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ABSTRACT

Purpose To investigate the biodistribution of amphotericin B
(AmB) in mice and rats following administration of liposomal
AmMB (AmBisome®) using a physiologically-based pharmacoki-
netic (PBPK) modeling framework and to utilize this approach for
predicting AmBisome® pharmacokinetics in human tissues.
Methods AmB plasma and tissue concentration-time data, fol-
lowing single and multiple intravenous administration of
nonliposomal and liposomal AmB to mice and rats, were
extracted from literature. The whole-body PBPK model was
constructed and incorporated nonliposomal and liposomal
subcompartments. Various structural models for individual or-
gans were evaluated. Allometric relationships were incorporat-
ed into the model to scale parameters based on species body
weight.

Results A non-Michaelis-Menten mechanism was included into
the structure of the liver and spleen liposomal compartments to
describe saturable uptake of particles by the reticuloendothelial
system. The model successfully described plasma and tissue
pharmacokinetics of AmB after administration of AmBisome®
to rats and mice.

Conclusions The dual PBPK model demonstrated good pre-
dictive performance by reasonably simulating AmB exposure in
human tissues. This modeling framework can be potentially
utilized for optimizing AmBisome® therapy in humans and for
investigating pathophysiological factors controlling AmB pharma-
cokinetics and pharmacodynamics.

Electronic supplementary material The online version of this article
(doi: 10.1007/s11095-013-1127-z) contains supplementary material, which
is available to authorized users.

KEY WORDS amphotericin B - interspecies scaling -
physiologically-based pharmacokinetic model - tissue distribution

INTRODUCTION

Ampbhotericin B (AmB) is an important pharmacological agent
for the treatment of severe fungal and parasitic infections. The
conventional deoxycholate micellar formulation (Fungizone®)
can be associated with serious adverse reactions (e.g., nephrotox-
icity), which limits the available range of dose levels and the
duration of therapy. Several lipid-based particulate formulations
of AmB have been developed (e.g., liposomal AmBisome® and
lipid-complex Abelect®). These formulations exhibit lower tox-
icity and comparable efficacy to that of Fungizone® and hence
currently prevail in clinical use in developed countries. However,
high cost associated with lipid-based formulations of AmB limit
their use in developing countries (1,2).

AmBisome® is composed of hydrogenated soy phosphati-
dylcholine, distearoyl phosphatidylglycerol and cholesterol.
AmB is strongly associated with the bilayer structure of small
rigid unilamellar liposomes with a mean diameter of less than
100 nm (3). This particulate nature of AmBisome® makes it
especially attractive for treating diseases associated with the
reticuloendothelial system (RES), such as visceral leishmaniasis
(4). Due to its amphiphilic properties (Biopharmaceutical Clas-
sification System class IV compound (5)) the oral bioavailability
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of commercially available AmB formulations is negligible and
AmB has to be administered intravenously to achieve systemic
exposure.

The pharmacokinetic behavior of particulate formulations of
drugs can be substantially different from that of the free or
unmodified drug (6-8). These changes arise from alterations in
drug clearance and tissue distribution patterns. The differences
among lipid-based formulations are dependent on the uptake of
particles by macrophage cells in the organs of the RES (i.e., liver,
spleen, bone marrow, lungs). Particle recognition, uptake rate,
and tissue capacity are dependent on multiple factors, including
particle size, composition, surface properties, and dose (9,10), as
well as species-related differences (11,12). Moreover, disease states
that affect the organs of the RES (such as visceral leishmaniasis)
can alter the uptake of particulate formulations into target organs,
which can potentially attenuate treatment eflicacy (13). Overall
drug disposition likely reflects a combination of properties of the
drug associated with particles, as well as released drug.

AmB exhibits multiple pharmacokinetic complexities that
mmpede the understanding of exposure-response relationships
for this compound. No correlation between plasma concentra-
tion and clinical effect has been established (14,15) most probably
due to its extensive tissue distribution and prolonged tissue half-
lives. The advantage of physiologically-based pharmacokinetic
(PBPK) models is their mechanistic description of drug disposi-
tion that provides a platform for scaling pharmacokinetics be-
tween species and ultimately for predicting the exposure of
compounds in humans (16). We have previously developed a
PBPK model for the pharmacokinetics of AmB in rats after
mtravenous administration of a micellar deoxycholate formula-
tion (Fungizone®) (17). The model provided a good simulta-
neous description of plasma and tissue (liver, spleen, kidneys,
heart, lungs, and gut) distribution of AmB following single or
multiple dose regimens in rats. The differences in half-life in
various tissues were captured by applying several structural
models for each organ. Furthermore, the model was qualified
through reasonable predictions of plasma concentration-time
profiles of AmB in mice and humans for intravenous bolus
injections. Quantification of nonliposomal AmB biodisposition
is an important prerequisite toward understanding the pharma-
cokinetics of particulate formulations. The purpose of this work is
to investigate the biodistribution of AmB in mice and rats fol-
lowing administration of liposomal AmB (AmBisome®) using a
PBPK modeling framework and to adopt this approach for
predicting AmBisome® pharmacokinetics in human tissues.

MATERIALS AND METHODS
Data Sources

Literature reports containing plasma and/or tissue concentration
-time profiles of AmB following administration of Fungizone®
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and AmBisome® to mice, rats, and humans were identified
(Table I). Mean data were captured by computer digitization
or extracted from tables. The PBPK model structure for
nonliposomal AmB does not contain nonlinear processes (17);
therefore, for simplicity, the data for Fungizone® in mice were
normalized to a 1 mg/kg dose level. For rats and humans, total
and nonliposomal concentration-time profiles were available
after single IV dosing of AmBisome®. The majority of the tissue
data were available for mice only (Table I).

Physiological parameters, such as tissue weights, fractions of
vascular space In tissues, and plasma flow rates to select organs,
were fixed to literature values (Supplementary Material Table S1)
(18-21). Mean body weights of 24 gr, 250 gr, and 70 kg were
assumed for mice, rats, and humans. Plasma cardiac output (CO)
for rats and mice was calculated using allometric relationships:
CO,, (L/h)=14.1 - (1 - Hematocrit) - (Body weight in kg)””> and
COpouse (L/h)=16.5 - (1-Hematocrit) - (Body weight in kg)"””.
Cardiac output for humans (70 kg) was fixed to 312 L/h (18). All
tissues that were not available were lumped into a remainder
compartment (22). Fraction unbound in plasma (£) for mice,
rats, and humans were fixed to 0.074, 0.11, and 0.052 (23). A
density of 1 was assumed for all tissues (17). Clearance mecha-
nisms for nonliposomal AmB included renal and biliary elimina-
tion (24—26). No metabolic pathway has been identified for AmB
27).

Model Development
AmB Release Model

No i vitro data were available for AmB release kinetics from
liposomes. For initial evaluation of the release rate of AmB
from liposomes, plasma concentration-time profiles for total
and nonliposomal drug following
AmBisome® and nonliposomal drug following administration
of Fungizone® to rats and humans were used. It was hypoth-

administration  of

esized that following Fungizone® intravenous injection, the
concentration of the formulation falls rapidly below the criti-
cal micelle concentration (CMC), and AmB pharmacokinetics
is mainly driven by the properties of the drug molecule itself
(17) (the concentration of deoxycholate in Fungizone® infu-
sion solution is approximately 0.2 mM, and the reported
CMC is 2-=6 mM). The pharmacokinetic parameters of
AmB after injection of Fungizone® were estimated by fitting
a classical two-compartment model with linear elimination
(Supplementary Material Figure S1). These parameters were
assumed to represent the parameters for the nonliposomal
AmB and were fixed. The disposition of liposomal AmB was
assumed to follow two-compartment model with linear elim-
mnation and a first-order release process from the liposomal
compartments to the corresponding nonliposomal compart-
ments (Supplementary Material Figure S1). The model fit was
performed separately for rat and human data. The base
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Table 1 Sources of AmB Pharmacokinetic Data

Species AmB formulation Dosing regimen Assay Reference
Mouse Fungizone 2 mg/kg q24h for 5 days HPLC-UV (42)
Mouse Fungizone 0.3 mg/kg HPLC-UV 41

Rat Fungizone 0.8 mg/kg HPLC-UV (6)
Human Fungizone 0.6 mg/kg 2 h infusion LCMSMS (43)

Rat AmBisome 20 mg/kg HPLC-UV 27)
Mouse AmBisome 5 mg/kg HPLC-UV (44)
Mouse AmBisome I5 mg/kg X 3week for 5 weeks Bioassay (45)
Mouse AmBisome 2 mg/kg HPLC-UV (13)
Human AmBisome 2 mg/kg 2 h infusion LCMSMS 24)

HPLC-UV—high performance liquid chromatography with UV absorbance detector; LC/MS/MS—Iliquid chromatography with tandem mass spectrometry

detector

model could not describe the concentration-time profiles sat-
isfactorily, and incorporation of an additional parameter (FR,
fraction of the dose that undergoes rapid release) was required
for capturing the data in both species. The final values of the
release rate constant (0.0035 h™') and immediate release
fraction (1.83% for rats and 8.16% for humans) estimated
by this model were incorporated into the PBPK model.

Nonliposomal PBPK Model

The nonliposomal PBPK model framework (including struc-
tures of individual organs and parameters values) for
biodistribution of nonliposomal AmB was adopted from a
previous model (Fig. 1, compartments with grey background)
(17). Briefly, the whole-body PBPK model was constructed
and included liver, spleen, kidneys, gut, lungs, and heart
compartments. All other tissues were lumped into a remain-
der compartment. These compartments were arranged in
anatomical order and connected through a plasma compart-
ment. The structure of individual organs included one, two,
or three subcompartments. The distribution of AmB to tissue
was govern by a partition coeflicient (Ap# for liver, heart,
lung, and gastro-intestinal tract); permeability-surface area
term (PS,) and tissue unbound fraction (£ (remainder
compartment); or PS;, fuﬁ, and distribution rate constants
to and from a “deep tissue” subcompartment (£, and £,
spleen and kidneys). Clearance terms were assigned to the
liver (Cl;) and kidney (Cl;,) compartments, reflecting biliary
and urinary excretion of AmB (24-26). Another clearance
term was incorporated into the remainder compartment
(Cl,,) to account for an additional elimination pathway, as
previously described (17).  All
nonliposomal AmB were fixed to the values estimated in a

parameters for the

previous study (Online supplement, Table S3), with the
exception of partition coeflicient for lung tissue.

Interspecies Scaling

An approach for scaling model parameters for nonliposomal
model has been described previously (17). Briefly, species-
specific physiological parameters and f, ' values were used,

a
Remainder
Nonliposomal Liposomal
compartments compartments
Qtissue Vascular space Vascular space Otissue
mmmn= <mpmm= qmmmy - ===
g P——
It = h |
l | PS Release l CLyptake
g S——
5 —7

Extravascular space Extravascular space

Fig. 1 Schematic of the dual PBPK model of AmB in mice, rats, and
humans after intravenous injection of AmBisome® and Fungizone®. (a)
Whole-body model. (b) Structure of a tissue subcompartments. Qyssue
plasma flow rate to the organ; Clypiake Uptake of liposome into the tissue,
PS permeability-surface area coefficient that governs tissue distribution of
nonliposomal AmB.
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Fig. 2 Time-course of AmB in different tissues of mice following single and multiple IV bolus administration of Fungizone. Symbols represent data extracted
from references (o—single dose (41) and e—multiple dose (25,42)), and lines are PBPK model predicted profiles using the model structure from (17).
Profiles were normalized for | mg/kg dose. Error bars represent S.D. (where available).

whereas Kp,;, ﬂli, ka,; and kd,; were assumed to be identical
among the species. Cl; and PS; were predicted from the
values estimated for rats using an allometric equation:

B b
pop (B 0
B Wmt

where P is the parameter of interest, BWW is species body
weight, and 4 1s an allometric exponent (fixed to 0.75 for
renal and biliary clearances). For (l,, the value of b was fixed
to 1. It was assumed that permeability of tissues for AmB is
similar and that accessible surface area is proportional to
BW"%”. Thus, the value of b was fixed to 0.67 for PS, (28).
For liposomal compartments, the values for uptake clearance
(Upt) were scaled with body weight (Eq. 1), where different
values of b were evaluated and mouse parameters were used
as the reference species. The release rate of AmB, fraction of
immediate release and maximal liposomal tissue concentra-
tions in spleen and liver were kept constant.

Modeling Strategy

The rat PBPK model for Fungizone® was previously used to
predict plasma profiles of AmB in mice and humans by scaling
rat model parameters (17). The first phase of the present
analysis included evaluating the ability of this model to predict
tissue AmB concentration-time profiles in mice and charac-
terizing AmB release from liposomes using the compartmental
release model (Online supplement, Figure S1). For the next
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phase, the dual PBPK model was constructed (Fig. 1). AmB
pharmacokinetics following AmBisome® administration was
assumed to be comprised of liposomal and nonliposomal drug
disposition. Liposomal AmB circulates through tissues vz blood
capillaries and can undergo release to its nonliposomal form by
afirst-order rate constant (7,). The release was assumed to occur
in both plasma and tissue spaces. Previous studies in humans
suggest that renal and biliary elimination of AmB occurs fol-
lowing the release of the drug from liposomes (24); therefore, a
separate elimination pathway for liposomal AmB was not
included in the model. The disposition and elimination of the
released drug was assumed to follow the model developed for
Fungizone®. For liposomal distribution, each tissue compart-
ment was divided into two subcompartments (vascular and
extravascular), with a unidirectional uptake process (Up,). The
whole body PBPK model was fit simultaneously to mouse and
rat data, and the pertinent parameters were estimated. Initially,
a linear uptake mechanism was assumed for all tissues; howev-
er, this model did not accurately describe the data. A saturable
uptake mechanism driven by the concentration of the drug
within the tissue (C ;%) was added to the structure of the
spleen and liver liposomal compartments (29,30). The equa-
tions used to define the dual PBPK model are shown in the
Supplementary Material.

During the final analysis phase, the ability of the dual PBPK
model to predict biodisposition of AmB in humans following
single IV administration of AmBisome® was evaluated v sim-
ulations. Human physiological parameters were utilized. Liposo-
mal and nonliposomal plasma drug concentrations following
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administration of AmBisome® to humans were simulated and
visually compared to data available in the literature. In addition,
simulations were performed to generate concentration-time pro-
files of AmB in various tissues following multiple-dosing of
AmBisome®. The resulting profiles were overlaid with limited
tissue sample data from autopsy reports (31,32). Although the
exact dosing schedules and sampling times were not reported for
these studies, a daily dose of 2.2 mg/kg was used, which is in
agreement with the median daily dose reported in these case
studies.

Data Analysis

Modeling and simulations were performed using MATLAB
R2008a (The MathWorks, Natick, MA). All parameters were
estimated using maximum likelihood, and the variance model
was defined as: VAR,-:(U]-FJQ-T(H,L;;))Q, where VAR; is the
variance of the ik data point, o; and o, are the variance model
parameters, and 10, ¢) is the ith predicted value from the
pharmacokinetic model. The goodness-of-fit was assessed by
visual inspection, system convergence, Akaike Information

Criterion, estimator criterion value for the maximum likeli-
hood method, and examination of residuals.

RESULTS

The nonliposomal PBPK model was used to simulate tissue
distribution of AmB following single and multiple dose admin-
istration of Fungizone® to mice. In general, reasonable pre-
diction of tissue concentration-time profiles were obtained
(Fig. 2), with the exception of the lung tissue for which the
concentrations were slightly overpredicted. Therefore, the par-
tition coefficient for the lung nonliposomal compartment was
allowed to be estimated in the final dual PBPK model.

The initial estimation of the AmB release kinetics
from liposomes was performed using the model struc-
ture shown in Figure SI1. Plasma concentration-time
profiles of AmB following administration of Fungizone®
to rats and humans are shown in Fig. 3a and b. A two-
compartment model provided a good description of the
observed data. Parameters estimated for Fungizone®

Fig. 3 Time-course of plasma 10 100
AmB in rats and humans following a Fungizone in humans (o AmBisome in humans
single IV bolus administration of
Fungizone® and AmBisome®. ®
Symbols represent data extracted 10 ® Total
from references (A—Fungizone 1 4 O Nonliposomal
in humans (43) and rats
(6,34,35); o—nonliposomal
AmB, e—total AmB for 14
AmBisome® in humans (24) and N
rats (27)). Lines are model fitted =
‘ o x
profiles using a compartmental £ 0.1 4
model (Figure SI). - 0.1 o
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=
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disposition (Online supplement, Table S2) were fixed
and further utilized for fitting a compartmental model
to AmBisome® data. The first-order rate constant of
AmB release from liposomes was estimated to be
0.0035 h™" in both species. Figures 3¢ and d show the
total and nonliposomal plasma pharmacokinetic profiles
of AmB following administration of AmBisome® to rats
and humans. The simple model structure (Figure SI)
allowed for a reasonable description of the data and
parameters were estimated with good precision (Table-
S2). A fraction of the dose that undergoes rapid release
was estimated to be approximately 2 and 8% for rats
and humans. The exact mechanism of this rapid release
1s unknown, and i vitro studies might be required for a
more complete assessment of the release kinetics.

The dual PBPK model (Fig. 1) was used to characterize
total concentrations of AmB in tissue and plasma following
AmBisome® administration. However, the initial model
structure that included linear uptake clearances for lipo-
somes 1n all organs did not fit well (data not shown). To
improve model performance, a saturable mechanism for
liposomal uptake into the major organs of the RES system
(liver and spleen) was incorporated into the model. Saturable
uptake of liposomes into the liver was previously described
for AmBisome® in an ex-vivo system (33). The final model
resulted in a good simultaneous description of the data from
mouse and rat studies and from several different administra-
tion regimens (Figs. 4 and 5). The corresponding pharmaco-
kinetic parameters were estimated with sufficient precision
(Table II). In the final model, the uptake clearance for
liposomes was included for liver, spleen, GI tract, and re-
mainder compartments. The values of uptake clearances for
other organs were estimated to be very small during prelim-
inary model runs and were fixed to zero in the final model.

To evaluate the predictive performance of the dual PBPK
model for human AmB pharmacokinetics, drug exposure in
different tissues following administration of AmBisome® was
simulated. The resulting concentration-time profiles were vi-
sually compared to published data. Several theoretical allome-
tric exponents (0.67, 0.75, 1) were evaluated for scaling the
uptake clearance for liposomal compartments in tissues. The
best predictive performance was obtained using an allometric
exponent of 0.75. Figure 6 shows total and nonliposomal
concentration-time profiles of AmB in plasma after single 2-h
intravenous infusion of AmBisome® (2 mg/kg). The model
reasonably predicted the pharmacokinetic profile of total
AmB, including the maximal plasma concentration and termi-
nal half-hfe. For the nonliposomal profile, model predictions
were within a 2-fold range for most time points but missed the
trend of the alpha phase. Interestingly, the simulated tissue
concentration-time profiles following multiple AmBisome®
administration were in good agreement with autopsy data
(Fig. 7).
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DISCUSSION

Incorporation of a drug into particulate carriers (e.g., liposomes)
can improve drug solubility profiles, prolong circulation half-
lives, and facilitate targeted delivery to the site of action, thereby
enhancing efficacy and reducing toxicity. These advantages often
come at the expense of more complex pharmacokinetics, which
is controlled by a combination of properties of the drug molecule
itself and the delivery system. Whereas measuring drug concen-
tration in blood is relatively straightforward, the corresponding
concentration in target tissues (site of action) is experimentally
challenging in humans. Prediction of concentration-time profiles
In target tissues In humans is essential for establishing
pharmacokinetic-pharmacodynamic relationships for drugs with
primary site of actions within specific tissues (such as AmB).
PBPK modeling is particularly suitable for this purpose. Utiliza-
tion of the PBPK modeling framework in combination with
allometric principles allows for effective sharing of model struc-
ture and parameters among species. Combining information
from mouse and rat studies was required for building the AmB
dual PBPK model. The disposition parameters for nonliposomal
AmB were based on Fungizone® pharmacokinetics in rats (6,25,
34,35); and very few studies have evaluated AmBisome® phar-
macokinetics in this species (27). Most pharmacokinetic
(and pharmacodynamic) studies of AmBisome® have been
performed in mice (Table I).

Saturation of particle uptake by the organs of the RES might
result in dose-dependent pharmacokinetics (33,36). Such phar-
macokinetic behavior is frequently described using a Michaelis-
Menten type function, in which the saturation is driven by
relatively high drug concentrations in the plasma. However, an
alternative mechanism, based on the saturation of the “tissue”
compartment, might provide a more physiological description of
the saturable kinetics of phagocytic processes (the cellular capac-
ity for uptake of particles) (29,30). A combination of two saturable
clearance pathways was used to mathematically describe hepatic
uptake of liposomal AmB in 1solated perfused liver experiments
in rats. Due to the relatively short time-span of the perfusion
experiments, efflux from the liver was assumed to be negligible
and only the accumulation of AmB was incorporated (33). Our
final PBPK model (Fig. 1) included this non-Michaelis-Menten
mechanism into the structure of the liver and spleen liposomal
compartments, which was necessary for simultaneous description
of single and multiple doses of AmBisome® pharmacokinetics in
mice. Owing to limited data, a combination of parallel uptake
processes could not be identified.

Utlization of PBPK models for drug development and regu-
latory considerations is increasing (16); however, PBPK models
for particulate formulations are limited (9,37). A simulation study
for the optimization of liposomal doxorubicin utilized a semi-
physiological model that included a separate tumor tissue com-
partment (38). The elimination of liposome was mediated
through the uptake to a RES compartment and drug release
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Fig. 4 Time-course of AmB in plasma and different tissues of mice following single and multiple IV bolus administration of AmBisome. Symbols represent total
observed AmB concentrations and solid lines are model predicted profiles after simultaneous fitting of mouse and rat data using dual PBPK model. Dashed lines
represent the corresponding model predicted nonliposomal concentrations. Observed data extracted from references: (@) Single 5 mg/kg dose (44); (b)
Single 2 mg/kg dose (13). (c) |5 mg/kg dose three times a week for 5 weeks (45).

was allowed to occur in both blood and tumor compartments.
However, the release of the drug from liposomes within the RES
system and the return of the released drug to the systemic
circulation were not considered. In our dual PBPK model, it
was assumed that AmB can undergo elimination only in
nonliposomal form, and the release from liposomes was assumed
to occur in all compartments with the same rate constant. A

previous comparison of AmB pharmacokinetics in humans fol-
lowing administration of liposomal and deoxycholate formula-
tions also suggested that renal and fecal excretion of AmB occurs
following the release of AmB from liposomes (24).

Interspecies differences in the pharmacokinetics of liposomal
formulations have not been sufficiently characterized, and pre-
diction of the human pharmacokinetic and pharmacodynamic

@ Springer



42

Kagan, Gershkovich, Wasan and Mager

1000 1000 - 100 -
Plasma Liver Kidney
<| o
(o]
£
c : :
8 48 72 96
©
—
£ 100 1000 100
2 Heart Spleen Lung
S
g 10
o 100 1 10
IS
< 1 o
o
= | 10 o1
0.1 4—— """ e —_————
- ————
/ P
0.01 : : : 1 : : 0.1 ; ‘ ‘
0 24 48 72 9% 0 24 48 72 9% 0 24 48 72 96
Time, h

Fig. 5 Time-course of AmB in plasma and different tissues of rats following single IV bolus administration of AmBisome® (5 mg/kg). Symbols represent total
observed AmB concentrations and solid lines are model predicted profiles after simultaneous fitting of mouse and rat data using dual PBPK model. Dashed lines
represent the corresponding model predicted nonliposomal concentrations. Observed data extracted from references (6).

properties for particulate formulations remains a complex task
(11). Liposomes with the same lipid composition exhibit differ-
ent circulation half-lives in different species and the mechanism
of liver uptake is species-specific (39). In rats, the hepatic uptake
of liposomes is dependent on serum opsonins, whereas in mice
no such dependency exists. In addition, the activity of serum
opsonins differed among animal species (39). Species differences
in liposome clearance (among mice, rats, and rabbits) appear to
result from the uptake ability of the Kupfler cells in the liver,
and not from the differences in the density of these cells among

Table Il Estimated Pharmacokinetic Parameters of AmB in Mice using the
Final Dual PBPK Model

Parameter Units Estimate %CV
Ky, 6.00 19
Upg L/h 2.04107* 15
Upsp Lh 5.95-107° 20
Ups Lh 4.62:107% 21
Ubrm LA 1.97-107° 50
Ubu L/h 0 =
Ubrg L/h 0 -
Cy" mg/L 270 18
C /mx mg/L 121 21
FRmouse 0.179 28
FReat 1.83 2
FRAuman 8.16 -
fixed value
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species (12). Recently, Caron and coworkers evaluated allome-
tric scaling approaches for pegylated liposomal anticancer
drugs (i.c., doxorubicin and cisplatin). Human clearance could
not be predicted from preclinical data, despite a strong corre-
lation between body weight and the variables of the mononu-
clear phagocyte system (40). PBPK modeling allows for a more
mechanistic description of distribution and elimination process-
es, and might provide a better approach for predicting human
pharmacokinetics of particulate formulations. During PBPK
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Fig. 6 Time-course of plasma AmB concentrations in humans following
single IV administration of AmBisome. Symbols represent data extracted from
reference (24); o—nonliposomal AmB, e—total AmB. Lines are model
predicted profiles simulated by dual PBPK model using scaling approach
described in the text; dashed line nonliposomal AmB, solid line—total AmB.
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Fig. 7 Time-course of plasma and tissue AmB concentrations in humans following multiple IV bolus administration of AmBisome. Solid lines are total AmB
concentrations (2.2 mg/kg of AmBisome® per day for 7 days) predicted by dual PBPK model using simulation and scaling approach described in the text. Bars
represent observed human tissue concentrations as reported in (3 1,32) after multiple administration of a median dose of 2.2 mg/kg (exact dosing and patient
information and sampling time were not reported). For muscle tissue, line represents concentration in the remainder compartment.

model development, allometric expressions were incorporated
to allow for simultaneous description of the pharmacokinetic
data from different species. Scaling of the parameters for
nonliposomal drug was based on previously published models
(28) and has been shown to provide a good prediction of AmB
pharmacokinetics in humans (following administration of
deoxycholate formulation) based on animal data (17). Since
mterspecies differences in uptake kinetics of liposomes contain-
ing AmB are unknown, a range of allometric exponents for
uptake clearance was evaluated. The best prediction of human
data was obtained by scaling the uptake clearance with an
allometric exponent of 0.75. Further investigation of the mo-
lecular determinants of particle uptake to the RES is required
for better understanding of the species difference and appro-
priate scaling methods for this process.

The data used in this analysis were collected from multiple
publications, as no single study contained suflicient information
for developing a dual PBPK model. The influence of potential

differences in the experimental settings (including bioanalytical
assays) and the variability within the studies remain unknown
and could not be further evaluated with the model. Several
tissue pharmacokinetic profiles contain few data points, which
might contribute to some bias in parameter estimates. Future
studies, evaluating these and other study limitations may facil-
itate the further optimization of the model.

In conclusion, a dual PBPK model successfully described
plasma and tissue pharmacokinetics of AmB after administra-
tion of AmBisome® to rats and mice. The final model dem-
onstrated good predictive performance by reasonably simulat-
ing AmB exposure in human tissues. Since treatment success is
dependent on the concentration of AmB in target tissues, it is
critical to predict drug exposure in human tissues following
different routes of administration. This modeling framework
can be potentially utilized for optimizing AmBisome® therapy
in humans and for investigating pathophysiological factors
controlling AmB pharmacokinetics and pharmacodynamics.
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