
International Journal of Pharmaceutics 308 (2006) 133–139

Evaluation of an integrated in vitro–in silico PBPK (physiologically based
pharmacokinetic) model to provide estimates of human bioavailability

Hongliang Caia,∗, Chad Stonera, Anita Reddya, Sascha Freiwaldb, Danielle Smithb,
Roger Wintersb, Charles Stankovica, Narayanan Surendrana

a Discovery-ADME Technology, Ann Arbor, MI 48105, United States
b Bioanalytical Research, Pharmacokinetics, Dynamics and Metabolism, Pfizer Global Research and Development,

Michigan Laboratories, Ann Arbor, MI 48105, United States

Received 18 August 2005; received in revised form 2 November 2005; accepted 3 November 2005
Available online 13 December 2005

Abstract

PK express module is a physiologically based model of first pass metabolism, which integrates in vitro data with an in silico physiologically
based pharmacokinetic (PBPK) model to predict human bioavailability (F ). There are three required inputs: FDp (Fraction dose absorbed, final
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arameter from iDEA absorption module), protein binding (fu) and disappearance kinetics in human hepatocytes. Caco-2 permeabili
olubility (at multiple pH’s), estimated dose and chemical structure are inputs required for the estimation of FDp (Norris et al., 2000; Stoner
l., 2004) and were determined for all compounds in our laboratory or obtained from literature. Protein binding data was collected from
eferences and/or Pfizer database. Human hepatocyte data was generated in-house using an automated human hepatocyte metho
enesisTM Workstation) as described previously (Reddy et al., 2004). Sixteen compounds (commercial and Pfizer compounds) were cho
valuate the PK express model and the bioavailability predicted from the module was compared with known clinical endpoints. For m
he 16 compounds (approximately 80%), the PK express modelFH values were comparable to the known human bioavailability (FH) (within 23.7
nits of the known human (true)F, except for PF 3, PF 4, PF 6). In conclusion, the PK express model integrates a number of key readily
iscovery parameters and provides estimates of human performance by integrating in silico and experimental variables built on a ph
ased pharmacokinetic model. Information from this model in conjunction with other ADME data (e.g., P450 inhibition) will enable pro
f most promising compounds for further in vivo PK and/or efficacy studies.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In the past two decades, there has been increasing applications
f various in vitro models in the pharmaceutical industry for

he study of absorption, distribution, metabolism and excretion
ADME) (Roberts, 2003). One of the primary reasons for this
s due to the fact that unacceptable ADME properties account
or 40% of drug candidate failures in the clinical phase of drug
evelopment (Roberts, 2003; Prentis et al., 1988). Therefore,

t is important to screen for ADME properties of new chem-
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ical entities (NCEs) early in the drug discovery/developm
process with the aim of reducing or eliminating ADME liab
ity in later stages of discovery or development. Recently,
the utilization of combinatorial chemistry, the number of NC
synthesized has dramatically increased, which results in a
in demand for earlier implementation of higher throughpu
vitro ADME assays (van de Waterbeemd, 2002). Many tech-
nologies including automation and bioanalytical advances
uid chromatography–tandem mass spectroscopy (LC/MS/
have greatly improved the sample throughput for in vitro AD
assays. Consequently, the availability of such a vast amou
in-vitro ADME data (e.g., solubility, permeability, metabo
stability, drug–drug interaction potential, protein-binding, e
enables their use in the development of computational m
els that can be used to screen NCEs and therefore fac
the optimization of desirable ADME properties to drive d

378-5173/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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design prospectively (van de Waterbeemd, 2002; Ekins et al.,
2000; Krejsa et al., 2003; van de Waterbeemd and Gifford, 2003;
Wilson et al., 2003; Li, 2002; Langowski and Long, 2002).

One of the most desirable ADME properties for an NCE
is acceptable oral bioavailability (F), which is a result of two
processes: absorption and first-pass metabolism. In spite of the
complexity involved in these processes, attempts have been
made to develop computational models to directly predictF. One
type of the predictive models, Quantitative Structure–Activity
Relationship (QSAR) models, involves the superposition of
drug-absorption and metabolism processes (Ekins et al., 2000;
Krejsa et al., 2003). These models while high throughput in
nature provide only low-level information and tend to “bin”
molecules without providing guidance on what properties need
to be optimized. Another approach is to develop a physiolog-
ically based pharmacokinetic (PBPK) model that predicts the
kinetics of a drug in human plasma. Recently, Theil et al reported
a generic rat PBPK model which utilizes a minimum input of
data (in vitro hepatocyte clearance, plasma protein-binding, and
lipophilicity) and provides promising results, i.e. <2-fold error
between in vitro and in vivo prediction (Theil et al., 2003). The
PK express model developed by Lion Bioscience is a physi-
ologically based model of first pass metabolism that provides
bioavailability estimates in humans. It requires three inputs: FDp
(Fraction dose absorbed, final parameter from iDEA absorp-
tion module), protein binding (fu) and disappearance kinetics
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tures in the aluminum shaker were maintained at 37± 0.1◦C,
using a water bath. The LC/MS/MS system consisted of a Sciex
API-3000 mass spectrometer from Applied Biosystems (Fos-
ter City, CA), two Series 200 Micro Pumps from Perkin-Elmer
(Wellesley, MA), a CTC Analytics model HTS-PAL autosam-
pler from Leap Technologies (Carrboro, NC), and a Valco Chem-
inert 2 position, 6 port switching valve from VICI (Houston,
TX). The YMC Basic HPLC columns were from Waters (Mil-
ford, MA) and the Lightning Genesis HPLC columns were
from Argonaut (Foster City, CA). Ninety-six-well plates were
obtained from Beckman.

2.3. Human hepatocytes preparation

Cryopreserved human hepatocytes were purchased from
XenoTech, LLC (Lenexa, KS). XenoTech protocol and
XenoTech Hepatocyte Isolation Kit (XenoTech LLC, Lenexa,
KS) were used for thawing cryopreserved hepatocytes. First,
50 mL of Tube A (media containing PercollTM solution used
in initial cell isolation) and 50 mL of Tube B (media used
to wash the isolated hepatocytes) were pre-warmed at 37◦C.
Subsequently, cryopreserved human hepatocytes from at least
three vials from different lots were removed from the liquid
nitrogen freezer and immediately placed in 37◦C water bath
for 1.5 min± 15 s (for 1.5 ml vials) or 2 min± 15 s (for 4.5 mL
vials). Vials of thawed hepatocytes were gently poured into
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n human hepatocytes at six concentrations (ranging from
o 50�M) and four time points (0, 30, 120, 240 min) and p
ides an estimate of human oral bioavailability as the ou
arameter.

In the present study, the PK express model was evaluat
ts ability to predict bioavailability and its applicability in dru
iscovery/development processes. A total of sixteen compo
including 5 literature compounds and 11 Pfizer compou
ere chosen for this evaluation. A retrospective analysis of t
itro/in vivo relationship between predictedF and known huma
was conducted in order to assess the utility of this prod
dditionally, the predictedF was compared with values usi
arallel tube and well-stirred models as described byObach
2001).

. Materials and methods

.1. Chemicals

Chemicals including tolbutamide, zolpidem, nortriptyli
hlorpromazine, and propafenone were purchased from S
Sigma–Aldrich Co., St. Louis, MO). Leibovitz’s L-15 mediu
as obtained from Invitrogen Corp. (Grand Island, NY).

.2. Instrument and materials

For all the human hepatocyte studies a Tecan Genesi
orkstationTM Boston (Medford, MA) was employed. Th
orkstation consisted of an eight-channel liquid-handling

using standard fixed, non-disposable tips), and was equ
ith a six-position 96-well aluminum orbital shaker. Tempe
r

s
)

.
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ube A. The hepatocyte cells were gently re-suspended
entrifuged at room temperature for 5 min at 90× g. The super
atant was discarded and the media in Tube B was added
ells. The resulting mixture was re-suspended and centrif
t RT for 3 min at 60× g. The supernatant was discarded

he cells were re-suspended in an appropriate volume o
armed Leibovitz L-15 media. Trypan blue solution in Tub

from the hepatocyte isolation kit) was used for cell count
iability calculation. Cell viability of >80% was set as crite
n selection of hepatocytes to ensure quality of this assay.

.4. Automated human hepatocyte assay

In vitro human hepatocyte data for all the compounds w
enerated using a semi-automated hepatocyte assay (Reddy e
l., 2004). Incubations were carried out in 96-well plates usi
epatocyte pool from several individuals at a cell concentr
f 0.5 million cells/mL in a total volume of 50�L. Plates wer

ncubated and shaken at 37◦C for 4 h. Studies were conducted
ight initial concentrations (0.25, 0.5, 1, 2, 5, 10, 25, 50 mM
inglet with sampling at four time points (0, 30, 120, 240 m
nly six concentrations were used in the PK express mo

imulation. The resulting samples were analyzed for subs
oncentration according to the LC/MS/MS conditions deta
elow.

.5. Bioanalysis/LC/MS/MS conditions

Prior to analysis, 100�L aliquots of samples were spik
ith 10�L of internal standard (an ethanolic solution o
roprietary Pfizer compound that ionizes in both pos
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and negative mode), vortex mixed and then centrifuged at
4000 rpm at 10◦C in an Eppendorf 5810R centrifuge. Aliquots
(5�L, flushed loop injection) of sample were analyzed using
a step gradient HPLC method utilizing mobile phase A
(water–acetonitrile–formic acid (95:5:0.1, v/v/v)) and mobile
phase B (water–acetonitrile–formic acid (10:90:0.1, v/v/v)).
Samples were analyzed on a Waters YMC Basic S-5 guard
cartridge (2.0 mm×20 mm, 5�m particle size). The column
was plumbed in line such that the switching valve continually
directed aqueous flow to waste and organic flow to the mass spec-
trometer, switching the column between the two paths. Initially,
the samples were loaded onto the column with mobile phase A
at 400�L/min. After a 0.3 min wash step with mobile phase A,
the valve switched the column into the path of mobile phase B at
400�L/min such that it was eluted into the mass spectrometer.
At 0.9 min the valve was switched back to its initial position,
directing aqueous flow through the column again to allow for
re-equilibration. The total run time was 1 min. The mass spec-
trometer was controlled with Analyst 1.2 software and equipped
with a Turbo Ion-spray source. Peak area ratios were calculated
by dividing the analyte peak area by the internal standard peak
area within Analyst. The following MRM (Multi-Reaction
Monitoring) transitions were monitored for the analytes of
interest:

PF 1: (+) 297.2→ 160.3; PF 2: (+) 328.3→ 160.3;
PF 3: (+) 413.1→ 194.2; PF 4: (+) 330.2→ 122.4; PF
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ance (Clblood= Clb), several approaches were used to yield opti-
mal results for comparison with PK express module predicted
numbers:

Clb = Q × (1 − e(−Clint/Q))

(parallel-tube model without including fu)

Clb = Q × (1 − e(−Clint×fu/Q))

(parallel-tube model with fu)

Clb = (Q × Clint)/(Q + Clint)

(well-stirred model without including fu)

Clb = (Q × Clint × fu)/(Q + Clint × fu)

(well-stirred model with fu)

EH = Clb/Q

FH = Fdp× (1 − EH)

where Clint is the intrinsic clearance, Clb the blood clearance,Q
the liver blood flow,EH the hepatic extraction. For humans the
following values apply:Q = 20 mL/min/kg; 21 g liver/kg body;
1.2× 108 cells/g liver (Obach, 2001).
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: (+) 270.9→ 105.3; PF 6: (+) 199.3→ 171.4; PF 7
+) 559.4→ 440.8; PF 8: (+) 360.2→ 178.3; PF 9: (+
09.3→ 206.2; PF 10: (+) 452.4→ 344.3; PF 11: (+
53.9→ 198.4; tolbutamide: (−) 269.2→ 170.1; zolpidem
+) 307.8→ 235.2; nortriptyline: (+) 264.0→ 117.2; chlorpro
azine: (+) 318.8→ 86.1; propafenone: (+) 341.7→ 116.

.6. FDp

FDp values were either calculated from iDEA Absorpt
odule (Norris et al., 2000; Stoner et al., 2004) or obtained from

iterature (for commercial compounds) and in-house reports
fizer compounds).

.7. Protein-binding

For commercial compounds this data was culled from
rature (Balant, 1981; Salva and Costa, 1995; Ziegler et
976; Dahl and Strandjord, 1977; Morike and Roden, 1994). For
fizer compounds, such information was obtained from inte

esearch reports.

.8. Hepatic bioavailability calculations

To determine the hepatic intrinsic clearance (Clint), the half-
ife (t1/2) was calculated from a log linear plot of substrate
ppearance versus time using WinNonLin (non-compartme
odel 201, version 3.0) and the following equations w
mployed (Obach, 2001):

Clint = (0.693/t1/2) × (g liver/kg body)× (ml incubation/cells
ncubation)× (cells/g liver) For the calculation of blood cle
r

l

l,

.9. PK express model simulation

PK express model is equipped with a data expert
utomatically determines theVmax, Km and other paramete

hat are necessary for simulation. This information along
Dp and fu is then used to calculateFH. For data simulation

t requires three inputs: FDp (final parameter from iD
bsorption module), protein binding (fu) and disappear
inetics in human hepatocytes at six concentrations and
ime points. For the 16 compounds (Table 1) Fdp values
ere estimated using iDEA absorption module and liste
able 2(Norris et al., 2000; Stoner et al., 2004). In the cas
f protein binding data, literature and internal reports w
sed as the reference resources. Compound disappe
inetics in human hepatocytes were measured in house
he automated human hepatocyte assay with a Tecan G
00 WorkstationTM Boston (Medford, MA). After completin

he collection of all the required inputs, all the informat
as manually entered in to the web-based module to pro
ioavailability estimation in humans for the compound

nterest.

. Results and discussions

.1. Literature compounds

Approximately 67 literature compounds were used to t
he PK express model. The five literature compounds (Table 1)
hat were not a part of the training set were chosen fo
odule evaluation. Overall, the predictedFH values for the

ve literature compounds were within two-fold of the kno
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Table 1
List of model compounds (literature and Pfizer compounds) chosen for the PK express model evaluation

Literature compounds Known oral %F Protein-binding (fu) (%) Literature references

Tolbutamide 80–90 91–96 Balant (1981)
Zolpidem 72± 7 92 Salva and Costa (1995)
Nortriptyline 51± 5 90–94 Ziegler et al. (1976)
Chlorpromazine 32± 19 95–98 Dahl and Strandjord (1977)
Propafenone 5–50 85–95 Morike and Roden (1994)

Pfizer compounds Known oral %Fa Protein-binding (fu) (%)a Intended indications

PF 1 27.0 85 Pain
PF 2 19.5 65 Head trauma/stroke
PF 3 14.3 >99 Anti-psychotic
PF 4 ∼0 55 Anxiety disorders
PF 5 ∼0 78 Alzheimer/pain
PF 6 17.4 99.8 Alzheimer
PF 7 65.0 91.8 Heart diseases
PF 8 20 25 Alzheimer
PF 9 55–60 98 Hypertension
PF 10 63 98.68 Hypertension
PF 11 84 67.01 Heart failure

a Such information was obtained from Pfizer internal research reports.

clinical oral bioavailability (Table 2). Calculated bioavailability
values were higher using well-stirred model than those using
parallel tube model. When both the PK express model and
the mathematical calculations were compared with human
values for their abilities to accurately predict humanFH for
the five compounds (with consideration of protein binding
information), the PK express model outperformed well-
stirred model and parallel tube model for one (propafenone)
and two compounds (chlorpromazine and propafenone),
respectively, which are low clearance drugs (Table 2). Appar-
ently, incorporation of protein binding in the mathematical
calculations slightly increased the calculated values of bioavail-
ability but did not improve the predictive power of these
models.

3.2. Pfizer compounds

Eleven Pfizer compounds (Table 1) for multiple indications
were selected to evaluate the PK express model. The major-
ity of the compounds (approximately 80%) were predicted by
the PK express model to have essentially similarFH com-
pared to the known humanF (except for PF 3, PF 4, PF 6,
Table 2). It was known from internal reports that PF 3 had
an atypical clearance mechanism due to differences in blood
to plasma partitioning, which may have contributed to the dis-
crepancy between predicted and human values. Additionally, it
was cleared extensively through non-cytochrome P450 medi-
ated metabolism (aldehyde oxidase). PF 6 demonstrated dose-
dependent clearance and bioavailability in preclinical animal

Table 2
All compounds: comparison of literature human oral bioavailability (F) and predictedFHs from both mathematical equations (with data measured at 1�M using
parallel tube or well-stirred model with or without protein-binding (PB)) and the PK express model

Compounds Known
oral %F

%Fdp simulated from
iDEA Absorption

%FH using
parallel tube
model (w/o PB)

%FH using
parallel tube
model (w PB)

%FH using
well-stirred
model (w/o PB)

%FH using
well-stirred
model (w PB)

%FH from
PK express

Tolbutamide 80–90 100 79 80 81 82 62.7
Zolpidem 72± 7 100 60 62.5 66.2 68 60.2
Nortriptyline 51± 5 88.8 57.7 59.7 62 63.6 41.7
Chlorpromazine 32± 19 89.8 16.2 17.2 33.1 33.9 42.8
Propafenone 5–50 94 ∼0 ∼0 ∼0 ∼0 22.6
P
P
P
P
P
P
P
P
P
P
P

F 1 27.0 100 ∼0
F2 19.5 97.5 34
F 3 14.3 79.4 15
F 4 ∼0 100 22
F 5 ∼0 100 50
F 6 17.4 96.8 44.5
F 7 65.0 100 57
F 8 20 53.8 34.4
F 9 55–60 100 73
F 10 63 93 43.7
F 11 84 100 85
∼0 ∼0 ∼0 8.64
49.1 47.4 57.8 20.6
15.3 29.8 30 48.9

43.5 39.8 54.6 22.4
58.2 59.1 64.9 0.05
44.6 54.5 54.5 63.7
59.7 64.0 66 60.1
48.1 37.2 48.4 17.5
73.5 76.1 76.4 64.6
44.1 53 53.3 59.2
89.7 86 91.2 57.4
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models and the reason for lack of correction for PF 4 is cur-
rently under investigation.

Consistent with previous observations with literature com-
pounds, well-stirred model provided higher bioavailability esti-
mations than parallel tube model did. Bigger differences were
seen with compounds that were rapidly cleared in the liver. Sim-
ilarly, protein binding increased the calculated bioavailability
values and the bigger increases were seen with compounds that
were poorly protein bond (such as PF8). Additionally, the PK
express model performed better (by one compound) in predict-
ing human values when compared to the mathematical models.
In the case of mathematical model, predictedFH’s for four com-
pounds (PF 1, PF 4, PF 5), and PF 6 failed to correlate with
known human values.

3.3. Assay reproducibility

One of the concerns with respect to any biological assay
using cells derived from human tissues is its assay repro-
ducibility due to biological variability and other factors, such
as hepatocyte preparation variability and lab-to-lab variability.
To minimize the variability due to differences in human
hepatocytes, a pool of at least four different lots of human
hepatocytes was used to represent an “average” human. For
estimation of the effect of other factors on the assay repro-
ducibility, Nortriptyline was run three times on three different
d
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Fig. 2. Examples of dose-dependent clearance for the tested compounds
(propafenone diamond; PF 4 square; PF 5 triangle; PF 10 circle) (all data points
are mean values of triplicates).

compound at one concentration (generally 1�M) in hepatocytes
and use such information to predict clearance and subsequently
bioavailability. The obvious drawback of such approach is that it
can result in poor estimations of bioavailability due to unantici-
pated non-linear clearance. Based on the results obtained in this
module evaluation, approximately 40–50% of the compounds
tested showed non-linear clearance that needs a range of low
to high concentrations to determine. Some of the representative
examples of dose-independent and -dependent clearance are
listed in Table 3. It is evident (shown inFig. 2) that rate of
disappearance is faster at low substrate concentrations (ranging
from 0.25 to 10�M) than at high concentrations (>10�M). This
phenomenon is likely due to the fact that most of the cytochrome
P450 enzymes responsible for the metabolism/clearance of
the compounds haveKm values of low �M (Parikh et al.,
1997). Therefore, at higher concentration (i.e. >10�M),
compound clearance decreases due to saturation of metabolic
processes.

3.5. Module application in early drug discovery

At the early drug discovery stage, information on compound’s
physical–chemical properties (such as solubility, permeabil-
ity, and the compound structure) is generated routinely in a
high-throughput format, which can be used by iDEA absorp-
t ,
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ays during the module evaluation. Based on the results (Fig. 1)
or Nortriptyline, variation of approximately 20% or le
as observed (usingEH as the bench marker) for the thr
easurements (except for one measurement at 10�M), which

s consistent with those observed with similar biological as
nternally.

.4. Detection of non-linear clearance

One of the advantages of the PK express model i
bility to detect non-linear clearance, based on disappea
inetics in human hepatocytes at multiple concentrations.
nformation is valuable to a discovery project team in o
o accurately estimate human bioavailability at therapeuti
elevant doses. Currently, the commonly adopted hu
epatocyte assay in the pharmaceutical industry is to ass

ig. 1. Assay reproducibility: three individual determination of in vitro hum
epatocyte disappearance kinetics for nortriptyline (all data points are
alues of triplicates).
e

n

ion module to provide estimated Fdp values (Norris et al.
000). Additionally, with the technical advancement in cry
eserving human hepatocytes, human hepatocytes are r

able 3
ist of examples of tested compounds that showed dose-independent an
ependent clearance

inear compounds 0.25�M 1 �M 25�M

ortriptyline 0.37 0.38 0.25
F 9 0.21 0.27 0.24
F 2 0.68 0.65 0.45

on-linear compounds 0.25�M 1 �M 25�M

ropafenone 1 1 0.38
F 4 0.88 0.78 0.29
F 5 0.92 0.49 0.33

isted numbers are calculated meanEH values of triplicates.
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available as lab reagent for routine use. This availability allows
for high-throughput assay to be set up to screen hundreds of
compounds per week (Reddy et al., 2004). Currently there are
internal efforts in Pfizer to develop high-throughput format for
protein binding measurements. Such information can also be
predicted using in silico tools (van de Waterbeemd and Gifford,
2003). The availability of such vast amounts of in-vitro ADME
data (e.g., solubility, permeability, hepatic metabolic stability,
protein-binding, etc.) facilitates the use of an integrated PBPK
model to provide an estimation of human bioavailability for pri-
oritizing compounds for in vivo PK/efficacy studies. Therefore,
the application of the PK express model in the early stages of
drug discovery not only provides the team with critical informa-
tion (human bioavailability estimates) without performing any
additional studies, but also helps the team to understand poten-
tial non-linear clearance (as previously mentioned), which is of
importance for estimating clearance for compounds possessing
such properties.

Cautions need to be taken, when applying PK express-
estimated bioavailability values in early stages of drug
discovery. As it is evident with one of its in vitro inputs, disap-
pearance kinetics in human hepatocytes, PK express will only
accurately predict bioavailability where in vivo clearance is pre-
dominantly through hepatic metabolism. It is well known that
the liver is the major site in the body for xenobiotic metabolism
(Roberts et al., 2002). However, tissues, such as intestinal and
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