Downloaded via 86.144.20.204 on September 28, 2020 at 12:38:38 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,

provided the author and source are cited.

‘.n
A4

2

ACS
AUTHORCHOICE

http://pubs.acs.org/journal/acsodf

Model-Informed Drug Discovery and Development in Pulmonary
Delivery: Biopharmaceutical Pharmacometric Modeling for
Formulation Evaluation of Pulmonary Suspensions

Tomas Sou, Fadi Soukarieh, Paul Williams, Michael J. Stocks, Miguel Camara,

I: I Read Online

and Christel A. S. Bergstrom™

Cite This: https://dx.doi.org/10.1021/acsomega.0c03004

ACCESS |

Ll Metrics & More

Article Recommendations

SEN023

Lung total Lung dissolved

AUC 1 (AUC lung total)

Plasma

0000 [\

05 10 15 20
Kdo

CMXyr (Cmax lung total)

SEN089
Lung total Lung dissolved

- .

05 10 15 20

) N A\
H \ AN
£ o ~ N
H \ NS
H N\
5
8
3§ % 85 5 3 % 3 T s
Time (h)
SEN0G6
Lung tal Lung dissolved
Zroo] |\
§
¢
8
-———_————
Time ()

TAT,r (T>target lung total)

Plasma 1.00{

Predict impact of formulation properties on drug exposure

UG5 (AUC lung dissolved)

05 10 15 20
Kdo

CMXyo (Cmax lung dissolved)

mu-

05 10 15 20

TATio (T>target lung dissolved)

AUC (AUC plasma)

05 10 15 20
Kdo

CMXp, (Cmax plasma)

05 w'o 15 20

TATey (T>target plasma)

Concentration (4giL)

05 10 15 20 05 10 15 20

00|
\i S \ \ 0757
| ~ - 9|
J = =| oz

Time (n) Kdo

ABSTRACT: For respiratory conditions, targeted drug delivery to the lungs could produce higher local concentrations with
reduced risk of adverse events compared to systemic administration. Despite the increasing interest in pulmonary delivery, the
pharmacokinetics (PK) of drugs following pulmonary administration remains to be elucidated. In this context, the application of
modeling and simulation methodologies to characterize PK properties of compounds following pulmonary administration remains a
scarcity. Pseudomonas aeruginosa (PA) lung infections are resistant to many of the current antibiotic therapies. Targeted treatments
for pulmonary delivery could be particularly beneficial for these local conditions. In this study, we report the application of
biopharmaceutical pharmacometrics (BPMX) for the analysis of PK data from three investigational antimicrobial agents following
pulmonary administration of a suspension formulation. The observed drug concentration—time profiles in lungs and plasma of the
compound series were combined for simultaneous analysis and modeling. The developed model describes the PK data, taking into
account formulation properties, and provides a mechanism to predict dissolved drug concentrations in the lungs available for activity.
The model was then used to evaluate formulation effects and the impact of variability on total and dissolved drug concentrations in
lungs and plasma. The predictions suggest that these therapies for lung delivery should ideally be delivered in a sustained release
formulation with high solubility for maximum local exposure in lungs for efficacy, with rapid systemic clearance in plasma for
reduced risk of unwanted systemic adverse effects. This work shows the potential benefits of BPMX and the role it can play to
support drug discovery and development in pulmonary delivery.

1. INTRODUCTION

In the treatment of respiratory conditions, targeted drug delivery
to its required site of action could provide unique benefits
compared to systemic administration. Local delivery to the lungs
could achieve a higher local concentration at the target site with
reduced systemic exposure and risk of adverse events.' For
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instance, pulmonary delivery of antimicrobial therapies could be
beneficial in the treatment of respiratory infections. For these
local treatments, the pharmacokinetics (PK) at the site of
infection in the lungs is a crucial determinant for drug efficacy.
However, despite increasing interest in pulmonary drug delivery
over the past few decades, the PK of drug molecules following
pulmonary administration remains to be elucidated. In this
context, the application of modeling and simulation to
characterize the impact of formulation behavior on local and
systemic PK following pulmonary administration remains in its
infancy.

Antibiotic resistance is a growing challenge and a major public
health threat worldwide. In particular, Pseudomonas aeruginosa
(PA), the causative bacterial species in a wide range of
pulmonary conditions, has recently developed resistance to
many of the current antibiotic therapies available.”* Previous
reports have indicated that about 80% of patients with cystic
fibrosis present with chronic PA lung infections.”” New
treatment options for these infections are therefore of much
importance. There have been ongoing efforts to explore new
targets on PA infections. To this end, the inhibition of the
quorum-sensing (QS) signaling pathway, which regulates the
production of multiple virulence factors including traits required
for PA biofilm formation and their resistance to antibiotics, has
been suggested as a promising target.”*~” We therefore aim to
develop a novel class of anti-virulence agents, quorum-sensing
inhibitors (QSIs), for the inhibition of biofilm formation to
sensitize PA to antibiotic treatments and attenuate its virulence.

Preclinical studies are invaluable in the lead optimization
process in order to evaluate the PK of compounds. For
pulmonary drug delivery, formulations are dosed into the lungs
of the animals. While sufficiently soluble compounds can be
administered into the lungs as solutions, poorly soluble
compounds are commonly administered as a suspension.
However, due to the dissolution of solid drug particles, the
absorption of drugs from lung to plasma depends on the
properties of the formulation, which affects both local and
systemic drug concentrations. Consequently, it could be
misleading to interpret the PK profiles of drug compounds
without taking into account the properties of the formulation
used for administration. During lead optimization and candidate
selection, PK studies are conducted to identify compounds with
the best potential for development into a clinical therapy. It is
often impractical to invest heavily in formulation development
for a specific compound in this early phase of drug discovery
when a wide range of compounds are still being considered. For
pulmonary suspensions, solubility and dissolution of drug
particles in the formulation vehicle are the major determinants
of local retention and systemic absorption. While slow
dissolution of drug particles can provide sustained drug
concentrations, only dissolved drugs are available for disposition
and activity. However, it is practically difficult to separate
dissolved drugs in lung samples following administration of a
suspension. For instance, both dissolved and undissolved drugs
will appear in an assay for homogenized lung samples. Hence, a
methodology that could support efficient PK evaluation of drug
compounds following pulmonary drug delivery taking into
account formulation properties and prediction of concentrations
of dissolved drugs in lungs would be beneficial.

In this study, we propose and report the application of
biopharmaceutical pharmacometrics (BPMX) — i.e., pharmaco-
metric modeling incorporating biopharmaceutical principles —
to support the PK evaluation of three discovery drug compounds

following pulmonary administration of a suspension. SEN023,
SEN066, and SEN089 are three novel drug molecules that are
structural analogues of a prototype QSI, which has shown
promising activity against P. aeruginosa.10 The compounds were
characterized in vitro and in vivo for their therapeutic potential
and suitability as drug candidates. The lung and plasma
concentration data of the compound series following pulmonary
administration of a suspension in rats were collected and
compiled for simultaneous analysis and modeling. The
developed model was then applied to predict concentrations
of dissolved drugs in the lung available for activity, to investigate
the potential impact of solubility and dissolution on lung and
plasma PK. The sensitivity of drug exposures to interindividual
variability on systemic clearance and formulation properties was
also evaluated.

2. MATERIALS AND METHODS

2.1. Compounds. SEN023, SEN066, and SEN089 are
structural QSI analogues designed, synthesized, and supplied by
the University of Nottingham (Nottingham, UK). The
structures of the compounds are not disclosed for intellectual
property protection since the compounds are potentially patent
pending. They are, however, structural analogues of SEN0O1 as
shown previously.'' Polyethylene 400 (PEG400) and poly-
sorbate 80 (PS80) were purchased from Sigma-Aldrich
(Stockholm, Sweden).

2.2. Physicochemical Properties. The physicochemical
properties of the compounds were predicted using ADMET
Predictor version 7.2 (Simulations Plus, Inc., Lancaster, CA,
USA). Two-dimensional SDF files of SEN023, SEN066, and
SENO089 were introduced into the software, and the
physiochemical and biopharmaceutical properties were calcu-
lated at pH 7.4. The physicochemical properties of the
compound series are summarized in Table 1.

Table 1. In Silico Predicted ADMET Properties of SEN023,
SEN066, and SEN089“

acidic  basic human gejunal permeability

CPD MW pK. pK, clogP cm/s, X10%)
SEN023 368.8 none 7.1; 2.4 2.0
1.3
SENO066 383.9 10.7 1.6 3.1 4.1
SENO089 398.9 none 5.4 3.7 2.8

“Abbreviations: CPD = compound; MW = molecular weight.

2.3. Solubility Determination. The kinetic solubility was
determined by adding 5 uL of 10 mM DMSO stocks of the
compounds into 495 L of phosphate buffer at pH 7.4. Samples
were incubated at 37 °C for >20 h, and the supernatant was
separated from the excess solid by centrifugation at 246S5g
(Eppendorf Centrifuge 5810 R) for 30 min at 37 °C. The drug
concentrations in the supernatant were then determined by
liquid chromatography—tandem mass spectrometry (LC—MS/
MS). Depending on the materials available, the solubility
measurements were performed in 1—3 replicates. The fraction of
compound dissolved in the suspension formulation was
determined at Saretius (Nottingham, UK). Briefly, 1 mg of
drug was added to 2 mL of the formulation vehicle containing
PS80 and PEG400 at 2% w/v each in water, and the mixture was
stirred overnight at room temperature. The formulation was
then filtered, and the filtrate was sent to XenoGesis
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(Nottingham, UK) for analysis to determine compound
concentrations.

2.4. Metabolic Stability. Briefly, metabolic stability at 37
°C was determined in 0.5 mg/mL human and rat liver
microsomes at a compound concentration of 1 M in 100
mM KPO, buffer at pH 7.4 and a total incubation volume of 500
uL. The reaction was initiated by addition of 1 mM NADPH.
Samples were withdrawn after 0, S, 10, 20, 40, and 60 min of
incubation, and the reaction was terminated by addition of cold
acetonitrile. The amount of parent compound remaining was
analyzed by liquid chromatography—tandem mass spectrometry
(LC—MS/MS). The measured clearance in the microsomes
(CL,) was then used to calculate the predicted intrinsic
clearance (CL,,), hepatic clearance (CLy), and hepatic
extraction efficiency (EE) using the scaling parameters of the
respective species, as shown in eqs 1-3.

CL,, = CL_-MPPGL-GLPBW-BW (1)
CL,,fu-LBF
CLy=—>"———
(CL,,fu + LBF) (2)
CL
E=—2
LBF (3)

where MPPGL is milligram microsomal protein per gram liver
(46 mg/g for rat and 39.8 mg/g for human), GLPBW is gram
liver per body weight (40 g/kg for rat and 21 g/kg for human),
BW is body weight (0.25 kg for rat and 70 kg for human), fu is
fraction unbound (assumed to be 1), and LBF is liver blood flow
(13.8 mL/min for rat and 1500 mL/min for human).

2.5. Pharmacokinetics Studies. The PK study of the
compound series was performed at XenoGesis (Nottingham,
UK) and its animal research facility Saretius (Nottingham, UK).
The study protocols were reviewed and approved by the animal
ethics committee at Saretius (UK Home Office licence 70/8420,
19b 2). Male Sprague—Dawley (CD) rats (Charles River UK,
0.273 + 0.048 kg (mean = s.d.) on initiation of dosing) were
housed in groups of up to S prior to the study in the Saretius
animal facility. Animals were maintained under a 12 h light/dark
cycle (lights on at 07:00 h), where temperature (19—22 °C) and
humidity (45—65%) were controlled according to UK Home
Office regulations with free access to food (laboratory chow)
and water. Animals were allowed to acclimatize for at least 2 days
prior to initiation of the study.

Intratracheal dosing was performed under general anesthetic
using gaseous isoflurane (Merial Animal Health Ltd., Harlow,
UK, 5% isoflurane/95% oxygen). Briefly, rats were suspended
under anesthesia by their incisors resting on a board angled at
approximately 45°, and the tongue was gently moved aside using
forceps. Alaryngoscope was then inserted to provide a clear view
of the top of the trachea, and any mucous was removed with a
cotton bub prior to insertion of the dosing needle, which is
angled to enable a clear view of the trachea during insertion.
Correct insertion of the needle was confirmed by detection of
the cartilage rings within the trachea using the needle tip before
administration of the suspension. The suspension vehicle was
composed of 2% PEG400 and 2% PS80 in water, and the
compounds were added to a concentration of 0.5 mg/mL. The
compounds were administered to the animals at a dose of 0.5
mg/kg body weight in a dose volume of 1 mL/kg. Plasma and
lung homogenate samples were collected at 0.17, 0.5, 1, 2, 3, 6,
12, and 24 h after dosing.

2.6. Analytical Methods. The amounts of drugs in the
formulation and PK samples were quantified using LC—MS/
MS. Briefly, quantitative analysis was performed using a Thermo
Scientific TSQ Quantiva triple quadrupole mass spectrometer
(Thermo Scientific, San Jose, California, USA) in positive
electrospray MRM mode coupled to a Thermo Scientific
Vanquish Binary UHPLC system (Thermo Scientific, Germer-
ing, Germany). MS ion transitions were SEN023 370 > 132 and
370 > 352, SEN066 384 > 229 and 384 > 257, and SEN089 399
> 206 and 399 > 357. The analytes were separated using an
Accucore, Phenyl-X 2.6 m, 100 X 2.1 mm (Thermo Scientific,
Runcorn, UK) over 2.10 min using a gradient method at a
column temperature of 60 °C. The mobile phase was composed
of Milli-Q water with formic acid (0.1%) and acetonitrile with
formic acid (0.1%).

2.7. Pharmacokinetics Modeling. Initially, models were
independently developed for SEN023, SEN066, and SEN089 to
obtain parameter values for each compound. The observed
concentrations were then combined to simultaneously analyze
the lung and plasma pharmacokinetic profiles of the three drugs.
Briefly, the model consisted of one lung compartment (L) where
doses were given and lung samples were taken, one central
compartment (C) where plasma samples were taken, one
peripheral tissue compartment (P) to describe the disposition of
drugs following systemic absorption, one solution compartment
(Dgq) to describe the amount dissolved drugs, and one
suspension compartment (D) to describe the solid drug
particles in the dosing suspension. The total amount of drugs
in the lung compartment was the sum of drugs in the solution
and suspension compartment (Dy + D,). Only dissolved drugs in
solution can be distributed into the systemic circulation. In
addition to the suspension compartment for dosing of the
formulation, one-, two-, three-, and four-compartment drug
disposition models were evaluated. The transfers of drug
between these compartments over time (t) are shown in egs
4-7.

i kq'D

T (4)

dD CL CL

_—d _ +D - LC Dy + LC. ¢

dt 14 Ve (8)

CL CL CL

d_C= LC.d_ L€ c— C.C_g.c+g.p

dr L Ve Ve Ve Ve
(6)

®_Q._a,

e v )

where V, CL, and Q are the volume of distribution, clearance,
and intercompartmental clearance parameters, respectively,
between the corresponding compartments and k4 is the
dissolution rate constant of the solid particles in the suspension.
The structure of the final pharmacokinetic model is illustrated in
Figure 1. Clearance (CL and Q) and volume of distribution
parameters were allometrically scaled and parametrized during
the estimation as shown in eqs 8 and 9:

0.75
ct= ey (1)

0.25 (8)
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Cle

Figure 1. Schematic diagram showing the structure of the final
pharmacokinetic model. Abbreviations: CL = central clearance; CL; ¢
= distribution clearance from lung to central compartment; Q =
intercompartmental clearance; C = central compartment; L = lung
compartment; P = peripheral tissue compartment; Dy = solution
compartment for dissolved drugs; D, = suspension compartment for
solid drug particles in the suspension; Fy = fraction dissolved; kg =
dissolution rate constant, where ky = kyo-(e X + e™8@*) and ky, =
dissolution rate constant at time 0, kg, = first decline rate constant of kg,
and kg, = second decline rate constant of k.

1
WT
vi= VT"'(ozs)

)

where CLi and Vi are the individual animal parameters, WT (kg)
is the animal body weight, and CLyy and Vi are the typical
clearance and volume of distribution, respectively, of an animal
with a typical body weight of 0.25 kg.

For the dissolution of the suspension particles, a first-order
dissolution and a time-varying dissolution were evaluated. For
time-varying dissolution, two functions where the dissolution
rate constant declined over time in a monoexponential and a
biexponential manner were evaluated as shown in eqs 10 and 11

kg = kgo-exp(—kgy't) (10)

kg = kyo[exp(—kgpt) + exp(—kyy-t)] (11)

where kg is the dissolution rate constant at time 0, representing
the baseline dissolution rate of the formulation and kg, and kg,
are the first and second decline rate constants of ky. The fraction
of the dose dissolved (Fy) in the suspension, based on solubility
measurements of the formulation, determined the initial amount
of dissolved drug in the lung compartment.

In the model, the observed plasma concentrations were
predicted from the concentrations in the central compartment.
To reflect the gradual dissolution of the suspension in the lungs,
the observed lung concentrations were predicted from the total
amount of drugs in the lung compartment, as a sum of drug in
both the solution compartment and the suspension compart-
ment.

2.8. Simulation Study. The final PK model was used to
perform simulation studies to investigate the potential impact of
formulation properties on the concentration—time profiles of
total drugs in lungs, dissolved drugs in lungs, and drugs in plasma
following pulmonary administration of a suspension formula-
tion. For the simulations, key formulation parameters were
evaluated while the drug disposition parameters were fixed.
Lung and plasma PK profiles were simulated for a range of values

of initial fraction dissolved (F; = 0.1 to 1.0) and baseline
dissolution rate constant (kg = 0.2 to 2.0 h™') parameters. The
evaluated values of F, represent formulations containing 10 to
100% of the compounds initially dissolved and reflect the
solubility of the drugs in the formulation. The evaluated values
of kgy represent half-lives of 0.35 to 3.47 h based on
approximation from first-order kinetics. Summary PK indices
over a 24 h period following a single dose including the
cumulative area-under-the-curve (AUC) of the PK profiles up to
24 h, maximum concentration (C,,,,), and the percentage of
time over a 24 h period where the PK profiles exceeded the
target concentration (% T > target) were computed from the
simulations. Since the effective concentrations of these discovery
compounds have not been determined, for the purpose of
comparing the compounds and formulation effect in this study, 1
mg/L (i.e, 2.5 to 2.7 uM) was chosen as the target
concentration to demonstrate the application of the model.

To investigate the sensitivity of lung and plasma concen-
trations to interindividual variability (IIV) of systemic clearance
and formulation properties, simulations were performed with
variability on the parameters of interest. The predictions were
generated from a virtual population composed of 1000
simulated data sets with variability on the systemic clearance
(CL), initial fraction dissolved (F;), and baseline dissolution
rate constant (kgy) parameters. Since physiological and
formulation characteristics are positively constrained and
typically log-normally distributed, IIV was applied to the
parameters using an exponential model as shown in eq 12

6, = Ory-exp(n7) (12)

where 6, is the individual value of the parameter for each subject,
Ory is the typical value of the parameter in the population, and 77
is normally distributed with a coefficient of variance (CV) of
50% and mean O.

2.9. Data Analysis and Software. Model development was
performed in the nonlinear mixed-effects modeling software
program, NONMEM (version 7.4; ICON Development
Solutions),'” using the Laplacian estimation with interaction
algorithm. Perl-speaks-NONMEM (PsN) was used for model
execution and generation of visual predictive checks (VPCs)."?
R (version 3.6; R Foundation for Statistical Computing, Vienna,
Austria) was used for data management, and the Xpose4
package'* was used to support graphical evaluation of results for
model diagnostics. The run records and numerical comparison
of models were maintained and facilitated by Pirana."

The likelihood ratio test (LRT) was used to evaluate statistical
significance for inclusion of additional parameters in nested
models, where the objective function value (OFV) was assumed
to be y* distributed. A decrease in OFV of 3.84 between nested
models with one parameter difference was considered to be a
statistically significant difference at the 5% significance level.
Model development was guided by the scientific plausibility of
the parameter estimates, the change in objective function value
(AOFV), parameter precision, and evaluation of goodness-of-fit
and residual diagnostic plots including the simulation-based
VPCs."

Since the majority of samples were terminal samples and the
primary interest of central tendency in the preclinical study, IIV
of the parameters was not estimated. For VPCs, 1000 data sets
were simulated from the final parameter estimates using the
original data set as a template. The predicted medians and the
2.5th and 97.5th percentiles and their corresponding 95%
confidence intervals were computed from the simulated data and

https://dx.doi.org/10.1021/acsomega.0c03004
ACS Omega XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsomega.0c03004?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03004?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03004?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03004?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03004?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

overlaid with the observed values. Data below the lower limit of
quantification (LLOQ) were handled using the likelihood-based
M3 method.'” The observed data were natural log-transformed
for model development (i.e., the transform-both-side approach),
and a proportional error model, as approximated by a natural
log-transformed additive error model, was used to describe the
residual unexplained variability.

For the simulation study, prediction and visualization of
results were performed in R. The mr§solve package (version
0.9.0; Metrum Research Group, USA)'® was used to perform the
simulations. The shiny package (version 1.2.0; RStudio, USA)"”
was used for application development to support interactive
evaluation and visualization of the simulation output.

3. RESULTS

3.1. Solubility Determination. The kinetic solubility
measurements of SENO023, SENO066, and SENO089 in the
formulation used were 16.4, 14.9, and 27.3 pg/mL, respectively.
The results were consistent with the rank order observed in the
suspension formulation, in which the fractions of SEN023,
SENO066, and SENO089 dissolved were 10, 5, and 21%,
respectively. These solubility values were included in the PK
model.

3.2. Metabolic Stability. The metabolic stability of the
compounds in human and rat liver microsomes are summarized
in Tables 2 and 3. The results showed that the compounds were

Table 2. Metabolic Stabilities of SEN023, SEN066, and
SENO089 in Rat Liver Microsomes”

CPD halflife (min)  CL;, (mL/min) CLy (mL/min) EE

SEN023 18.14 35.15 9.91 0.72
SEN066 11.26 56.63 11.10 0.80
SENO089 7.50 85.07 11.87 0.86

“Abbreviations: CPD = compound; CL,,, = intrinsic clearance; CLy; =
hepatic clearance; EE = extraction efficiency.

Table 3. Metabolic Stabilities of SEN023, SEN066, and
SEN089 in Human Liver Microsomes”

CPD halflife (min)  CL;, (mL/min) CLy (mL/min) EE

SEN023 67.51 1201.17 667.03 0.44
SEN066 106.73 759.72 504.30 0.34
SENO089 21.25 3816.07 1076.76 0.72

“Abbreviations: CPD = compound; CL,,, = intrinsic clearance; CLy; =
hepatic clearance; EE = extraction efficiency.

all likely to be rapidly metabolized in rats after systemic
absorption with high hepatic extraction efficiency (EE) ranging
from 0.72 to 0.86. However, the compounds were more stable in
human than in rat liver microsomes, with their EE ranging from
0.34 to 0.72, suggesting that these compounds might be less
extensively metabolized in humans.

3.3. Plasma Pharmacokinetics Following Pulmonary
Administration. Following pulmonary administration of the
suspension, the compounds were rapidly distributed into the
systemic circulation as shown by the rapid appearance of the
drugs in plasma and the lack of a distinct absorption phase in the
plasma concentration—time profiles (Figure 2). Among the
three compounds, the plasma concentration of SEN089
declined most rapidly, with a steep distribution phase that
lasted throughout the sampling period. In contrast, following the
initial distribution phase, the decline of SEN066 was the slowest

as characterized by a relatively flat plasma concentration—time
profile after 6 h.

3.4. Lung Pharmacokinetics Following Pulmonary
Administration. The lung concentrations of the compounds
declined slowly following pulmonary administration of the
suspension and remained in the lungs at high concentrations
over the sampling period (Figure 2). The lung concentrations of
SENO089 declined most rapidly, while the ones of SEN066 lasted
the longest in the lungs. It is worth noting that the measured lung
concentrations of the compounds were more than 2 orders of
magnitude higher than their plasma concentrations. The lung
concentration—time profiles also declined slower than their
plasma profiles, indicating that the measured concentrations in
lung and plasma were not at equilibrium.

3.5. Pharmacokinetics Modeling. The observed concen-
trations of the compounds were described by the final model
with acceptable fit and predictive performance as demonstrated
in the VPC (Figure 2). While a peripheral tissue compartment
was needed to describe the observed concentrations for
SENO089, it did not improve the model fit for SEN023. Although
an additional peripheral tissue compartment improved the
model fit for SEN066, parameter estimates became physiolog-
ically implausible. Further investigation revealed that the
difference in model fit was primarily contributed by the limited
plasma samples at 24 h, and there was no improvement when
these samples were excluded. The peripheral tissue compart-
ment was therefore not included in the final model for SEN066.
Thereafter, the addition of a deep lung compartment to the
model before systemic absorption did not further improve
model fit for any of the compounds.

For the formulation components of the model, the fractions of
the nominal dose in solution were fixed to the values determined
in the solubility study. Dissolution of solid particles was
described by the release of drugs from the suspension
compartment to the solution compartment in the lung, in
which the dissolved drugs in solution were available for systemic
absorption and distribution. For the dissolution process,
compared to a typical first-order kinetics, the time-varying
dissolution rate constant in the final model improved model fit
for all of the compounds significantly (p < 0.001, AOFV for
SEN023 = —952, SEN066 = —78.1, SEN089 = —81.9).
Compared to a monoexponential decline, a time-varying
dissolution rate constant with a biexponential decline further
improved model fit significantly (p < 0.01—0.001, AOFV for
SEN023 = —15.5, SEN066 = —22.7, SEN089 = —17.5). The
parameter estimates of the final model and their relative
standard errors are summarized in Table 4.

3.6. Formulation Effects on Drug Exposures in Lungs
and Plasma. The predicted lung and plasma PK profiles
resulting from suspension formulations with different initial
fractions of drugs dissolved and varying dissolution rates are
shown in Figure 3. The simulation results showed that increasing
the initial amount of dissolved drugs in the suspension would
increase the amount of drugs available for rapid distribution
from lung to plasma immediately after administration, leading to
higher initial plasma concentrations. For a given drug, the
concentrations in lungs and plasma then declined at the same
rate for all suspension formulations after the rapid initial
distribution phase. When the formulation was a complete
solution (i.e., Fy = 1), the initial concentrations in both lungs and
plasma declined much more rapidly than any suspension
formulations, reaching the terminal elimination phase in less
than 2 h after administration. The results also showed that
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