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Abstract: IDP-73152, a novel peptide deformylase inhibitor with an antibacterial effect against
Gram-positive bacteria, is in phase I development. The objective of this study was to develop a
physiologically-based pharmacokinetic model (PBPK) for IDP-73152 in animals, and to extend the
model to humans. Biopharmaceutical properties of IDP-73152 are determined using in vitro/in vivo
experimentations for the PBPK model. A transit model consisting of gastrointestinal segments is
applied for an estimation of the intestinal absorption kinetics. The PBPK model of IDP-73152 in rats
is able to appropriately predict the plasma concentration–time profiles after the administration of
IDP-73152 at different doses and by different routes (combined absolute average fold error (cAAFE),
1.77). The model is also found to be adequate in predicting the plasma concentration–time profiles
of IDP-73152 in mice (cAAFE 1.59) and dogs (cAAFE 1.42). Assuming the oral administration of
IDP-73152 to humans at doses of 640 and 1280 mg, the model is able to reproduce the concentration–
time profiles obtained in humans (cAAFE 1.38); therefore, these observations indicate that the PBPK
model used for IDP-73152 is applicable to animal species and humans. This model may be useful in
predicting efficacious doses of IDP-73152 for the management of infectious disease in humans.

Keywords: IDP-73152; human scaling; physiologically-based pharmacokinetic modeling; peptide
deformylase inhibitor

1. Introduction

Peptide deformylase (PDF), a highly conserved protein in bacteria, catalyzes the
removal of N-formyl groups from newly synthesized polypeptides [1–3]. Since PDF plays
a critical role in the survival of micro-organisms, despite the function of the PDF homolog
being apparently unnecessary in mammalian cells [4], the inhibition of this enzyme has
been recognized as a promising means for the discovery of new antibiotics. In fact, a
considerable number of PDF inhibitors have been previously identified based on their
in vitro and in vivo pharmacological activities (e.g., direct bacterio-static/-cidal effects as
well as indirect proinflammatory effects), although these inhibitors have been reported
to have a number of technical issues, including pharmacokinetic (PK) insufficiencies [5].
For example, actinonin, a natural PDF inhibitor produced by actinomycetes has been found to
possess a broad spectrum of antibiotic activity against a number of Gram-positive/-negative
strains in vitro [6]; however, this compound and its derivatives have been found to be ineffective
in vivo, apparently due to their poor intestinal absorption in animals [7]. BB-83698, another PDF
inhibitor, has also been reported to have a problematic oral bioavailability in humans, despite
the fact that BB83698 possesses an improved efficacy compared with that of actinonin [8]. Thus
far, no antibiotic agent based on PDF inhibition has been commercially developed.

IDP-73152 is an aminopiperidine derivative and a novel inhibitor of the bacterial
PDF [9,10]. The inhibitor is currently the subject of a phase I study in Korea for use in the
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treatment of complicated skin and respiratory infections. This investigational new drug has
been demonstrated to apparently have adequate PK properties without clinically significant
adverse effects when a single oral dose of 40–1280 mg is given to human subjects [11]. In a
previous study [9], it was found that the oral dose at which the survival rate was 50% (ED50),
based on twice-a-day dosing, was generally less than 20 mg/kg in infected mice models
(i.e., mice infected with penicillin-resistant Streptococcus pneumonia (the ED50 of 3.0 mg/kg),
vancomycin-resistant Enterococcus faecium (the ED50 of 13.3 mg/kg), or methicilin-resistant
Staphylococus aureus (the ED50 of 16.6 mg/kg)). Furthermore, in a preliminary screening
study, the in vitro minimum inhibitory concentration values of the compound against
the bacterial strains were comparable to, or less than, those of linezolid and vancomycin.
Despite these favorable data for the compound, however, the efficacious dose has to be
rationally determined based on PK/PD relationships in humans. Unfortunately, the PK
characteristics (e.g., PK model structure and parameters) have not yet been systematically
determined for IDP-73152 in the literature.

The primary objective of this study was to develop a PK model for IDP-73152 in
humans. In particular, we intended to construct/validate a bottom-up physiologically-
based pharmacokinetic (PBPK) model of the compound in animals, and to determine
whether the model could be extended to humans. We herein report that a PBPK model for
IDP-73152, appropriate for three animal species, was constructed and is able to adequately
predict the PK in humans.

2. Materials and Methods
2.1. Materials

IDP-73152 (98.5% purity, mesylated salt form, Figure 1a), and the internal standard (i.e.,
IDP-117293, Figure 1b), were provided by Ildong Pharmaceutical Co., Ltd. (Seoul, Korea).
N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) and Hank’s balanced salt
solution (HBSS) were purchased from ThermoFisher Scientific (Waltham, MA, USA) and
Sigma-Aldrich (St. Louis, MO, USA). Blank plasma samples were obtained from Biomedex
(Seoul, Korea). Liver microsomes from rats, mice, dogs, and humans (Corning® Gentest),
and a NADPH-regenerating system, were purchased from Corning Inc. (Glendale, AZ,
USA). Williams’ media E, fetal bovine serum, penicillin-streptomycin, and an insulin-
transferrin-selenium liquid media supplement were obtained from Sigma-Aldrich® (Merck
KgaA, Darmstadt, Germany). Acetonitrile, methanol, water, and formic acid, in HPLC or
LC-MS grade, were purchased from Honeywell Research Chemicals (Charlotte, NC, USA).
The reagents were used without further purification.
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Figure 1. Chemical structure of (a) IDP-73152 (C28H41F3N4O4, Mw of 554) and (b) internal standard
(i.e., IDP-117293; C30H44F2N4O4, Mw of 562).

2.2. In Vitro PK Studies
2.2.1. Caco-2 Cell Permeability

In this study, bidirectional permeability assays were conducted as described in the
literature [12], with minor modifications. Briefly, Caco-2 cells (KCLB, Seoul, Korea) were
seeded on Transwell® inserts (Corning Inc., Glendale, AZ, USA) and grown in a humid-
ified atmosphere of 5% CO2 at 37 ◦C to form a confluent monolayer over 3 weeks. On
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day 21, after seeding, the integrity of the cell monolayer was assessed by measuring the
transepithelial electrical resistance using an epithelial voltohmmeter (EVOM and EVOMX,
World Precision Instruments, Sarasota, FL, USA). The medium in donor and receiver
compartments was then replaced with 5 mM of HEPES in HBSS, and preincubated for
10 min at 37 ◦C. The permeability study was initiated by adding IDP-73152 (in a 10 µM
final concentration in the chambers) to an apical insert (for apical-to-basolateral (A-to-B)
transport) or a basolateral chamber (for basolateral-to-apical (B-to-A) transport). Samples
were collected from both compartments at 30 min intervals up to 2 h. Throughout the
study, the temperature and atmosphere of the compartments were maintained at 37 ◦C
and 5% CO2. The samples were stored at −80 ◦C until analysis and the concentration of
the compound was determined by LC-MS/MS assay for IDP-73152 [10]. The apparent
permeability coefficient (Papp, in cm/s) was calculated using the following equation:

Papp =

(
dQ/dt
C0 × A

)
(1)

where dQ/dt is the rate of IDP-73152 transport across monolayers (nmol/s), C0 is the initial
concentration of IDP-73152 (10 µM), and A is the surface area of the insert (1.12 cm2). The
efflux ratio of IDP-73152 in the Caco-2 cell system was calculated by the ratio of Papp from
B-to-A transport (Papp,B-to-A) to Papp from A-to-B transport (Papp,A-to-B).

2.2.2. Free Faction of IDP-73152 in the Plasma, Microsomal and Hepatocyte Incubation

The unbound fractions of IDP-73152 in various matrices were measured according
to the manufacturer’s instructions for the rapid equilibrium dialysis (RED) device (Ther-
moFisher Scientific, Waltham, MA, USA) [13]. Briefly, IDP-73152 was added to the plasma
or the microsomal/hepatocyte incubation buffer from various species (i.e., mouse, rat,
dog, and human for microsomal incubation; rat for hepatocyte incubation) to obtain final
concentrations of the compound at 0.3, 1, and 3 µM. After the membrane insert was placed
in the RED plate, the solution containing IDP-73152 was added (400 µL) to the sample
chamber, and the dialysis buffer (600 µL) was added to the buffer chamber. The RED plate
was sealed with parafilm and then incubated at 37 ◦C in the orbital shaker (Lab Companion,
Daejeon, Korea) at 100 rpm for 5 h. After a 50 µL aliquot was aspirated from both the
sample and buffer chambers, an equal volume of protein-free buffer or blank medium
was replaced in the aspirated sample or buffer to render the matrices compositionally
identical. The IDP-73152 concentration in the buffer/sample chambers (i.e., CBuffer Chamber
and CSample Chamber) was determined by an assay [10]. Thus, the fraction unbound was
defined as:

% Fraction unbound =

(
CBuffer Chamber
CSample Chamber

)
× 100% (2)

When necessary, the stability of IDP-73152 in the matrix was also determined at 5 h.

2.2.3. Blood Partitioning

In this study, the partitioning of IDP-73152 in blood samples obtained from mice, rats,
dogs, and humans was determined using the LC-MS/MS-based depletion method [14]
with slight modifications. DP-73152 was added to an aliquot (1 mL) of blank blood or
plasma at a final concentration of 0.3, 1, or 3 µM. The mixture was incubated at 37 ◦C in a
water bath for 60 min. After the incubation, the plasma was separated by centrifugation
of the blood samples for 5 min at 10,000× g/4 ◦C and stored at −80 ◦C until analysis [10].
The blood-to-plasma concentration ratio (BP) was calculated using the equation:

BP = CRe f
PL /CPL, (3)
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where CRe f
PL is the concentration of the compound at the corresponding blood concentration

in the plasma, and CPL is the concentration from the plasma sample separated from the
incubated blood.

2.2.4. Metabolic Stability and Blood Stability

In this study, the metabolic stability of IDP-73152 in microsomes from mice, rats, dogs,
and humans, as well as rat hepatocytes, was determined. For a microsomal incubation
study, the incubation mixtures, containing mouse, rat, dog, or human liver microsomes at a
protein concentration of 0.5 mg/mL, 3.3 mM MgCl2, and 1.3 mM NADPH, in a 100 mM
potassium phosphate buffer (pH 7.4), were preincubated for 3 min at 37 ◦C. In parallel, a
control incubation mixture (i.e., identical composition to that of the incubation mixture
without NADPH) was also prepared for comparison. The reaction was initiated by the
addition of a 10× solution of IDP-73152 (final concentration in mixtures of 1 µM) to the
incubation mixtures or the control incubation mixtures. The mixtures were incubated in a
shaking water bath (37 ◦C, 90 rpm). Aliquots (30 µL) were collected at 0, 15, 30, and 45 min
from the mixture and the reaction was terminated by the addition of a 4-fold volume of
ice-cold acetonitrile to the sample. The mixture was then vortexed for 5 min and centrifuged
for 10 min at 10,000× g. The supernatant was collected and stored at −80 ◦C until the
analysis [10].

For the hepatocyte incubation study, rat hepatocytes were freshly prepared using
the two-step collagenase perfusion method with slight modifications [15–17]. After the
isolation, cell viability during the preparation process was first determined by a trypan blue
exclusion assay prior to the stability study. The preparation was considered adequate for
subsequent studies if the viability was greater than 80%. When appropriate, the hepatocytes
were resuspended in Williams’ media E containing 10% fetal bovine serum, 1% penicillin-
streptomycin, and 0.01% insulin-transferrin-selenium (i.e., 10 mg/mL insulin, 5.5 mg/mL
transferrin, and 5 mg/mL selenium) at pH 7.4. The reaction was carried out with the
hepatocyte suspension prepared at 1 × 106 cells/mL (0.5 mL) and initiated by the addition
of equal volume of IDP-73152 solution (i.e., final concentration of the compound at 1 µM
in 0.5 × 106 cells/mL of hepatocytes) to the hepatocyte suspension. The mixture was
agitated in a shaking incubator at 90 rpm/37 ◦C, and an aliquot (50 µL) was collected at
0, 15, 30, and 60 min after the initiation of the reaction. The reaction in the sample was
terminated by the addition of twice the volume of ice-cold acetonitrile, and the mixture
was vortexed (1 min)/centrifuged (for 5 min at 10,000× g). The supernatant was collected
and stored at −80 ◦C until analysis [10]. Assuming first-order disappearance kinetics, the
slope k of the logarithmically transformed IDP-73152 concentration in the sample versus
time plot was determined by the linear regression analysis of the data. The total intrinsic
clearance (CLint,mic, µL/min/mg protein for microsomal incubation study and CLint,hep,
µL/min/million cells for hepatocytes incubation study) was then calculated using the
following equations:

CLint, mic = k× Volume o f incubation medium (µL)
Protein in incubation medium (mg)

(4)

CLint,hep = k× Volume o f incubation (µL)
Number o f cells in incubation (×106)

(5)

The unbound intrinsic clearance, with respect to the whole liver (CLu,int,H, L/h), was
then estimated for the two cases.

For studies with microsomes:

CLu,int,H =
CLint, mic

fu,mic
×MPPGL×VLI × ρ× 60

1, 000, 000
(6)
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For studies with hepatocytes:

CLu,int,H =
CLint, hep

fu,hep
× HPGL×VLI × ρ× 60

1, 000, 000
, (7)

where fu,mic and fu,hep represent the unbound fraction of IDP-73152 in the incubation medium
containing microsomes and hepatocytes; MPPGL is the amount of microsomal protein per
gram of liver; HPGL is the hepatocellularity per gram of liver; VLI is the volume of the liver;
and ρ is the density of the liver (i.e., 1.07) [18]. In this study, the values of MPPGL of 45
and 39.8 mg protein/g liver were used for animals and humans, respectively [19,20]. In
addition, the rat HPGL of 120 million cells/g liver was used in this study [21].

From a preliminary study, it was found that IDP-73152 was stable in the plasma of
mice, dogs, and humans. In contrast, however, the compound was unstable in the rat
blood and plasma. Accordingly, the kinetics of IDP-73152 instability were determined
in the rat blood at a final concentration of 0.3 µM. The blood containing IDP-73152 was
incubated at 37 ◦C in a water bath, and aliquots (50 µL) were collected from the mixture at
0, 10, 30, 60, 120, and 240 min. The samples were centrifuged for 5 min at 10,000× g/4 ◦C,
and the plasma was collected/stored at −80 ◦C until analysis [10]. For the estimation of
the clearance in the blood (CLblood), in rats, the disappearance of IDP-73152 in the blood
was assumed to be mediated by first-order kinetics. The disappearance rate constant
(i.e., the slope k of the logarithmically transformed IDP-73152 concentration in the sample
versus time plot), k, was multiplied by the total blood volume (13.1 mL/200 g rat; i.e.,
CLblood = k× total volume o f the blood× BP ) to calculate CLblood.

2.3. In Vivo PK Studies

The in vivo experimental protocol was approved by the Institutional Animal Care and Use
Committee of Research Laboratory at Ildong pharmaceutical Co., Ltd. (Ref. No.: IDL-PDF-001
and 09005-11004). Animals were acclimatized to the laboratory conditions for at least
1 week before the experiments and were kept in the standardized conditions (20–25 ◦C,
55 ± 5% humidity, and a 12 h light/dark cycle). The animals fasted overnight prior to drug
administration, and food was resupplied 4 h post-dose.

2.3.1. PK Studies in Rats

Male Sprague Dawley rats (Orient Bio Inc., Seongnam, Korea), weighing 194.7 g to
205.4 g, were used in this study. IDP-73152 was administered to rats at a single dose of
2.5, 5, or 10 mg/kg via tail vein injection (the injection volume fixed at 2 mL/kg in saline).
Separately, a single 20 mg/kg dose of IDP-73152 was administered via oral gavage at the
injection volume of 2 mL/kg in distilled water. Blood samples (100 µL) were collected from
the jugular vein at 0.167, 0.33, 0.5, 1, 2, 4, and 8 h after the administration. Plasma was
separated/collected by centrifugation of the blood samples for 5 min at 10,000× g/4 ◦C and
stored at −80 ◦C until analysis [10]. When necessary, the biliary and renal excretion of IDP-
73152 were studied in bile duct-cannulated rats after the intravenous injection (5 mg/kg)
to investigate its route(s) of excretion in rats [22]. Bile and urine samples were collected up
to 8 h (i.e., approximately 5 times of the terminal phase half-life) after the administration
and the samples were stored at −80 ◦C until the analysis [10]. The cumulative excretion of
the bile and the urine to infinite time was determined by assuming that the excretion was
practically completed by the last collection time.

In this study, the extent of tissue distribution of IDP-73152 was also determined in
rats. Rats received IDP-73152 at a constant rate of infusion (i.e., the rate of 0.8 mg/h (in
0.6 mL/h)) using a syringe pump (PHD ULTRA, Harvard apparatus, Holliston, MA, USA).
The steady state was assumed to have been achieved when IDP-73152 was infused for
10 h (see below). Upon completion of the infusion, the animal was sacrificed, and major
tissues (i.e., adipose tissue, brain, heart, kidney, liver, lung, muscle, skin, spleen, and
testis) were collected. Assuming the density of tissues to be 1 g/mL, tissue samples were
homogenized in twice their volume of phosphate buffered saline using a homogenizer



Pharmaceutics 2022, 14, 1157 6 of 21

(Ultra Turrax homogenizer, IKA-Werke GmbH & Co. KG, Staufen, Germany). Plasma
samples and tissue homogenates were stored at −80 ◦C until analysis [10]. The tissue-to-
plasma concentration ratio at steady state (KP,ss) was then calculated for each tissue using
the following equation [23–25]:

KP,ss = Ctissue,ss/Cplasma,ss, (8)

where Ctissue,ss and Cplasma,ss represent the concentration of the compound in the tissue and
plasma at steady-state.

2.3.2. PK Studies in Mice and Dogs

In this study, a single dose of IDP-73152 at 10 mg/kg (i.e., the injection volume of
5 mL/kg, IDP-73152 dissolved in saline) was intravenously administered to male ICR mice
(body weight 18.2–21.4 g, Orient Bio Inc., Seongnam, Korea) via the tail vein. Separately,
a single dose of IDP-73152 at 20 mg/kg was orally administered using an oral gavage to
the mouse. Blood samples (100 µL) were collected from the retroorbital plexus at 0.167,
0.333, 0.5, 1, 2, 4, or 8 h after the administration. Plasma was separated/collected from the
blood samples by centrifugation for 5 min at 10,000× g/4 ◦C and stored at −80 ◦C until
analysis [10].

Male beagle dogs (body weight 9.55–10.3 kg, Beijing Marshall Biotechnology, Beijing,
China) received a single intravenous dose of 10 mg/kg IDP-73152 via the cephalic vein (i.e.,
the injection volume of 1 mL/kg, IDP-73152 in saline). When necessary, a single dose of
IDP-73152 at 20 mg/kg was also orally administered to dogs in the form of hard gelatin
capsules. Blood samples were collected from the jugular vein at 0.167, 0.33, 0.5, 1, 2, 4, and
8 h (for intravenous administration study), and 0.167, 0.33, 0.5, 1, 2, 4, 6, and 8 h (for oral
administration study) after the administration. Plasma was separated/collected from the
blood sample by centrifugation for 5 min at 10,000× g/4 ◦C and stored at −80 ◦C until the
analysis [10].

2.3.3. Human Study

The PK data for the single-dose administration in humans were obtained from a
previous clinical study (ClinicalTrials.gov registry number: NCT01904318) [11]. Briefly,
blood samples were collected at 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 10, 12, 24, 36, and
48 h after a single oral administration of 640 mg and 1280 mg of IDP-73152. Plasma was
separated/collected from blood samples by centrifugation for 5 min at 10,000× g/4 ◦C and
stored at −80 ◦C until the analysis [10].

2.4. PBPK Modeling of IDP-73152
2.4.1. Model Structure

In this study, the PBPK model involving ten tissues (i.e., adipose tissue, brain, heart,
kidney, liver, lung, muscle, skin, spleen, and testis (Figure 2; see Appendix A for detailed
mathematical descriptions)) was considered to be applicable for the description of IDP-
73152 PK in rats, mice, dogs, and humans. Physiological variables were obtained from the
literature [26–28]; they are summarized in Supplementary Table S1.
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2.4.2. Model Development

Since the recovery of intact IDP-73152 in the urine and bile was found to be negligible
(i.e., 0.512 ± 0.154% of the dose for biliary recovery and 1.21 ± 0.48% of the dose for
urinary recovery) after the intravenous administration of 5 mg/kg of IDP-73152 to rats,
the urinary and biliary excretion were assumed to be kinetically insignificant for the
compound in rats. In addition, from metabolic stability studies, it was evident that IDP-
73152 was metabolically unstable in the incubations containing liver microsomes (from
all species)/hepatocytes (from rats) and in the rat plasma. In contrast, IDP-73152 was
found to be stable in the plasma from mice, dogs, and humans. Accordingly, during
model development, we initially assumed that IDP-73152 was entirely eliminated by
the metabolism in the liver (namely, CLh) and in the blood (namely, CLblood) in rats: For
other species (i.e., mice, dogs, and humans), the elimination was assumed to be primarily
mediated by metabolism in the liver. From the results of in vitro metabolic stability studies,
the hepatic clearance (CLh) in rats was estimated under the assumption that the well-stirred
liver model was adequate for IDP-73152 [29]:

CLh =
QLI × BP× fu,p × CLu,int,H

QLI × BP + fu,p × CLu,int,H
, (9)

where QLI, and fu,p represent the liver blood flow and the unbound fraction of IDP-73152 in
the plasma, respectively.

For the estimation of the volume of the distribution of IDP-73512 in rats, the steady-
state volume of distribution (Vss) was calculated using the following equation [30]:

Vss = VP + Vrbc × EP + ∑ VT,i × KP,ss,i, (10)

where Vp, Vrbc, and VT,i are the volumes of plasma, red blood cells, and tissues, respectively.

The erythrocyte-to-plasma partition coefficient (EP), is calculated by EP = 1 + (BP−1)
Hematocrit .
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The KP,ss for each tissue obtained from Equation (8) was applied for Equation (10). For the
case of non-eliminating organs, the KP,ss was regarded as the tissue-to-plasma partition
coefficient (KP) in PBPK equations (Appendix A). For the case of the liver—i.e., the elimi-
nating organ—the KP,ss (KP,ss,LI) had to be corrected to account for the equilibrium being
altered by the elimination. Thus, a PBPK-operative KP for liver (KP,LI) was calculated using
the following equation [31]:

KP,LI = KP,ss,LI/(1− ER), (11)

where ER is the hepatic extraction ratio of the compound (i.e., CLh/(QLI·BP)). In this study,
a compartmental absorption and transit (CAT) model consisting of stomach and five intesti-
nal segments was considered [32] for the description of the intestinal absorption kinetics of
IDP-73152 in animals and humans. We assumed that the initial compartment denoted the
stomach (Equation (12)), and the subsequent three compartments represented the small
intestine and two additional compartments for the large intestine (i.e., a total of six com-
partments, with absorption occurring in the five intestinal compartments) (Equation (13)).
The differential equations describing the rate of drug absorption and transit in the gastroin-
testinal tract can be written as:

For the stomach:
dMs

dt
= −Ks ×Ms (12)

For the intestine, viz. i = 1~5:

dMi
dt

= Kt,i−1 ×Mi−1 − (Kt,i + ka,i)×Mi, (13)

where Ms is the amount of drug in the stomach; Mi is the amount of drug in the i-th
intestinal segment; Ks, Kt,i, and ka,i are the rate constants of gastric emptying, intestinal
transit, and the segmental absorption rate, respectively. In Equation (13) at i = 1, Kt,0 and
M0 represent Ks and Ms, respectively. In this study, the Ks and Kt,i values were obtained
from the literature [33,34] (Supplementary Table S2) and used for the PBPK calculations.
The absorption rate constant in the intestinal segments in humans, ka,i,human, was assumed
to be identical along the segments and calculated as follows: first, Peff was empirically
estimated from the Caco-2 cell permeability (Papp) [35,36]:

LogPe f f = 0.4926× LogPapp − 0.1454 (14)

Then, ka,i,human for the intestinal segments i = 1~5 was calculated by

ka,1∼5,human = 2× Pe f f /R (15)

In this formula, R represents the radius of the intestinal segment (1.53 cm) in hu-
mans [37]. The absorption rate constants in animal species (ka,i,rodent and ka,i,dog) were
assumed to be estimated by the multiplication of the ka,i,human with an inter-species scaling
factor (SF) for the first three intestinal segments (i = 1~3) in rodents (see below), or for all
five segments (i = 1~5) in dogs:

For rodents,

ka,1∼3,rodent = ka, 1∼3,human × SF = 2× Pe f f /R× SF (16)

For dogs,
ka,1∼5,dog = ka, 1∼5,human × SF = 2× Pe f f /R× SF (17)

In this study, flip-flop kinetics for IDP-73152 were apparently present in mice and rats,
whereas this complication was not found in dogs and humans; therefore, considering the
potential changes in the absorption rates along the gastrointestinal tract (e.g., differences
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in the absorption surface area, pH, and distribution of transporters) [38,39], an absorption
scale factor, ASF, was considered for rodents:

ka,4∼5,rodent = ka, 1∼3,rodent × ASF = 2× Pe f f /R× SF× ASF, (18)

where ka,4,rodent and ka,5,rodent are the absorption rate constants in the large intestine of
rodents. ASF was not considered for dogs and humans. In this modelling study, SF,
and ASF, which best described the concentration–time profiles, were determined using
nonlinear regression analyses (WinNonlin software (Version 5.0.1; Pharsight, Mountain
View, CA, USA)).

2.4.3. Model Extension to Mice and Dogs

In this study, the PBPK model constructed in rats was examined to determine whether
the model could be used to predict the PK in mice and dogs. The species-specific input
parameters were replaced with the corresponding values for the two species (Table S1). In
particular, CLblood was not considered in mice and dogs, since the plasma instability was
virtually absent for IDP-73152 in the plasma. For the distribution kinetics of IDP-73152, a
species difference was observed among mice, rats, and dogs; therefore, for the prediction
of the KP,ss values of tissues in difference animal species, the KP,ss/fu,p was assumed to be
consistent among the three species. Kp,ss values in mice and dogs were then calculated
by multiplying the KP,ss/fu,p of the rat and fu,p value for mice or dogs. For the estimation
of absorption kinetic parameters, the CAT model was considered as described above
(Table S2).

2.4.4. Model Extension to Humans

In this study, the PBPK model established for IDP-73152 in animals was further
examined to determine whether the model could be extended to predicting PK in humans.
Similar to the model extension study performed for mice and dogs, the CAT model for
IDP-73152 was applied for the description of the absorption kinetics in humans. The
physiological values, along with gastrointestinal transit times specific for humans, are
summarized in Supplementary Tables S1 and S2. To estimate the volume of distribution of
IDP-73152 in humans, the KP,ss values of tissues in humans were estimated by multiplying
the KP,ss/fu,p of rats with the human fu,p value.

2.4.5. Determination for the Adequacy of PBPK Model

To evaluate the performance of the PBPK model, the predicted data (Cpredicted) were
compared to the corresponding mean observed data (Cobserved) by calculating the fold error
and absolute average fold error (AAFE) as follows [40]:

f old− error =
Cpredicted

Cobserved
(19)

AAFE = 10
∑ |log ( f old−error)|

N , (20)

where N is the number of observations.
The model performance was also assessed using the percentage of outliers falling

outside the preselected fold-error ranges of [0.5–2.0] or [0.33–3.0]. The predictions were
considered acceptable if the percentages of outliers falling outside the fold-error ranges of
[0.5–2] and [0.33–3] decreased to below 30% and 20%, respectively. AAFE values of 1.9 or
less were considered to indicate acceptable model performance [40].



Pharmaceutics 2022, 14, 1157 10 of 21

2.5. Data and PK Analysis

In this study, data were expressed as mean ± standard deviation (SD), except when
such expression was not possible (e.g., parameter estimates from nonlinear regression
analysis). When it was necessary to compare mean values, one-way analysis of variance
(ANOVA) was used.

When necessary for a model independent PK analysis, a standard moment analysis
was carried out with WinNonlin software using either representative (for the study with
mice) or individual (for the study with rats, dogs, and humans) concentration–time pro-
file(s). For the calculation of PBPK models, Berkeley Madonna 8.3.18 (Albany, CA, USA)
was used with the fourth-order Runge–Kutta method for numerical integration.

3. Results
3.1. In Vitro PK Studies
3.1.1. Caco-2 Permeability

In this study, the transepithelial electrical resistance values ranged from 251 to 311 Ω·cm2,
suggesting that the development of the tight junction was adequate for the monolayers [41].
The Caco-2 cell permeabilities of IDP-73152 were 31.2 ± 1.93 × 10−6 cm/s (A-to-B) and
49.5 ± 3.5 × 10−6 cm/s (B-to-A), which were higher than those of a high-permeability
control (i.e., metoprolol), and is indicative of good permeability across the intestinal barrier
for the compound. In particular, the efflux ratio of IDP-73152 was less than 2 in the Caco-2
cell monolayers. The recoveries were 96.6 ± 5.1% and 93.4 ± 3.0% for the A to B transport
and B to A transports, respectively.

3.1.2. Protein Binding and Blood Partitioning

The mean fu,p was apparently comparable amongst the species studied (i.e., 0.0562± 0.0087
(mice), 0.0582 ± 0.0050 (rats), 0.0547 ± 0.0053 (dogs), and 0.0744 ± 0.0019 (humans)) for
IDP-73152. The percentage of the drug remaining in the plasma was close to 100% in
animal species/humans, except for rats (e.g., the percentage remaining at 5 h, 92.3 ± 2.7%
(mice), 65.3± 13.7% (rats), 101± 6% (dogs), and 98.2± 3.4% (humans)), which is indicative
of a species difference in plasma stability. The BP of IDP-73152 was 1.31 ± 0.13 (mice),
1.56 ± 0.37 (rats), 1.45± 0.11 (dogs), and 1.24± 0.08 (humans). In addition, the fu,mic of IDP-
73152 appeared to be similar amongst the species (i.e., 0.571 ± 0.023 (mice), 0.439 ± 0.043
(rats), 0.507 ± 0.040 (dogs), and 0.579 ± 0.006 (humans)). The fu,hep of IDP-73152 was found
to be 0.492 ± 0.068 in rats.

3.1.3. Estimation of Hepatic Clearance from In Vitro Metabolic Stability Assays

In this study, the metabolic stability of IDP-73152 was determined with the liver micro-
somes from the three animal species and humans, as well as with isolated rat hepatocytes.
From the liver microsomes, CLint,mic (µL/min/mg protein) was calculated to be 80.1 ± 1.7
(mice), 72.0 ± 2.6 (rats), 62.6 ± 2.4 (dogs), and 31.8 ± 2.2 (humans). When scaled up to the
whole liver, the CLu,int,H values (L/h) were 0.539 ± 0.011 (mice), 7.46 ± 0.27 (rats), 108 ± 4
(dogs), and 206 ± 14 (humans). From the metabolic stability study conducted with rat
hepatocytes, CL,int,hep and CLu,int,H were estimated to be 27.7 ± 3.2 µL/min/million cells
and 6.82 ± 0.79 L/h for rats, respectively. It was noted that the estimated CLu,int,H values
from rat liver microsomes and rat hepatocytes were almost comparable, suggesting that
the CLh can be estimated by either of the two experimental systems. Since we intended to
develop a kinetic model for the compound in other animal species and humans, we chose
to use the metabolic clearance estimated from a microsomal incubation study as a reference.
Based on the hepatic ER calculated for IDP-73152, this compound may be categorized as
a low-clearance drug (i.e., ER of 0.102 ± 0.002 (mice), 0.222 ± 0.006 (rats), 0.106 ± 0.004
(dogs), and 0.159 ± 0.009 (humans)) [42,43].

In a separate study, the metabolic stability of 1 µM of IDP-73152 was studied in 1 mL
of fresh whole blood from rats. The percentage of IDP-73152 remaining in incubation
declined exponentially with time; the CLblood was calculated with a percentage of the drug
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at 0.0430 ± 0.023 L/h/kg. It was found that the in vivo systemic clearance from the plasma
(CLp) (see below; Table 1) was 2.00 ± 0.16 L/h/kg in rats, suggesting that the contribution
of CLblood to the CLp is minor (2.15%) in rats. For the case of CLblood in other species, the
metabolic stability in the plasma was even lower in mice, dogs, and humans than in
rats; therefore, the contribution of CLblood was assumed to be kinetically insignificant and
considered absent in the subsequent modelling study.

Table 1. IDP-73152 PK parameters following intravenous and oral administration to mice, rats, and dogs.

Parameter Mice 1 Rats 2 Dogs 2

Intravenous
PK

Dose (mg/kg) 10 10 10
CLp (L/h/kg) 1.52 2.00 ± 0.16 0.664 ± 0.259

Vss (L/kg) 1.43 2.54 ± 0.26 1.15 ± 0.46
AUCinf

3 (µg·h/mL) 6.59 5.03 ± 0.38 16.6 ± 5.9
t1/2 (h) 0.731 1.43 ± 0.11 1.18 ± 0.14

Oral PK
Dose (mg/kg) 20 20 20

Cmax
4 (µg/mL) 3.10 1.65 ± 0.44 10.5 ± 2.0

Tmax
5 (h) 0.333 0.638 ± 0.29 0.777 ± 0.387

AUCinf (µg·h/mL) 10.9 5.57 ± 1.59 31.6 ± 5.9
t1/2

6 (h) 2.86 2.97 ± 1.40 1.81 ± 0.04
F 7 (%) 78.1 55.3 95.5

1 Calculated by representative concentration–time profile. 2 Mean ± SD. 3 Area under the curve from time of
dosing extrapolated to infinity time. 4 Maximum drug concentration. 5 Time to achieve Cmax. 6 Terminal phase
half-life. 7 Bioavailability.

3.2. In Vivo PK Studies in Preclinical Species
3.2.1. PK Characteristics of IDP-73152 in Preclinical Species

The PK of IDP-73152 was studied in mice, rats, and dogs; a model independent analysis
of the data is summarized in Table 1. In general, IDP-73152 had low to moderate CLp values
(from 0.664 to 2.00 L/h/kg in the animal species), moderate volumes of distribution (from
1.15 to 2.54 L/kg), and terminal elimination half-lives between 0.731 and 1.18 h. When
administered orally, the compound had a Tmax of 0.333, 0.667, and 0.777 h for mice, rats,
and dogs, respectively. The absolute oral bioavailability of the compound in solution for
rodents and capsule for dogs ranged from 55.3% to 95.5%, indicating that the absorption of
IDP-73152 in the gastrointestinal tract was rapid and the extent of absorption was over 50%,
which is consistent with the findings of in vitro cell permeability and metabolic stability studies.

After an intravenous injection to rats at doses of 2.5, 5, and 10 mg/kg, the key PK
parameters of IDP-74152 were not found to be statistically different, as evidenced by the
consistent CLp (1.85–2.00 L/h/kg) and Vss (2.45–2.78 L/kg). As neither CLp nor Vss were
statistically different amongst the doses (one-way ANOVA), linear PK were assumed for
IDP-73152 in the kinetic modelling study.

3.2.2. Tissue Distribution of IDP-73152

Considering the CLp in rats of approximately 2.00± 0.16 L/h/kg at 10 mg/kg (Table 1),
the expected steady-state concentration was 2.12 ± 0.34 µg/mL when the compound was
intravenously infused at a rate of 0.8 mg/h (i.e., 0.6 mL/h; 1.33 mg/mL of IDP-73152
in citrate buffer pH 6.0) for 10 h. The experimental concentrations after 8 h of infusion
(in µg/mL, 2.07 ± 0.36 (8 h), 1.91 ± 0.27 (9 h), and 2.12 ± 0.34 (10 h)) were not found to
be statistically different from each other (one-way ANOVA). These observations suggest
that the steady-state plasma concentration is already achieved for the drug by 8 h in rats.
Accordingly, a 10 h infusion study was carried out in rats for the determination of the KP,ss.
In general, the concentration of IDP-73152 in highly perfused organs, except for the brain,
was found to be higher than that in the plasma (Table 2). As a result, the Vss calculated
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by the Equation (10), was estimated to be 2.09 L/kg, which was comparable to the value
obtained from the moment analysis (i.e., 2.54 ± 0.26 L/kg); therefore, the ten-tissue model
was considered to be adequate for the prediction of the PK of IDP-73152 in rats.

Table 2. Tissue-to-plasma concentration ratio at a steady state of IDP-73152 in rats (KP,ss).

Tissue KP,ss
1

Adipose tissue 0.853 ± 0.196
Brain 0.0729 ± 0.0167
Heart 2.15 ± 0.22

Kidney 8.68 ± 1.83
Liver 12.2 ± 3.3
Lung 7.13 ± 1.28

Muscle 1.37 ± 0.30
Skin 1.08 ± 0.38

Spleen 4.82 ± 1.30
Testis 0.338 ± 0.089

1 Mean ± SD.

3.3. PBPK Modeling
3.3.1. Model Development and Comparison with Experimental Data for IDP-73152

In this study, we attempted to construct a PBPK model for IDP-73152 in rats, primarily
using biopharmaceutical data obtained for rats. When the plasma concentration–time
profiles for IDP-73152 were predicted with the model assuming a single intravenous
dose of 2.5, 5, or 10 mg/kg to rats, the model prediction was apparently comparable to
the experimental concentration–time profiles (Figure 3a–c). The percentage of outliers
falling out of the 2-fold, 3-fold, and AAFE was 14.3%, 14.3%, and 1.86, respectively, for the
intravenous administration to rats. Using the data of 20 mg/kg oral administration of IDP-
73152 to rats (Figure 3d), the SF and ASF were fitted to be 0.297 and 0.0568, respectively. The
percentage of outliers falling out of the 2-fold, 3-fold, and AAFE was 12.5%, 12.5%, and 1.56,
respectively, for the case of rat oral administration. As a result, combined AAFE (cAAFE)
for the intravenous and oral administration of IDP-73152 was 1.77 in rats. In addition,
the observed Cmax and AUCinf values (Table 3) after oral administration of IDP-73152 in
rats were consistent with the model calculations (i.e., 1.02-fold and 1.03-fold, respectively).
These observations indicate that the current PBPK model was able to adequately predict
the plasma concentration–time profiles of IDP-73152 in rats.

Table 3. Observed and predicted PK parameters of IDP-73152 in rats.

Parameter Value

Intra venous PK
Dose (mg/kg) 2.5 5 10

Observed AUCinf
(µg·h/mL) 1.32 ± 0.13 3.27 ± 1.82 5.03 ± 0.38

Predicted AUCinf
(µg·h/mL) 1.44 2.87 5.74

AUC ratio 1 1.09 0.826 1.14

Oral PK
Dose (mg/kg) 20

Observed Cmax (µg/mL) 1.65 ± 0.44
Predicted Cmax (µg/mL) 1.69

Cmax ratio 2 1.02
Observed AUCinf

(µg·h/mL) 5.57 ± 1.59

Predicted AUCinf
(µg·h/mL) 5.71

AUC ratio 1.03
1 AUC ratio = Predicted AUCinf/Observed AUCinf. 2 Cmax ratio = Predicted Cmax/Observed Cmax.
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3.3.2. Model Extension to Mice and Dogs for IDP-73152

To evaluate whether the PBPK model was also applicable to mice and dogs in predict-
ing IDP-73152 PK, simulations were conducted. In this study, SF values of 0.446 and 1.31
for mice and dogs, respectively, were estimated, whereas the ASF for mice was 0.0973. The
model prediction for the mouse PK profile is presented in Figure 4. The percentages of out-
liers falling outside the 2-fold, 3-fold, and AAFE were 28.6%, 14.3%, and 1.57, respectively,
for the intravenous administration of the compound to mice (Figure 4a). In addition, the
percentages of outliers falling outside the 2-fold, 3-fold, and AAFE were 14.3%, 0.00%, and
1.60, respectively, for the oral administration of the drug to mice (Figure 4b). As a result, the
cAAFE of IDP-73152 was 1.59 in mice. In addition, the observed Cmax and AUCinf values
(Table 4) after oral administration of IDP-73152 in mice were consistent with the model
calculations (i.e., 0.906-fold and 0.880-fold, respectively).
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circles (•) represent observed data. Observed data are means ± SD (n = 3 mice for intravenous
administration study, n = 4 mice for oral administration study).

Table 4. Observed and predicted PK parameters of IDP-73152 in mice.

Parameter Value

Intra venous PK
Dose (mg/kg) 10

Observed AUCinf (µg·h/mL) 6.59
Predicted AUCinf (µg·h/mL) 7.58

AUC ratio 1.15

Oral PK
Dose (mg/kg) 20

Observed Cmax (µg/mL) 3.10
Predicted Cmax (µg/mL) 2.81

Cmax ratio 0.906
Observed AUCinf (µg·h/mL) 10.3
Predicted AUCinf (µg·h/mL) 9.06

AUC ratio 0.880

The predicted dog PK profiles are also shown in Figure 5. The percentages of outliers
falling outside the 2-fold, 3-fold, and AAFE were 12.5%, 12.5%, and 1.44, respectively, for
the intravenous administration of the compound to dogs (Figure 5a). In addition, the
percentages of outliers falling outside the 2-fold, 3-fold, and AAFE were 12.5%, 0.00%,
and 1.27, respectively, for the oral administration of the drug to dogs (Figure 5b). As a
result, the cAAFE of IDP-73152 was 1.42 in dogs. In addition, the observed Cmax and
AUCinf values (Table 5) after oral administration of IDP-73152 in dogs were consistent
with the model calculations (i.e., 0.832-fold and 1.08-fold, respectively). These observations
collectively suggest that the PBPK models are adequate for use in reproducing the plasma
concentration–time profile of IDP-73152 in mice and dogs.
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3.3.3. Estimation of Human PK for IDP-73152

Since the current model was apparently adequate for estimating the plasma PK profiles
in the three animal species, we reasoned that the model could be further extended to
describe the kinetics in humans. It was noted that, in a phase I study, the human data were
only available in the case of the oral administration of IDP-73152. Similar to the preclinical
animal species, the CAT model was considered to be adequate for predicting the kinetics
of intestinal absorption of the compound in humans. Under these conditions, the model-
predicted PK profiles in humans, assuming a single oral administration of 640 or 1280 mg
to fasting humans, are shown in Figure 6 and Table 6. The percentages of outliers falling
outside the 2-fold, 3-fold, and AAFE were 6.25%, 0.00%, and 1.46, respectively, for a 640 mg
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administration and 6.25%, 0.00%, and 1.30, respectively, for a 1280 mg administration.
As a result, the cAAFE for the two doses of oral administration of IDP-73152 was 1.38
in humans. In addition, the predicted Cmax and AUCinf values were within 0.498-fold
and 1.00-fold, respectively, and the values were obtained from the model independent
analyses of the data for a 640 mg oral administration in humans. In addition, the predicted
Cmax and AUCinf values were 0.671-fold and 1.12-fold, respectively, and the values were
obtained from model independent analyses of the data for a 1280 mg oral administration in
humans [11]. These observations indicate that the current PBPK model for IDP-73152 can
be extended to humans for the description of the IDP-73152 PK profile.

Table 5. Observed and predicted PK parameters of IDP-73152 in dogs.

Parameter Value

Intra venous PK
Dose (mg/kg) 10

Observed AUCinf (µg·h/mL) 16.6 ± 5.9
Predicted AUCinf (µg·h/mL) 18.7

AUC ratio 1.13

Oral PK
Dose (mg/kg) 20

Observed Cmax (µg/mL) 10.5 ± 2.0
Predicted Cmax (µg/mL) 8.74

Cmax ratio 0.832
Observed AUCinf (µg·h/mL) 31.6 ± 5.9
Predicted AUCinf (µg·h/mL) 34.1

AUC ratio 1.08
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Table 6. Observed 1 and predicted PK parameters of IDP-73152 in humans.

Parameters Value

Dose (mg) 640 1280
Observed Cmax (µg/mL) 8.92 ± 1.17 13.2 ± 2.50
Predicted Cmax (µg/mL) 4.44 8.87

Cmax ratio 0.498 0.671
Observed AUCinf (µg·h/mL) 43.4 ± 4.47 77.4 ± 15.4
Predicted AUCinf (µg·h/mL) 43.4 86.9

AUC ratio 1.00 1.12
1 Clinical data from a phase 1 study of IDP-73152 mesylate in healthy male volunteers [11].
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4. Discussion

Bacterial infections, particularly those caused by penicillin-resistant Streptococcus
pneumonia, vancomycin-resistant Enterococcus faecium, or methicilin-resistant Staphylococus
aureus, can be serious threats to the general public [44]. In addition, bacteria that are
resistant to multiple antibiotic agents can become increasingly problematic [45], especially
when there is no other therapeutic option. Considering the fact that the latest discov-
ery of new class of antibiotics occurred in the 1980s, the discovery and development of
a novel class of antibiotics is certainly needed. The inhibition of PDF has traditionally
been considered as one of such developmental attempts [46–49]; however, technical is-
sues, including their poor pharmaceutical/PK properties (e.g., low solubility, poor oral
absorption), have prevented the commercial development of previous PDF inhibitors [9,50].
IDP-73152 is an aminopiperidine-based PDF inhibitor that is under phase I study in Korea.
Based on findings obtained with infected mouse models [9], the compound appears to
be potentially useful for the treatment of methicillin-resistant Staphylococus aureus and
vancomycin-resistant Enterococcus faecium infections. In this study, the PK model was
developed/validated for IDP-73152 in animal models and was found to be extendable to
humans. The effectiveness of the drug may be predicted with the current kinetic model
assuming various infectious conditions (e.g., systemic, respiratory tract or skin infections
caused bacteria resistant to methicillin, vancomycin, or penicillin).

Initially, the Vss values were estimated using pKa and log P values of IDP-73152
(Supplementary Table S3) using the Rodgers and Rowland method [51–53]; however,
the predicted Vss value (9.45 L/kg) overestimated the in vivo Vss obtained rat study
(2.45–2.78 L/kg). Thus, in infusion studies carried out with rats, IDP-73152 was found
to be readily distributed to highly perfused organs (e.g., liver, heart, lung, and kidney).
The drug distribution characteristics in the rat also appeared to be applicable to mice and
dogs, as evidenced by the fact that the Vss values predicted in these animals (i.e., in L/kg
1.98 (mice), 2.09 (rats), 1.58 (dogs)) are consistent with Vss values calculated by moment
analyses (i.e., in L/kg 1.43 (mice), 2.54 ± 0.26 (rats), 1.15 ± 0.46 (dogs)). A similar approach
could be applied to predict Vss in humans (i.e., 1.56 L/kg).

It was found that excretory and CLblood were negligible for IDP-73152 in rats, suggesting
that hepatic metabolism is the major route of elimination for IDP-73152. Consistent with
this statement, the in vivo CLp of the drug (i.e., in L/h/kg, 1.52 (mice), 2.00 ± 0.16 (rats),
0.618 ± 0.013 (dogs)) was almost entirely accounted for by the CLh calculated from the
CLint,mic of the drug (i.e., in L/h/kg, 1.36 (mice), 1.69 (rats), 0.532 (dogs)). From this
estimation, an additional scaling of the intrinsic clearance was considered unnecessary for
the estimation of CLp for the PDF inhibitor. The CLp was expected to be approximately
0.190 L/h/kg in humans. Our preliminary studies indicate that the primary metabolic
pathway is mediated by hepatic CYP3A for IDP-73152. Since the in vivo CLp was adequately
predicted using well-stirred liver model with microsomal stability data, the liver function
is likely to have an important factor on the elimination of IDP-73152 (in other words,
a low extraction ratio drug). In particular, infection-associated jaundice was reported
in 3–25% of pneumonia patients [54], suggesting that those patients may have altered
pharmacokinetics for IDP-73152 (e.g., enhanced exposures). Furthermore, an acute kidney
injury is a common outcome in sepsis (e.g., with a reported incidence between 15% and
38%): The acute kidney injury may render a reduction in cytochrome P450 activities [55],
which would lead to changes in the pharmacokinetics of the PDF inhibitor. In this study, the
involvement of drug transporters (e.g., SLC transporters) in IDP-73152 pharmacokinetics
was not systematically studied. Although linear pharmacokinetics is likely for the inhibitor
(i.e., no dose dependency for CLp and Vss; Section 3.2.1) in rats, the dose dependency was
not studied for the drug in humans. Furthermore, it was reported that infections altered the
activity of transporters [56], and thus, the characteristics of IDP-73152 pharmacokinetics
may change during the disease. This aspect of IDP-73152 may warrant additional studies.

IDP-73152 was highly permeable in Caco-2 cell monolayers. The in vitro permeability
of IDP-73152 of 31.2× 10−6 cm/sec was higher than that of metoprolol, a high-permeability
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control. In addition, the compound was unlikely to be a substrate for P-glycoprotein or
breast cancer resistance protein [57], as evidenced by its efflux ratio of less than 2 in the
Caco-2 cell study. Consistent with the in vitro observations, IDP-73152 had an adequate oral
bioavailability in the animal species studied (i.e., 78.1% (mice), 55.3% (rats), 95.5% (dogs)).
In particular, the absolute bioavailability from in vivo experiments could be reasonably
predicted by theoretical calculations (i.e., 69.2% (mice), 65.4% (rats), 99.9% (dogs)) using the
equation of F = Fa× Fg× Fh, where Fa is the absorbed amount after oral administration
(Fa = 1 −∏

(
Kt,i

Kt,i+ka,i

)
) [32], Fg is the fraction of a drug passing through the gut wall

without metabolism (Fg of 1), and Fh is the fraction of a drug passing though the liver
without metabolism (Fh = (1− ER)). Using a similar approach, the absolute bioavailability
in humans was estimated to be 99.9%, indicative of virtually complete oral bioavailability
for IDP-73152.

In this study, we found that the SF and ASF were necessary for the description of the
PK after the oral administration of IDP-73152 in animal species. For example, the theoretical
bioavailability was calculated to be over 99% in the animals if SF was not considered. In
addition, the Cmax ratio, the ratio of Cmax from the model to that from the observation, was
found to deviate significantly (e.g., 1.72 (mice), 2.36 (rats), and 0.760 (dogs)) without the
scaling. Furthermore, the ASF was also apparently necessary to account for the flip-flop
kinetics of the drug in rats and mice (i.e., 0.0568 (rats), 0.0973 (mice)). By applying these
scaling factors, the Cmax ratio and AUC ratio, the ratio of theoretical AUCinf to experimental
AUCinf, was reduced to 0.880–1.03 in the rodents. To further determine whether ASF was
necessary, an input rate at each sampling time was estimated by deconvolution (i.e., the area-
function method (Supplementary Section S2)) [58]. In this analysis, the rule of superposition
was assumed to be applicable (i.e., linear disposition kinetics, Table 3). It was noted that a
bi-phasic relationship was evident in the input rate versus time plot for IDP-73152 in the
two animal models (Supplementary Figure S1), suggesting that an introduction of ASF is
valid for the description of IDP-73152 absorption in animals.

PK-PD analysis is likely to be an useful tool to establish the relationship between
PK-PD and clinical outcome [59]. In particular, a mechanism-based model, coupled with a
pathophysiological PK model, is readily applicable in optimizing the pharmacotherapeutics
of antibiotics [60], such as IDP-73152. In this study, the predicted PK profile closely matched
that from healthy male volunteers receiving the inhibitor, suggesting that the current PBPK
model is adequate in predicting the PK profiles in other population groups (e.g., female
volunteers, geriatrics, pediatrics, and patients with infectious disease).

5. Conclusions

In conclusion, the PBPK model for IDP-73152 was constructed primarily based on in vitro
kinetic/biopharmaceutic properties. The model was able to reproduce the concentration–time
profile in the plasma of the drug in at least three animal species and in humans with different
doses and routes of administration; therefore, the current PBPK model may be useful for the
prediction of PK and an efficacious dose of the PDF inhibitor in various clinical situations.
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S1: dFa(t)/dt, i.e., the input rate, versus time plots for (a) mice, and (b) rats.
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Appendix A

In this study, a perfusion-limited distribution was assumed to apply for the rate
of tissue distribution of IDP-73152 in the given species (e.g., mice, rats, dogs, and hu-
mans). Therefore, the rate equation for drug distribution kinetics to typical tissues may be
expressed as:

VT
dCT
dt

= QT ×
(

Cart,blood −
CT × BP

KP

)
,

where VT is the anatomical volume of the tissue; CT is the tissue concentration of IDP-73152;
Cart,blood is the arterial blood concentration; and QT is the blood flow to the tissue. For the
case of the lung, Cart,blood was replaced with the venous blood concentration (Cven,blood),
while the blood flow was assumed to be the cardiac output.

For the case of the liver, the rate is expressed as:

VLI
dCLI

dt = (QLI −QSP)× Cart,blood + QSP × CSP×BP
KP,SP

−QLI × CLI×BP
KP,LI

−CLu,int,H × CLI ×
fup

KP,LI
,

where CLI, and CSP are the drug concentrations in the liver, and spleen; QSP is the blood
flow to the gut and spleen; and KP,SP is the tissue-to-plasma partition coefficient of the
spleen for the drug.

For the venous blood, the rate is written as:

Vven
dCven,blood

dt = QAD × CAD×BP
KP,AD

+ QBR × CBR×BP
KP,BR

+ QHE × CHE×BP
KP,HE

+

QKI × CKI×BP
KP,KI

+ QLI × CLI×BP
KP,LI

+ QMU × CMU×BP
KP,MU

+ QSK × CSK×BP
KP,SK

+ QTE × CTE×BP
KP,TE

+

QRE × Cart,blood −QLU × Cven,blood,

where Vven is the volume of venous blood; QAD, QBR, QHE, QKI, QMU, QSK, QTE, QLU, and
QRE are the blood flow to the adipose tissue, brain, heart, kidney, muscle, skin, testis, lung,
and rest of body; CAD, CBR, CHE, CKI, CMU, CSK, and CTE are the drug concentrations in the
adipose tissue, brain, heart, kidney, muscle, skin, and testis; and KP,AD, KP,BR, KP,HE, KP,KI,
KP,MU, KP,SK, and KP,TE are the tissue-to-plasma partition coefficients of the adipose tissue,
brain, heart, kidney, muscle, skin, and testis.

For arterial blood, the rate is expressed as:

Vart
dCart,blood

dt
= QCO ×

(
CLU × BP

KP,LU
− Cart,blood

)
,

where Vart is the arterial blood volume.



Pharmaceutics 2022, 14, 1157 19 of 21

References
1. Adams, J.M. On the release of the formyl group from nascent protein. J. Mol. Biol. 1968, 33, 571–589. [CrossRef]
2. Livingston, D.M.; Leder, P. Deformylation and protein biosynthesis. Biochemistry 1969, 8, 435–443. [CrossRef] [PubMed]
3. Ball, L.A.; Kaesberg, P. Cleavage of the N-terminal formylmethionine residue from a bacteriophage coat protein in vitro. J. Mol.

Biol. 1973, 79, 531–537. [CrossRef]
4. Jain, R.; Chen, D.; White, R.J.; Patel, D.V.; Yuan, Z. Bacterial Peptide deformylase inhibitors: A new class of antibacterial agents.

Curr. Med. Chem. 2005, 12, 1607–1621. [CrossRef] [PubMed]
5. Fu, H.; Dahlgren, C.; Bylund, J. Subinhibitory concentrations of the deformylase inhibitor actinonin increase bacterial release

of neutrophil-activating peptides: A new approach to antimicrobial chemotherapy. Antimicrob. Agents Chemother. 2003, 47,
2545–2550. [CrossRef] [PubMed]

6. Gordon, J.J.; Kelly, B.K.; Miller, G.A. Actinonin: An antibiotic substance produced by an actinomycete. Nature 1962, 195, 701–702.
[CrossRef]

7. Clements, J.M.; Beckett, R.P.; Brown, A.; Catlin, G.; Lobell, M.; Palan, S.; Thomas, W.; Whittaker, M.; Wood, S.; Salama, S.; et al.
Antibiotic activity and characterization of BB-3497, a novel peptide deformylase inhibitor. Antimicrob. Agents Chemother. 2001, 45,
563–570. [CrossRef]

8. Ramanathan-Girish, S.; McColm, J.; Clements, J.M.; Taupin, P.; Barrowcliffe, S.; Hevizi, J.; Safrin, S.; Moore, C.; Patou, G.; Moser,
H.; et al. Pharmacokinetics in animals and humans of a first-in-class peptide deformylase inhibitor. Antimicrob. Agents Chemother.
2004, 48, 4835–4842. [CrossRef]

9. Lee, H.Y.; An, K.M.; Jung, J.; Koo, J.M.; Kim, J.G.; Yoon, J.M.; Lee, M.J.; Jang, H.; Lee, H.S.; Park, S.; et al. Identification of novel
aminopiperidine derivatives for antibacterial activity against Gram-positive bacteria. Bioorg. Med. Chem. Lett. 2016, 26, 3148–3152.
[CrossRef]

10. Lee, M.; Kim, D.; Shin, J.; Lee, H.Y.; Park, S.; Lee, H.S.; Kang, J.H.; Chung, S.J. Quantification of IDP-73152, a novel antibiotic,
in plasma from mice, rats and humans using an ultra-high performance liquid chromatography/tandem mass spectrometry
method for use in pharmacokinetic studies. J. Pharm. Biomed. Anal. 2017, 145, 364–371. [CrossRef]

11. Shin, D.; Park, S.I.; Lee, H.S.; An, K.M.; Jung, J.; Lee, M.; Yu, K.S. Pharmacokinetics and tolerability of IDP-73152 mesylate after a
single oral administration under fasted and fed conditions in healthy volunteers. Drug Des. Devel. Ther. 2019, 13, 2483–2490.
[CrossRef] [PubMed]

12. Ina Hubatsch, E.G.E.R.P.A. Determination of drug permeability and prediction of drug absorption in Caco-2 monolayers. Nat.
Protoc. 2007, 2, 2111–2119. [CrossRef] [PubMed]

13. Waters, N.J.; Jones, R.; Williams, G.; Sohal, B. Validation of a rapid equilibrium dialysis approach for the measurement of plasma
protein binding. J. Pharm. Sci. 2008, 97, 4586–4595. [CrossRef] [PubMed]

14. Yu, S.; Li, S.; Yang, H.; Lee, F.; Wu, J.T.; Qian, M.G. A novel liquid chromatography/tandem mass spectrometry based depletion
method for measuring red blood cell partitioning of pharmaceutical compounds in drug discovery. Rapid Commun. Mass Spectrom.
2005, 19, 250–254. [CrossRef]

15. De Smet, K.; Beken, S.; Vanhaecke, T.; Pauwels, M.; Vercruysse, A.; Rogiers, V. Isolation of rat hepatocytes. Methods Mol. Biol.
1998, 107, 295–301. [CrossRef]

16. Papeleu, P.; Vanhaecke, T.; Henkens, T.; Elaut, G.; Vinken, M.; Snykers, S.; Rogiers, V. Isolation of rat hepatocytes. Methods Mol.
Biol. 2006, 320, 229–237. [CrossRef]

17. Yim, C.S.; Jeong, Y.S.; Lee, S.Y.; Pyeon, W.; Ryu, H.M.; Lee, J.H.; Lee, K.R.; Maeng, H.J.; Chung, S.J. Specific Inhibition of the
Distribution of Lobeglitazone to the Liver by Atorvastatin in Rats: Evidence for a Rat Organic Anion Transporting Polypeptide
1B2-Mediated Interaction in Hepatic Transport. Drug Metab. Dispos. 2017, 45, 246–259. [CrossRef]

18. Niehues, S.M.; Unger, J.K.; Malinowski, M.; Neymeyer, J.; Hamm, B.; Stockmann, M. Liver volume measurement: Reason of the
difference between in vivo CT-volumetry and intraoperative ex vivo determination and how to cope it. Eur. J. Med. Res. 2010, 15,
345–350. [CrossRef]

19. Musther, H.; Harwood, M.D.; Yang, J.; Turner, D.B.; Rostami-Hodjegan, A.; Jamei, M. The Constraints, Construction, and
Verification of a Strain-Specific Physiologically Based Pharmacokinetic Rat Model. J. Pharm. Sci. 2017, 106, 2826–2838. [CrossRef]

20. Barter, Z.E.; Chowdry, J.E.; Harlow, J.R.; Snawder, J.E.; Lipscomb, J.C.; Rostami-Hodjegan, A. Covariation of human microsomal
protein per gram of liver with age: Absence of influence of operator and sample storage may justify interlaboratory data pooling.
Drug Metab. Dispos. 2008, 36, 2405–2409. [CrossRef]

21. Ito, K.; Iwatsubo, T.; Kanamitsu, S.; Nakajima, Y.; Sugiyama, Y. Quantitative prediction of in vivo drug clearance and drug
interactions from in vitro data on metabolism, together with binding and transport. Annu. Rev. Pharmacol. Toxicol. 1998, 38,
461–499. [CrossRef] [PubMed]

22. Lee, J.H.; Noh, C.K.; Yim, C.S.; Jeong, Y.S.; Ahn, S.H.; Lee, W.; Kim, D.D.; Chung, S.J. Kinetics of the Absorption, Distribution,
Metabolism, and Excretion of Lobeglitazone, a Novel Activator of Peroxisome Proliferator-Activated Receptor Gamma in Rats.
J. Pharm. Sci. 2015, 104, 3049–3059. [CrossRef] [PubMed]

23. Chen, H.S.; Gross, J.F. Estimation of tissue-to-plasma partition coefficients used in physiological pharmacokinetic models. J. Pharm.
Biopharm. 1979, 7, 117–125. [CrossRef] [PubMed]

24. Lin, J.H.; Sugiyama, Y.; Awazu, S.; Hanano, M. In vitro and in vivo evaluation of the tissue-to-blood partition coefficient for
physiological pharmacokinetic models. J. Pharm. Biopharm. 1982, 10, 637–647. [CrossRef] [PubMed]

http://doi.org/10.1016/0022-2836(68)90307-0
http://doi.org/10.1021/bi00829a059
http://www.ncbi.nlm.nih.gov/pubmed/4887858
http://doi.org/10.1016/0022-2836(73)90404-X
http://doi.org/10.2174/0929867054367194
http://www.ncbi.nlm.nih.gov/pubmed/16022661
http://doi.org/10.1128/AAC.47.8.2545-2550.2003
http://www.ncbi.nlm.nih.gov/pubmed/12878517
http://doi.org/10.1038/195701b0
http://doi.org/10.1128/AAC.45.2.563-570.2001
http://doi.org/10.1128/AAC.48.12.4835-4842.2004
http://doi.org/10.1016/j.bmcl.2016.04.086
http://doi.org/10.1016/j.jpba.2017.06.066
http://doi.org/10.2147/DDDT.S209238
http://www.ncbi.nlm.nih.gov/pubmed/31440032
http://doi.org/10.1038/nprot.2007.303
http://www.ncbi.nlm.nih.gov/pubmed/17853866
http://doi.org/10.1002/jps.21317
http://www.ncbi.nlm.nih.gov/pubmed/18300299
http://doi.org/10.1002/rcm.1777
http://doi.org/10.1385/0-89603-519-0:295
http://doi.org/10.1385/1-59259-998-2:229
http://doi.org/10.1124/dmd.116.074120
http://doi.org/10.1186/2047-783X-15-8-345
http://doi.org/10.1016/j.xphs.2017.05.003
http://doi.org/10.1124/dmd.108.021311
http://doi.org/10.1146/annurev.pharmtox.38.1.461
http://www.ncbi.nlm.nih.gov/pubmed/9597163
http://doi.org/10.1002/jps.24378
http://www.ncbi.nlm.nih.gov/pubmed/25648999
http://doi.org/10.1007/BF01059446
http://www.ncbi.nlm.nih.gov/pubmed/458554
http://doi.org/10.1007/BF01062545
http://www.ncbi.nlm.nih.gov/pubmed/7182459


Pharmaceutics 2022, 14, 1157 20 of 21

25. Lee, K.R.; Chae, Y.J.; Maeng, H.J.; Lee, J.; Kim, D.D.; Chong, S.; Shim, C.K.; Chung, S.J. Physiologically based pharmacokinetic
modeling of SNU-0039, an anti-Alzheimer’s agent, in rats. J. Pharm. Pharm. 2011, 38, 637–651. [CrossRef]

26. Davies, B.; Morris, T. Physiological parameters in laboratory animals and humans. Pharm. Res. 1993, 10, 1093–1095. [CrossRef]
27. Brown, R.P.; Delp, M.D.; Lindstedt, S.L.; Rhomberg, L.R.; Beliles, R.P. Physiological parameter values for physiologically based

pharmacokinetic models. Toxicol. Ind. Health 1997, 13, 407–484. [CrossRef]
28. National Health and Nutrition Examination Survey. Available online: https://wwwn.cdc.gov/nchs/nhanes/Default.aspx

(accessed on 6 May 2022).
29. Yang, J.; Jamei, M.; Yeo, K.R.; Rostami-Hodjegan, A.; Tucker, G.T. Misuse of the well-stirred model of hepatic drug clearance.

Drug Metab. Dispos. 2007, 35, 501–502. [CrossRef]
30. Oie, S.; Tozer, T.N. Effect of altered plasma protein binding on apparent volume of distribution. J. Pharm. Sci. 1979, 68, 1203–1205.

[CrossRef]
31. Berezhkovskiy, L.M. A valid equation for the well-stirred perfusion limited physiologically based pharmacokinetic model that

consistently accounts for the blood-tissue drug distribution in the organ and the corresponding valid equation for the steady state
volume of distribution. J. Pharm. Sci. 2010, 99, 475–485. [CrossRef]

32. Yu, L.X.; Amidon, G.L. A compartmental absorption and transit model for estimating oral drug absorption. Int. J. Pharm. 1999,
186, 119–125. [CrossRef]

33. Clemens, E.T.; Stevens, C.E. A comparison of gastrointestinal transit time in ten species of mammal. J. Agric. Sci. 1980, 94, 735–737.
[CrossRef]

34. Sjögren, E.; Abrahamsson, B.; Augustijns, P.; Becker, D.; Bolger, M.B.; Brewster, M.; Brouwers, J.; Flanagan, T.; Harwood, M.;
Heinen, C.; et al. In vivo methods for drug absorption—Comparative physiologies, model selection, correlations with in vitro
methods (IVIVC), and applications for formulation/API/excipient characterization including food effects. Eur. J. Pharm. Sci.
2014, 57, 99–151. [CrossRef] [PubMed]

35. Zhu, C.; Jiang, L.; Chen, T.M.; Hwang, K.K. A comparative study of artificial membrane permeability assay for high throughput
profiling of drug absorption potential. Eur. J. Med. Chem. 2002, 37, 399–407. [CrossRef]

36. Lennernas, H. Intestinal permeability and its relevance for absorption and elimination. Xenobiotica 2007, 37, 1015–1051. [CrossRef]
37. Hu, Y.; Smith, D.E. In Silico Prediction of the Absorption and Disposition of Cefadroxil in Humans using an Intestinal Permeability

Method Scaled from Humanized PepT1 Mice. Drug Metab. Dispos. 2019, 47, 173–183. [CrossRef]
38. Agoram, B.; Woltosz, W.S.; Bolger, M.B. Predicting the impact of physiological and biochemical processes on oral drug bioavail-

ability. Adv. Drug Deliv. Rev. 2001, 50 (Suppl. S1), S41–S67. [CrossRef]
39. Hendriksen, B.A.; Felix, M.V.; Bolger, M.B. The composite solubility versus pH profile and its role in intestinal absorption

prediction. AAPS Pharm. Sci. 2003, 5, E4. [CrossRef]
40. Tang, H.; Hussain, A.; Leal, M.; Mayersohn, M.; Fluhler, E. Interspecies prediction of human drug clearance based on scaling data

from one or two animal species. Drug Metab. Dispos. 2007, 35, 1886–1893. [CrossRef]
41. Press, B. Optimization of the Caco-2 Permeability Assay to Screen Drug Compounds for Intestinal Absorption and Efflux. In

Permeability Barrier: Methods and Protocols; Turksen, K., Ed.; Humana Press: Totowa, NJ, USA, 2011; pp. 139–154.
42. Nassar, A.F.; Hollenberg, P.F.; Scatina, J. Drug Metabolism Handbook: Concepts and Applications; Wiley: Hoboken, NJ, USA, 2009.
43. Wilkinson, G.R.; Shand, D.G. Commentary: A physiological approach to hepatic drug clearance. Clin. Pharmacol. Ther. 1975, 18,

377–390. [CrossRef]
44. Antibiotic Resistance Threats in the United States. Available online: https://www.cdc.gov/drugresistance/pdf/threats-report/

2019-ar-threats-report-508.pdf (accessed on 6 May 2022).
45. Aslam, B.; Wang, W.; Arshad, M.I.; Khurshid, M.; Muzammil, S.; Rasool, M.H.; Nisar, M.A.; Alvi, R.F.; Aslam, M.A.; Qamar, M.U.;

et al. Antibiotic resistance: A rundown of a global crisis. Infect. Drug Resist. 2018, 11, 1645–1658. [CrossRef] [PubMed]
46. Fieulaine, S.; Alves de Sousa, R.; Maigre, L.; Hamiche, K.; Alimi, M.; Bolla, J.M.; Taleb, A.; Denis, A.; Pages, J.M.; Artaud, I.; et al.

A unique peptide deformylase platform to rationally design and challenge novel active compounds. Sci. Rep. 2016, 6, 35429.
[CrossRef] [PubMed]

47. Butler, D.; Chen, D.; O’Dwyer, K.; Lewandowski, T.; Aubart, K.; Zalacain, M. Potent sub-MIC effect of GSK1322322 and other
peptide deformylase inhibitors on in vitro growth of Staphylococcus aureus. Antimicrob. Agents Chemother. 2014, 58, 290–296.
[CrossRef] [PubMed]

48. Osborne, C.S.; Neckermann, G.; Fischer, E.; Pecanka, R.; Yu, D.; Manni, K.; Goldovitz, J.; Amaral, K.; Dzink-Fox, J.; Ryder, N.S.
In vivo characterization of the peptide deformylase inhibitor LBM415 in murine infection models. Antimicrob. Agents Chemother.
2009, 53, 3777–3781. [CrossRef] [PubMed]

49. Lofland, D.; Difuntorum, S.; Waller, A.; Clements, J.M.; Weaver, M.K.; Karlowsky, J.A.; Johnson, K. In vitro antibacterial activity of
the peptide deformylase inhibitor BB-83698. J. Antimicrob. Chemother. 2004, 53, 664–668. [CrossRef] [PubMed]

50. Broughton, B.J.; Chaplen, P.; Freeman, W.A.; Warren, P.J.; Wooldridge, K.R.; Wright, D.E. Studies concerning the antibiotic
actinonin. Part VIII. Structure-activity relationships in the actinonin series. J. Chem. Soc. Perkin. 1975, 1, 857–860. [CrossRef]

51. Rodgers, T.; Leahy, D.; Rowland, M. Physiologically based pharmacokinetic modeling 1: Predicting the tissue distribution of
moderate-to-strong bases. J. Pharm. Sci. 2005, 94, 1259–1276. [CrossRef]

52. Rodgers, T.; Rowland, M. Physiologically based pharmacokinetic modelling 2: Predicting the tissue distribution of acids, very
weak bases, neutrals and zwitterions. J. Pharm. Sci. 2006, 95, 1238–1257. [CrossRef]

http://doi.org/10.1007/s10928-011-9212-6
http://doi.org/10.1023/A:1018943613122
http://doi.org/10.1177/074823379701300401
https://wwwn.cdc.gov/nchs/nhanes/Default.aspx
http://doi.org/10.1124/dmd.106.013359
http://doi.org/10.1002/jps.2600680948
http://doi.org/10.1002/jps.21798
http://doi.org/10.1016/S0378-5173(99)00147-7
http://doi.org/10.1017/S0021859600028732
http://doi.org/10.1016/j.ejps.2014.02.010
http://www.ncbi.nlm.nih.gov/pubmed/24637348
http://doi.org/10.1016/S0223-5234(02)01360-0
http://doi.org/10.1080/00498250701704819
http://doi.org/10.1124/dmd.118.084236
http://doi.org/10.1016/S0169-409X(01)00179-X
http://doi.org/10.1208/ps050104
http://doi.org/10.1124/dmd.107.016188
http://doi.org/10.1002/cpt1975184377
https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf
https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf
http://doi.org/10.2147/IDR.S173867
http://www.ncbi.nlm.nih.gov/pubmed/30349322
http://doi.org/10.1038/srep35429
http://www.ncbi.nlm.nih.gov/pubmed/27762275
http://doi.org/10.1128/AAC.01292-13
http://www.ncbi.nlm.nih.gov/pubmed/24165188
http://doi.org/10.1128/AAC.00026-09
http://www.ncbi.nlm.nih.gov/pubmed/19596876
http://doi.org/10.1093/jac/dkh129
http://www.ncbi.nlm.nih.gov/pubmed/14973152
http://doi.org/10.1039/P19750000857
http://doi.org/10.1002/jps.20322
http://doi.org/10.1002/jps.20502


Pharmaceutics 2022, 14, 1157 21 of 21

53. Rodgers, T.; Rowland, M. Mechanistic approaches to volume of distribution predictions: Understanding the processes. Pharm.
Res. 2007, 24, 918–933. [CrossRef]

54. Radford, A.J.; Rhodes, F.A. The association of jaundice with lobar pneumonia in the territory of Papua and New Guinea. Med. J.
Aust. 1967, 2, 678–681. [CrossRef]

55. Charlton, M.; Thompson, J.P. Pharmacokinetics in sepsis. BJA Educ. 2019, 19, 7–13. [CrossRef] [PubMed]
56. Evers, R.; Piquette-Miller, M.; Polli, J.W.; Russel, F.G.M.; Sprowl, J.A.; Tohyama, K.; Ware, J.A.; de Wildt, S.N.; Xie, W.; Brouwer,

K.L.R.; et al. Disease-Associated Changes in Drug Transporters May Impact the Pharmacokinetics and/or Toxicity of Drugs: A
White Paper From the International Transporter Consortium. Clin. Pharmacol. Ther. 2018, 104, 900–915. [CrossRef] [PubMed]

57. Di, L.; Kerns, E.H. Drug-like Properties: Concepts, Structure Design and Methods from ADME to Toxicity Optimization, 2nd ed.;
Academic Press: London, UK, 2016.

58. Cheng, H.; Staubus, A.E.; Shum, L. An area function method for estimating the apparent absorption rate constant. Pharm. Res.
1988, 5, 57–60. [CrossRef] [PubMed]

59. Rodriguez-Gascon, A.; Solinis, M.A.; Isla, A. The Role of PK/PD Analysis in the Development and Evaluation of Antimicrobials.
Pharmaceutics 2021, 13, 833. [CrossRef] [PubMed]

60. Landersdorfer, C.B.; Nation, R.L. Limitations of Antibiotic MIC-Based PK-PD Metrics: Looking Back to Move Forward. Front
Pharmacol 2021, 12, 770518. [CrossRef] [PubMed]

http://doi.org/10.1007/s11095-006-9210-3
http://doi.org/10.5694/j.1326-5377.1967.tb74163.x
http://doi.org/10.1016/j.bjae.2018.09.006
http://www.ncbi.nlm.nih.gov/pubmed/33456848
http://doi.org/10.1002/cpt.1115
http://www.ncbi.nlm.nih.gov/pubmed/29756222
http://doi.org/10.1023/A:1015819629884
http://www.ncbi.nlm.nih.gov/pubmed/3244611
http://doi.org/10.3390/pharmaceutics13060833
http://www.ncbi.nlm.nih.gov/pubmed/34205113
http://doi.org/10.3389/fphar.2021.770518
http://www.ncbi.nlm.nih.gov/pubmed/34776982

	Introduction 
	Materials and Methods 
	Materials 
	In Vitro PK Studies 
	Caco-2 Cell Permeability 
	Free Faction of IDP-73152 in the Plasma, Microsomal and Hepatocyte Incubation 
	Blood Partitioning 
	Metabolic Stability and Blood Stability 

	In Vivo PK Studies 
	PK Studies in Rats 
	PK Studies in Mice and Dogs 
	Human Study 

	PBPK Modeling of IDP-73152 
	Model Structure 
	Model Development 
	Model Extension to Mice and Dogs 
	Model Extension to Humans 
	Determination for the Adequacy of PBPK Model 

	Data and PK Analysis 

	Results 
	In Vitro PK Studies 
	Caco-2 Permeability 
	Protein Binding and Blood Partitioning 
	Estimation of Hepatic Clearance from In Vitro Metabolic Stability Assays 

	In Vivo PK Studies in Preclinical Species 
	PK Characteristics of IDP-73152 in Preclinical Species 
	Tissue Distribution of IDP-73152 

	PBPK Modeling 
	Model Development and Comparison with Experimental Data for IDP-73152 
	Model Extension to Mice and Dogs for IDP-73152 
	Estimation of Human PK for IDP-73152 


	Discussion 
	Conclusions 
	Appendix A
	References

