). In the simulation, the density of transporters
was considered as a constant throughout the lung epithelium. Due to the squamous character
of alveolar epithelium, the Vyax area Was divided by 50 to get the normalized Vay area for
alveolar region (because the average surface area of alveolar and intestinal epithelium is
5000 pum? (31), and 100 pm?, respectively). We assumed Vmax area fOr airway is the same as
the Vimax area I cell lines. The Vyax (unit: mol/sec) for airways and alveoli was computed by
multiplying the corresponding surface area of apical membrane of epithelial cells with the

Vmax,area-

Two organelle compartments (mitochondria and lysosome) were incorporated in the
epithelial cell types at the airway and alveolar region. The volume (m?3) of mitochondria and
lysosome were estimated as 5% each of corresponding cytoplasm of epithelial cells. The
surface area (m?) of mitochondria and lysosome were calculated by multiplying 5.99x10°
with their corresponding volume. Membrane potential for mitochondria and lysosome was
set as —160 mv and +10 mv, respectively (27,28). pH in mitochondria and lysosome was set
as 8 and 5, respectively.

Absorption and Retention of Small Molecules in Tracheaobronchial Airways

Combinations of logP (corresponding to logPy, ranging from —2 to 4) and pKj, (ranging
from 5 to 14) were used as input to calculate absTsg, Tax, and Pmax (Figure 2). In airways,
compounds with higher lipophilicity were absorbed more rapidly, but this trend was less
pronounced when logP>1 (Figure 2A). The absorption rate of compounds with basic
pKa<7.5 was fastest and less influenced by lipophilicity and pKj,. For hydrophilic
compounds with logP < 0 and 7.5<pK;<9, the abs Ty was most sensitive to the change of
pKa and logP. Over this range, a one unit change in pK; or logP increased or decreased
absTsg by 3 minutes. For compounds with pK,>9, the pK, had little effect on abs Tsg, and
only logP affected the abs Tsgg in this range.

The rate limiting step for the transport across the airway epithelium was the diffusion across
the apical membrane (Supporting information, Figure 3). The amount of drug retained by
airway tissue ranged from 20 to 60 % of total dosage during the absorption process (Figure
2B). For molecules with pK, greater than 9, the maximal percentage of compounds retained
by the lung tissue during the absorption process was 40 to 60% (Figure 2B) and tmax lung Of
0.8 to 5 minutes (Figure 2C), which could provide a sufficient exposure and fast onset of
action for compounds acting locally. Smooth muscle retained up to 50% of the total dose
administered to the airway (Figure 2D). Molecules with lower logP and higher pK, had a
greater tendency to be distributed into the airway tissues, with airway tissue retention being
most sensitive to changes of drug physiochemical properties when 7 < pK; < 9 (Figure 2C,
2D).

For compounds with high pK; and low logP, the efflux rate from the airway tissue to the
plasma was slower than the rate of absorption from the surface layer into the airway,
explaining their high tissue accumulation. Lower logP and higher pK, slowed down the
plasma efflux rate of compounds from the airway more than it slowed the influx rate into the
airway tissue, which in turn led to more drug retention and exposure in the airway tissue.
Thus, for optimizing locally acting drugs targeting the upper airway, a strategy for
prolonging the therapeutic effect can exploit the factors determining the compound’s leaving
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kinetics from lung tissue (e.g. smooth muscle retention, organelle sequestration, and protein
binding), and not just solubility, dissolution, and permeability properties affecting
absorption into the lung tissue.

Absorption and Retention of Small Molecules in Alveolar Region

The absorption rate in the alveolar region was very fast: even the longest absTsg of
monobasic compounds in alveolar region was less than one and half minutes (Figure 3A).
The rate limiting step for the transport across the alveolar epithelium was the diffusion
across the apical membrane (Supporting information, Figure 3). For monobasic compounds,
only those with pK, < 7.5 possessed absTsg > one minute. The physicochemical properties
of compounds had a minor effect on the absorption in the alveolar region, over the range
tested. The maximal percentage of compounds retained in alveolar tissue ranged from 1 to
16% of total dose. The major cell type of tissue retention was the epithelium with maximal
5% accumulation (Figure 3B, D). More importantly, tyayx in alveolar tissue was less than 0.3
minutes (Figure 3C), with the influx and efflux rate of monobasic small molecules into and
out of the alveolar tissue being very fast.

Absorption in the Lung as a Function of Regional Deposition Pattern

Regional drug deposition patterns can affect absorption and bioavailability in the lung
(17,19,47). To mimic the deposition pattern of in vivo and ex vivo drug inhalation
experiments (22-24) simulation was performed to calculate the absTsg for the whole lung
under the condition that 70% of the starting dose was deposited in the airway and 30%
dosage was deposited in the alveolar region.. The absTsgq for the whole lung ranged from 1
to 9 minutes depending on the physicochemical properties of the drug (Figure 4). The
general trend of how absTsg changed in the whole lung was similar to the trend observed in
the airways.

Model Validation and Parameter Sensitivity Analysis

Based on published measurements (17-19,22-23), nine compounds with single ionized
species under physiological pH conditions were used to test the model (table I1). These
compounds included monovalent weak bases and acids with diverse structures and very
different physicochemical properties (table 11). The predicted absTsgg for all these
compounds in alveolar region was less than 1.5 minutes (table Il). If the radius of the
compounds was not taken into account, simulation results using logP and pK, alone as
inputs yielded poor predictions of relative absorption half-life compared to the experimental
data (R? less than 0.1, data not shown). Nevertheless, for compounds with moderate
Petitjean radius from 5 to 8, the experimental and predicted K, were significantly correlated
(R2=0.86, P = 0.004 (one tail)) (Figure 5). By incorporating size as a factor in the
predictions, the predicted K, for all nine compounds yielded a good correlation (R? = 0.87, P
= 0.0001 (one tail)) with the measured K, values (Figure 6).

Because of variation and uncertainty in the parameters used in the model, we analyzed the
sensitivity of the predicted absTsgg in the lung to variations of all the input parameters values
(Supporting information, Table 111, 1V). The prediction of the absorption half-life of
applicable compounds had a maximal deviation of 0.38 minutes in the lung (Supporting
Information, table 111, 1V). Although the relative deviation from the corresponding predicted
value was about 30% in the lung, the absTsg and K calculated with the simulations were
within range of the experimentally measured values.
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Additional Factors Affecting the Absorption Kinetics of Small Molecules in the Lung

We assessed the theoretical effect of P-gp on the apical epithelial cell membrane on the lung
pharmacokinetics of talinolol. The K, (423 pM) of talinolol served as input, with Vax area
(mol/sec/cm?) ranging from 1x10715 mol/sec/cm? (the Vmaxarea OF P-gp inhibitor verapamil
in Caco-2 cells (46)) to a value that was nine orders of magnitude higher, scanning a
physiologically realistic range of Vyax area. The transporter effect was most significant when
the initial dose was deposited only in the airways (R = 100%; Figure 7). In the alveolar
region, the transporter effect was reduced. Based on simulation results the absTsg of
talinolol fell into the observed range of 12—-22 minutes (Figure 7) if 70% of 50 nmol dose
was deposited in the airways and the predicted Vay area TOr talinolol was from 2x107% mol/
sec/cm? to 6x10~9 mol/sec/cm? (Figure 7).

Lastly, we assessed the effect of intracellular organelles on lung pharmacokinetics.

Including mitochondria and lysosomes in the simulations increased the predicted absTsg for
monobasic compounds only slightly for most pK, and logP conditions (Figure 8). The most
pronounced effect of organelles was observed for monobasic compounds with pK;>10 with
lung absTsg increasing by a factor of 10 or more (Figure 8A). The organelle sequestration
effect was quite pronounced in the airway (Figure 8B) and comparatively insignificant in the
alveoli (Figure 8C).

DISCUSSION

In this study, a multiscale, cell-based compartmental model was developed to analyze the
transport of cell-permeant, weakly basic or acidic, monoprotic small molecules in the lung.
To predict drug absorption, the transcellular diffusion of small molecules across the
phospholipid bilayer was modeled with Fick’s and Plank-Nernst’s equations. The ionization
state and lipid partitioning of neutral and ionized forms of the molecules was used to
compute the free aqueous fraction of concentration for both neutral and ionized form in each
subcellular compartment. Based on the concentration gradient of neutral and ionized, free
aqueous species, the concentration and amount at different compartments within the lung
could be calculated through time, in accordance with the histological and morphological
architecture of the airways and alveolar region.

For development of locally-targeted small molecule drugs, a cell-based biophysical model is
able to capture how the behavior of small molecules in airways and alveolar region are
different. Our results illustrate how such a model can provide quantitative insights about the
relationship between the physicochemical properties and absorption and tissue retention in
the upper airways vs. alveolar region. The simulations suggest that a molecule is absorbed at
a slower rate in the upper airway, and has more tissue retention than in alveolar region.
Organelle sequestration also has a far more significant effect on upper airway
pharmacokinetics. Therefore, the upper airway appears as the preferred drug targeting site
for local (inhaled) drug therapy with monoprotic weakly basic small molecules. Conversely,
the alveolar region is a far more challenging site to target with locally-active inhaled, cell-
permeant, monoprotic weakly basic molecules, while it would be the preferred site for
facilitating their absorption into the systemic circulation.

The predicted absorption kinetics in lung are very rapid compared with that of the GI tract,
and were all consistent in time scale with respect to experimentally-measured absorption
kinetics in rat lungs. For model validation, the correlation between predicted and reported
values for small lipophilic, monobasic or monoacid molecules within the size range of most
drugs (i.e 4< Petitjean radius<9) was found to be significant (R? = 0. 86). For molecules of
larger or smaller size, the molecular radius is far more important than logP and pKj in
determining absorption kinetics. Only by accounting for radius with a semi-empirical
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formula, the correlation between predicted and reported values for compounds that included
molecules with extreme size range was significant (R? = 0.87). As a caveat, the correlation
(R?) was 0.60 (P = 0.06 (one tail)) if losartan was removed, which points to the need of
acquiring more experimental data for furthering model refinement and validation.

Compared to the other organ systems, the effect of active transporters on drug absorption in
the lung have not been extensively studied, although there are suggestions that
bioavailability of inhaled medications is minimally affected by such transporters (24). We
used talinolol as a model P-gp substrate in simulations to quantify the potential role of
transporters on the absTsg using the in vitro kinetic parameters (i.e. Vimax and Kp,). P-gp
expression in lung cell lines and in vivo is lower than in Caco-2 cells with measured Vmax
only around 2 x 10712 mol/sec/cm? (46,48-50). Therefore, the predicted much larger Vmax
values (2x1079 to 6x10~2 mol/sec/cm?) suggests that efflux by P-gp at the apical side of
lung epithelial cells cannot account for talinolol’s slower-than-expected absorption. As an
alternative explanation, the absorption of talinolol could be mostly limited by its larger size
and low solubility (24,51).

By running simulations with and without mitochondria and lysosomes, the effect of
organelle sequestration on small molecule retention and absorption in airways vs. alveoli
was also analyzed. The results indicate that organelle sequestration slows down of
absorption of monobasic small molecules in the upper airways when pK, > 10.5. This effect
is largely due to the membrane potential-dependent uptake of positively-charged, protonated
species in the mitochondria. The organelle sequestration effect in alveoli is minimal, due to
the larger apical and basolateral membrane surface areas in relation to the mitochondrial
surface area of alveolar epithelial and endothelial cells, as well as the absence of interstitial
cells. For molecules with pK, < 10.5 the passive diffusion of the neutral species of the
molecule does not allow for prolongued retention in mitochondria or lysosomes, with
minimal effect on absTsg in both airways and alveoli.

While helping formulate quantitative hypothesis, these results illustrate how a cell-based
computational model can help us interpret experimental data on the absorption and retention
of small compounds in the lung in the context of the branching structure of the airways, and
the cellular organization of the walls of the airways. Presently, the scope of the model is
constrained to basic or acidic, monoprotic compounds which are cell permeant, of a limited
size range for which the transcellular route is the primary absorption pathway. Admittedly,
the uncertainty and inter-individual variability in the estimated or measured parameters for
cell types are factors that can affect the accuracy of the model (31,34). Nevertheless, the
parameter sensitivity (error propagation) analysis indicates that the predictions are robust
and error-tolerant within the aforementioned constraints and the range of uncertainty of the
estimated model parameters.

While this cell-based, mechanistic model can be further elaborated and improved, one of its
important applications may reside in its ability to help design inhaled compounds with
optimal physiochemical properties at early stage of drug design, thereby improving drug
targeting and delivery in the lung. It can also help make predictions about the
bioaccumulation and biodistribution properties of inhaled chemical agents, for toxicity risk
assessment. More importantly, because the model incorporates quantitative species-specific
information about the anatomy, physiology and histology of the lung, it can be scaled to
predict human lung absorption. Its potential to bridge the gap between animal species and
humans may be particularly valuable when clinical lung absorption data is scarce.

To summarize, a cell-based biophysical model of drug absorption in the lungs is a
computational tool that can provide mechanistic insights about a relatively unexplored site

Pharm Res. Author manuscript; available in PMC 2011 March 1.
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drug targeting and delivery. As additional small molecule absorption experiments are

performed, the model can be further validated, refined and elaborated, to increase its

ac

curacy and extend its domain of applicability. Planned experiments and future

development effort will aim at exploring the size dependency of transport behavior,
modeling paracellular transport routes of more hydrophilic compounds and macromolecules,
probing active transport effects, as well as extending the model to zwitterionic and
multivalent molecules.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A. Diagram representing the general route of drug transport from the airways to the blood,
across the histological architecture of lung tissue. 1: Surface lining (liquid) layer (Drug
donor compartment); 2: Macrophage (in alveolar region only) 3: Airway epithelial cells 4:
Extracellular fluid (interstitium) 5: Smooth muscle (in airways only) 6. Immune cells 7:
Endothelium cells 8: Systemic circulation (Drug receiver compartment). B. Diagram
representing the path of a monobasic compound across adjacent compartments separated by
a phospholipid bilayer, as captured by the model. The neutral form of the molecule is
indicated as [M], and the protonated, cationic form of the molecule is indicated as [MH*].
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Figure 2.

The relationship between the physicochemical properties and the absorption or tissue
retention in the airways. For simulations, the initial dose was set to 50 nmol, and the logP
(corresponding to logPy) and pK, were varied independently. X axis represents the logP, Y
axis represents pK,. Contour line indicates: A. The absTsg (unit: minutes) of molecules in
airway; B. The maximal amount of compounds (%) retained by airway tissue during the
absorption process. C. The time (minutes) when the maximal percentage of the total amount
of compounds was reached in airway tissue. D. The maximal amount of compounds (%)
retained by smooth muscle during the absorption process.
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Figure 3.
The relationship between the physicochemical properties and the absorption or tissue

retention in the alveolar region. For simulations, the initial dose was set to 50 nmol, and
logP (corresponding to logPy) and pK, were varied independently. X axis represents the
logP. Y axis represents pKj,. Contour line indicates: A. The absTsg (unit: minutes) of
molecules in alveolar region; B. The maximal amount of compounds (%) retained by
alveolar tissue during the absorption process. C. The time (minutes) when the maximal
percentage of amount of compounds was reached in alveolar tissue. D. The amount of
compound (%) retained by alveolar epithelium during the absorption process.
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Figure 4.
The relationship between the physicochemical properties and the absorption in the whole

lung with a dosage deposition of 70% in airways and 30% in alveolar region. For

simulations, the initial dose was set to 50 nmol, and logP (corresponding to logP,) and pK,
were varied independently. X axis represents the logP. Y axis represents the pK,. Contour
line indicates the absTsg (minutes) of molecules in whole lung.
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Figure 5.
Observed K, and predicted K, are related, for small drug-like molecules of intermediate size

range (Petitjean radius 5 to 8). Regression equation: logK, (predicted) = 0.198 logK,
(observed) — 0.199; R2=0.86.
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Figure 6.

The correlation between the observed and predicted logK,, obtained by partial least square
(PLS) regression using the predicted logK, and Petitjean radius as variables. The regression
relationship was described by the following equation: logK, (observed) = 1.48 — 0.23 radius
+2.01 logK, (predicted); R?=0.87.
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Figure 7.

The effect of an apical airway efflux transporter with K, = 423 pM. For simulations,
Vmax area Was varied from 1x107%5 to 1x1078 (mol/sec/cm?). R is the percentage of total
dose (50 nmol) deposited in the airways.
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Figure 8.

The simulated effect of organelle sequestration on lung pharmacokinetics of small molecules
of varying physicochemical properties. For the simulations, the initial dose was 50 nmol.
logP (corresponding to logPy) and pK, were varied independently. X axis represents the
logP. Y axis represents pK,. Contour line indicates: A. the difference in the absTsg
(minutes) between simulations carried out with and without organelles for the lung, with
70% of the dose in airways and 30% in alveolar region. B. the difference in the absTsgg
(minutes) between simulations carried out with and without organelles for the airway. C. the
difference in the absTsg (minutes) between simulations carried out with and without
organelles for the alveolar region.
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