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ABSTRACT
Purpose Drug elimination in the liver consists of uptake,
metabolism, biliary excretion, and sinusoidal efflux from the
hepatocytes to the blood. We aimed to establish an accurate
prediction method for liver clearance in rats, considering these
four elimination processes. In vitro assays were combined to
achieve improved predictions.
Methods In vitro clearances for uptake, metabolism, biliary
excretion and sinusoidal efflux were determined for 13
selected compounds with various physicochemical and
pharmacokinetic properties. Suspended hepatocytes, liver
microsomes and sandwich-cultured hepatocytes were
evaluated as in vitro models. Based on the individual processes,
in vivo hepatic clearance was calculated. Subsequently, the
predicted clearances were compared with the corresponding
in vivo values from literature.
Results Using this in vitro-in vivo extrapolation method good
linear correlation was observed between predicted and reported
clearances. Linear regression analysis revealed much improved
prediction for the novel method (r2=0.928) as compared to
parameter analysis using hepatocyte uptake only (r2=0.600),
microsomal metabolism only (r2=0.687) or overall hepatobili-
ary excretion in sandwich-cultured hepatocytes (r2=0.321).
Conclusions In this new attempt to predict hepatic elimination
under consideration of multiple clearance processes, in vivo
hepatic clearances of 13 compounds in rats were well predicted
using an IVIVE analysis method based on in vitro assays.
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ABBREVIATIONS
A total intracellular amount of radioactivity

in sandwich-cultured hepatocytes
ABC ATP binding cassette
ATP adenosintriphosphate
BCRP breast cancer resistance protein
BDDCS biopharmaceutics drug disposition

classification system
BSEP bile salt export pump
C total intracellular concentration of

radioactivity in sandwich-cultured
hepatocytes

CLapp,met apparent metabolic clearance
CLh hepatic plasma clearance
CLh,int,in vitro hepatic intrinsic clearance predicted from

in vitro assays
CLh,org,in vitro hepatic organ clearance predicted from

in vitro assays
CLh,org,in vivo hepatic organ clearance based on

blood concentrations
CLmet metabolic clearance
CLren renal clearance
CLsandwich transcellular hepatobiliary clearance
CLtot total organ plasma clearance
DDI drug-drug interaction
Er urinary excretion ratio
fu(hep) unbound fraction in hepatocytes
fu(mic) unbound fraction in liver microsomes
fu,b unbound fraction in blood
fu,p unbound fraction in plasma
IVIVE in vitro-in vivo extrapolation
kgbw kilogram body weight
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KHB Krebs-Henseleit buffer
Km,bile affinity constant for the biliary excretion
Km,efflux affinity constant for the active sinusoidal

efflux
Km,met metabolic affinity constant
Km,uptake affinity constant for the active uptake
LC-MS liquid chromatography coupled with

mass spectrometry
logD distribution coefficient
LOQ limit of quantification
LSC liquid scintillation counting
MDR/Mdr multi-drug resistance protein
mRNA messenger ribonucleic acid
MRP/Mrp multi-drug resistance associated protein
N.A. not applicable
N.D. not determined
OATP/Oatp organic anion transporting polypeptide
PBPK physiologically based pharmacokinetics
PSapp,bile apparent biliary clearance
PSbile biliary clearance
PSefflux,active apparent sinusoidal active efflux

clearance
PSefflux,passive sinusoidal passive efflux clearance
PSefflux,total apparent sinusoidal total efflux clearance
PSuptake,active apparent active uptake clearance
PSuptake,passive non-specific passive diffusion
PSuptake,total total apparent uptake clearance
Qh rat hepatic blood flow rate
R compound amount in bile pocket
radio-HPLC high performance liquid chromatography

coupled with on-line radio detection
Rb blood-to-plasma concentration ratio
S nominal incubation concentration in

buffer system
t incubation time
Vapp,met apparent metabolic velocity
Vc rat hepatocyte volume
Vmax,bile maximum velocity for the biliary excretion
Vmax,efflux maximum velocity for the active sinusoidal

efflux
Vmax,met maximum metabolic velocity
Vmax,uptake maximum velocity for the active sinusoidal

uptake
Vuptake,total total apparent uptake velocity

INTRODUCTION

Predicting the in vivo pharmacokinetic characteristics of new
chemical entities from in vitro studies plays an important role
in the modern drug discovery and development processes.
This prediction provides essential information for the
assessment of drug-drug interactions (DDI), time-dependent

pharmacological effects and/or toxic events. Specifically,
the liver is the major organ of importance to determine
drug disposition in the body. Once compounds reach
the liver via the systemic circulation, hepatic elimination
starts with the penetration of the drugs through the
sinusoidal membrane, followed by metabolism and/or
biliary excretion (1). Currently, mainly single pathway
analysis methods (e.g. only focusing on the metabolism or
hepatic uptake) or methods combining metabolism and
transport data in one single system (e.g. sandwich-cultured
hepatocytes) are applied to predict in vivo hepatic clear-
ances from in vitro data (2,3). However, these methods
provide often poor correlations between predicted and
observed clearances, and are rarely demonstrating a 1 to 1
correlation (4,5). Recently, improved in vitro-in vivo extrap-
olation (IVIVE) was reported using uptake data from
primary hepatocytes in a series of different statins (pravastatin,
pitavastatin, atorvastatin and fluvastatin) (6). These statins are
well-known proto-typical substrates for the organic anion
transporting polypeptide (OATP) family, which is responsi-
ble for their rate-limiting carrier-mediated hepatic uptake.
Unfortunately, hepatic clearances of a more diverse data set
cannot be accurately predicted by taking into consideration
hepatic uptake data only as other processes may also become
rate limiting. Besides metabolism and hepatic influx infor-
mation, active efflux processes from the inside of hepatocytes
must be taken into account (7).

Considering this factor, we propose a novel IVIVE
method for predicting rat hepatic clearances using various
in vitro methods. The following in vitro methods were
selected from literature: suspended hepatocytes for evalua-
tion of the hepatic uptake clearance, liver microsomes for
assessment of metabolic clearance values, and sandwich-
cultured hepatocytes for the determination of biliary
clearances. The sinusoidal efflux clearance was calculated
by combining data obtained from hepatocytes and micro-
somes. Individual in vitro clearance values were substituted
into the well-stirred model equation to obtain organ
clearance estimations (8,9). A selection of 13 compounds
(propranolol, quinidine, verapamil, cyclosporine A, ketoco-
nazole, atorvastatin, aliskiren, pravastatin, valsartan, ben-
zylpenicillin, digoxin, furosemide and ciprofloxacin) with
various physicochemical and pharmacokinetic properties,
and different class assignments according to the biophar-
maceutics drug disposition classification system (BDDCS)
was used for these studies (10).

In summary, the goal of our IVIVE analysis method was
to develop a prediction method for hepatic organ clearance
in rat which considers: 1) All underlying processes as
determinants of hepatic elimination (metabolism,
transporter-mediated uptake and efflux); 2) A selection of
appropriate in vitro assays; and 3) A series of physicochem-
ically diverse compounds.
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MATERIALS AND METHODS

Materials

[3H]Propranolol (695.6 GBq/mmol), [3H]verapamil (2.59
TBq/mmol), and [3H]digoxin (1.48 TBq/mmol) were
purchased from PerkinElmer Life and Analytical Science,
Inc. (Boston, MA). [3H]Quindine (740.0 GBq/mmol), [3H]
ketoconazole (370.0 GBq/mmol), [3H]atorvastatin
(370.0 GBq/mmol), [3H]benzylpenicillin (740.0 GBq/
mmol), and [3H]pravastatin (185.0 GBq/mmol) were
obtained from American Radiolabeled Chemicals, Inc.
(St. Louis, MO). [3H]Cyclosporine A (259.0 GBq/mmol)
and [14C]ciprofloxacin (555.0 MBq/mmol) were from GE
Healthcare UK Limited (Buckinghamshire UK) and Mor-
avek Biochemicals, Inc. (Brea, CA), respectively. [3H]
Valsartan (7.84 GBq/mmol), [14C]aliskiren (2.01 GBq/
mmol), and [14C]furosemide (2.14 GBq/mmol) were
synthesized in the Isotope Laboratories, Drug Metabolism
and Pharmacokinetics, Novartis Pharma AG (Basel, Swit-
zerland). Valsartan and aliskiren were chemically synthe-
sized at Novartis Pharma AG. All the other chemicals and
reagents were of analytical grade and purchased from
commercial sources.

Uptake Clearance Determination Using Rat
Hepatocytes

Cryopreserved pooled rat hepatocytes (pool of 8 male
Sprague–Dawley rats, Batch No. Rs573) from Invitrogen
Limited (Paisley UK) were used throughout the study. The
hepatocytes (viability: 70–85%) were suspended by using
Hepatocyte One Step Purification Kit (BD Biosciences; San
Jose, CA), and finally adjusted to 2.0×106 viable cells/mL
by Krebs-Henseleit buffer (KHB). Prior to incubation, the
cell suspensions were kept at 37°C or 4°C for 5 min. The
incubation was initiated by adding KHB buffer containing
the radiolabeled test substances at five different increasing
concentrations (final concentrations: 1, 3, 10, 30 and
100 μM, except for cyclosporine A: 0.1, 0.3, 1, 3 and
10 μM) to the cell suspension. After the incubation at 37°C
or 4°C for 3 min, the reaction was terminated by separating
cells from the substrate solution by the oil extraction
method as described in literature (6). Finally, the radioactivity
in the medium and within the cells was measured by liquid
scintillation counting (LSC; Tricarb-2700TR; PerkinElmer
Life Science Products, Inc.).

The total apparent (measured or observed) uptake
clearance PSuptake,total (μL/min/106 cells) at each sub-
strate concentration S was calculated as the total apparent
uptake velocity Vuptake,total (pmol/min/106 cells) divided
by S (μM). PSuptake,total consists of a saturable (the
apparent active uptake clearance PSuptake,active) and a

parallel non-saturable (the non-specific passive diffusion
PSuptake,passive) component as follows (11):

PSuptake; total ¼ PSuptake; activeþ PSuptake; passive

¼ Vmax; uptake
Km; uptakeþ S

þ PSuptake; passive ð1Þ

where Vmax,uptake and Km,uptake represent the maxi-
mum velocity and the affinity constant for active sinusoidal
uptake, respectively.

Unspecific binding events to the assay device and/or the
hepatocyte surface will ultimately lead to under- and/or
overestimation of the apparent uptake clearance. To
account for the loss of compound due to binding events to
plastic, control incubations using the same incubation
conditions and concentrations in the absence of cellular
material were performed. For correction, the apparent
uptake clearance values were multiplied by the radioactive
recovery ratios from these control experiments. Unspecific
binding effects to hepatocytes were identified by parallel
incubations at 4°C (same 5 concentrations as used in main
experiment) where transporter activity is assumed to be
turned off. A potential non-linearity at 4°C is ultimately
indicative for an initial concentration loss to the cell system
that likely results from unspecific binding events. To
quantify the resulting overestimation, assuming binding at
the two temperatures to be consistent, the apparent uptake
clearance data at 37°C for each substrate concentration S
were corrected as follows:

PSuptake; total ¼ PSuptake; totalð37�CÞ
�ððPSuptake; totalð4�CÞ
� PSuptake; passiveð4�CÞÞ

ð2Þ

Determination of the Metabolic Clearance in Rat
Microsomes

A reaction mixture of compound at increasing 6–8 different
concentrations (0.05–250 μM) in 50 or 100 mM phosphate
buffer containing 5 mM MgCl2 (pH 7.4) and NADPH
(1 mM) was incubated with pooled liver microsomes (pool
of 94 Sprague–Dawley rats, Batch No. 14035, 11271 and
85157; BD Biosciences) at 37°C. The assay was designed to
ensure that less than 20% of the initial substrate was
consumed at the end of the incubation. The incubation
was terminated after 45 min maximum by adding
acetonitrile or 5% formic acid in distilled water. Next,
all the major metabolite and/or parent compound
concentrations in the assay solution were determined
by high performance liquid chromatography coupled
with on-line radio activity monitoring (radio-HPLC) or
mass spectrometry (LC-MS).
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For the radio-HPLC analysis, the peak areas of the
major metabolites were analyzed using an Agilent
Chemstation 1100 HPLC system (Agilent Technologies;
Palo Alto, CA) equipped with an HPLC radioactivity
detector Flow Star LB513 (Berthold Technologies
GmbH; Regensdorf, Switzerland). For the LC-MS
analysis (only for benzylpenicillin), the peak area of the
parent drug and its internal standard (warfarin) were
analyzed using an Agilent Chemstation 1100 HPLC
system (Agilent Technologies) equipped with a capillary
pump and a triple quadrupole Quattro Ultima mass
spectrometer (Waters; Milford, MA). The measurement
was operated in a multiple reaction monitoring mode
by setting appropriate ion mode with cone voltage and
collision energy.

The mobile phase consisted of water, acetonitrile, and
formic acid under gradient conditions at a flow rate of 0.25–
1.0 mL/min for the radio-HPLC analysis and 60 μL/min for
the LC-MS. Peak separation was achieved using Nucleodur
Pyramid C18 (125×2 mm, 5 μm, Macherey-Nagel, Düren,
Germany), Zorbax SB-C18 (150×4.6 mm, 3.5 μm, Agilent
Technologies), Poroshell 300SB-C18 (70×2.1 mm, 5 μm,
Agilent Technologies), Synergi 4u MAX-RP (50×1.0 mm,
4.0 μm, Phenomenex; Torrance, CA) or Luna Phenyl-Hexyl
(50×1.0 mm, 3.0 μm, Phenomenex) columns.

The apparent metabolic velocity Vapp,met (pmol/min/mg
protein) was calculated as the linear increase in the concentra-
tion vs time plot for the formation of major metabolites except
for benzylpenicillin where the linear decrease of parent
compound over time was evaluated. The corresponding
apparent in vitro metabolic clearance CLapp,met (μL/min/
mg protein) was obtained by dividing Vapp,met values by the
compound concentrations S. For the IVIVE analysis, the
microsomal metabolic clearance CLmet (μL/min/mg pro-
tein) was calculated, considering a correction for the fraction
unbound to liver microsomes fu(mic), as follows (6,12):

CLmet ¼ CLapp;met
fuðmicÞ ¼ Vmax;met

fuðmicÞ � ðKm;metþ SÞ ð3Þ

where Vmax,met and Km,met represent the maximum
metabolic velocity and metabolic affinity constant,
respectively.

Hepatobiliary Disposition in Rat Sandwich-Cultured
Hepatocytes

Rat sandwich-cultured hepatocytes (Batch numbers: R-
22MAR10-01, R-12APR10-01 R-26APR10-01, R-
07JUN10-02, and R-02JUL10-02) were purchased as
B-CLEAR®-RT KIT from Qualyst, Inc. (Durham, NC).
The hepatobiliary disposition was assessed as previously
described in literature (13). Prior to incubation, the

hepatocytes were washed with Qualyst (+) Buffer (stan-
dard buffer) or Qualyst (−) Buffer (calcium-free buffer).
Thereafter, the cells were incubated for 10 min at 37°C
with a compound solution in standard buffer at five
different increasing concentrations (final concentrations: 1,
3, 10, 30 and 100 μM except for cyclosporine A: 0.1, 0.3,
1, 3 and 10 μM). After washing with ice-cold standard
buffer, the cells were solubilized and radioactivity was
measured by LSC. The remaining cell lysate was used to
determine the protein concentration according to the
method of Lowry (Bio-Rad DC Protein assay; Bio-Rad
Laboratories, Hercules, CA), with bovine serum albumin
as a standard.

The apparent biliary clearance PSapp,bile (μL/min/mg
protein) was calculated as follows (13):

PSapp; bile ¼ R
A=Vc

=t ð4Þ

where Vc, A and t represent the average rat hepatocyte
volume (5.2 μL/mg protein) (14), the intracellular total
radioactivity (μmol/mg protein), and the incubation time
(min), respectively. The total compound accumulation in
the bile pocket R (pmol/mg protein) was calculated as the
difference of the radioactivity in the standard buffer and of
the radioactivity in calcium-free buffer after incubation.

Due to metabolism, the intracellular total radioactivity A is
likely an overestimation of the effective amount driving biliary
clearance, which may result in an underestimation of PSapp,
bile (Eq. 4). Consequently, using an analytical method (LSC
counting) not allowing determination of intracellular con-
centrations of unchanged compound, the intracellular total
radioactivity A has to be adjusted to account for this
underestimation. Applying Michaelis-Menten type kinetics
metabolic clearance can be expressed as Vmax,met/(Km,
met+S) (see Eq. 3). The metabolic clearance under saturated
conditions, where S >> Km,met, is calculated as Vmax,
met/S. It is evident that the difference between saturated
and non-saturated conditions represents a concentration-
dependent measure for the intracellular metabolism and
ultimately for the underestimation of PSapp,bile due to
metabolism. Consequently, assuming metabolism in
sandwich-cultured hepatocytes to be the same as determined
in microsomes, for each total intracellular compound
concentration C (= A/Vc) a correction factor (so-called
metabolism factor) can be determined as follows:

metabolism � factor ¼ Vmax;met=C
Vmax;met=ðKm;metþ CÞ

¼ Km;metþ C
C

ð5Þ

With Km,met << C the metabolism factor approaches 1. For
all other conditions the metabolism factor is >1. Consequently,
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for our IVIVE analysis the biliary clearance PSbile (μL/min/
mg protein) was assessed, considering a correction for the
fraction unbound in hepatocytes fu(hep), as follows:

PSbile ¼ PSapp; bile
fuðhepÞ

¼ Vmax; bile
fuðhepÞ � ðKm; bileþ C=metabolism � factorÞ ð6Þ

where Vmax,bile and Km,bile represent the maximum
velocity and the affinity constant for active biliary excretion,
respectively.

The overall apparent hepatobiliary clearance in
sandwich-cultured hepatocytes CLsandwich (μL/min/mg
protein) for every initial incubation concentration S was
calculated by dividing R with S and the incubation time t as
described in literature (13).

Assessment of Fraction Unbound in Liver Microsomes
and Hepatocytes

fu(mic) values were determined experimentally. Shortly, test
substance (final concentration: 0.1 and 1.0 μM) was incubated
with pooled liver microsomes in 50 mM phosphate buffer for
10 min at 37°C. The reaction mixture was subjected to
ultracentrifugation (L-70 or XL-80 Ultracentrifuge with a
rotor of 50.4Ti; Beckman Coulter International S.A., Brea,
CA) at 20,989g for 3.5 h at 37°C. The fu(mic) value was
calculated as the recovery ratio of the radioactivity in
microsomes and supernatant as previously described (6). To
account for the possible concentration dependency of fu
(mic), data analysis according to Scatchard was used (15).

Intracellular binding in hepatoctes was determined as
previously reported (16). Assuming concentration-
independency, fu(hep) values were derived from distribution
coefficients at physiological pH (logD values in Table VI) and
the regression equation logfu hepð Þ ¼ 0:9161� 0:2567� logD.

Estimation of the Sinusoidal Efflux Clearance

The apparent sinusoidal total efflux clearance from the
intracellular side of hepatocytes back into blood (PSefflux,
total) consists of a saturable (the apparent sinusoidal active
efflux clearance PSefflux,active) and a parallel non-
saturable (the non-specific sinusoidal passive diffusion
PSefflux,passive) component as follows:

PSefflux; total ¼ PSefflux; activeþ PSefflux; passive

¼ Vmax; efflux
Km; efflux þ C

þ PSefflux; passive ð7Þ

where Vmax,efflux and Km,efflux represent the maximum
velocity and the affinity constant for active sinusoidal efflux,
respectively.

PSefflux,total was calculated based on Eq. 8 using
CLsandwich data for five incubation concentrations S (1, 3,
10, 30 and 100 μM except for cyclosporine A: 0.1, 0.3, 1, 3
and 10 μM) as an estimate for the overall hepatobiliary
clearance in the in vitro sandwich-culture hepatocyte system
(CLh,int,in vitro=CLsandwich). This was done by plugging in
the previously determined PSuptake,total parameters from
suspended hepatocytes, CLmet from liver microsomes and
the PSbile from sandwich-cultured hepatocytes. PSuptake,
total data (Eq. 1) refer to the same five incubation
concentrations S as described above, whereas PSbile
numbers (Eq. 6) refer to the corresponding total intracellular
compound concentrations C. Consequently, also CLmet
data have to refer to the intracellular drug concentration C.
Therefore, with help of Vmax,met, Km, met and fu(mic) (see
Table II) the metabolic clearances for every concentration C
were calculated using Eq. 3. Evidently, the underlying
assumption for this approach is that metabolism and hepatic
uptake in sandwich-cultured hepatocytes are the same as
determined in microsomes and primary hepatocytes, respec-
tively. Before PSefflux,total estimation, all parameters re-
quired to feed into Eq. 8 were converted to a kgbw-basis to
account for differences in the diverse assay systems. The
following scaling factors derived from literature were
applied: 109 [106 cells/g liver] for suspended hepatocytes,
54 [mg protein/g liver] for liver microsomes, 111 [mg
protein/g liver] for sandwich-cultured hepatocytes, and 40 [g
liver/kgbw] for liver weight (13,17).

Prediction of Rat Hepatic Clearances from In Vitro
Assays

The intrinsic clearance values for hepatic uptake (PSuptake,
total at S << Km,uptake), metabolism (CLmet at S <<
Km,met), biliary excretion (PSbile at C << Km,bile) and
sinusoidal efflux (PSefflux,total at C << Km,efflux) were
obtained by non-linear curve-fitting according to Eqs. 1, 3,
6 and 7, respectively. With help of these intrinsic clearance
values for each individual elimination process the overall
(intrinsic) hepatic clearance (CLh,int,in vitro) was deter-
mined as follows (9):

CLh; int; invitro ¼ PSuptake; total

� CLmet þ PSbile
PSefflux; totalþ CLmetþ PSbile

ð8Þ
Finally, the intrinsic hepatic clearances were fed into the

well-stirred equation for hepatic organ clearance (CLh,org,
in vitro) prediction as follows:

CLh; org; invitro ¼ Qh� fu; b � CLh; int; invitro
Qhþ fu; b � CLh; int; invitro ð9Þ
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where fu,b is the unbound fraction in blood, and Qh is rat
hepatic blood flow rate of 50.5 mL/min/kgbw (18).

Data Analysis

All data presented in this study are averages of triplicate
determinations. The limit of quantification (LOQ) was
taken as the lowest measurement from the radioactive
scale which is statistically seen significantly higher than
the measured blank value, and for which the standard
error of the measurement is lower than 20%. Under the
conditions of this study, the LOQ of absolute radioac-
tivity was 20 dpm for 14C-labeled compounds and
60 dpm for 3H-labeled substances.

All concentration-dependent saturation kinetics,
assessed in vitro as described above, for hepatic uptake
(PSuptake,active), oxidative metabolism (CLmet), biliary
clearance (PSbile), sinusoidal efflux (PSefflux,active) and
overall hepatobiliary clearance (CLsandwich) were fitted
according to Michaelis-Menten (compare Eqs. 1, 3, 6 and
7) to obtain the corresponding affinities (Km,uptake, Km,
met, Km,bile and Km,efflux) as well as capacity constants
(Vmax,uptake, Vmax,met, Vmax,bile, and Vmax,efflux)
(12). To obtain estimates for the kinetic parameters data
were fitted by a nonlinear least-square method using
WinNonlin Ver. 5.2. (Pharsight, Mountain View, CA) and
the Enyzme Kinetics Module for SigmaPlot 2004 Version
9.01 (Systat Software Inc., San Jose, CA) for transport and
metabolism data, respectively. All other linear regression
analyses were performed by Microsoft EXCEL 2007
Version SP3.

In Vivo Pharmacokinetic Parameters

Key pharmacokinetic parameters in rat for all compounds
were collected from literature and were partially, when
necessary, completed with internal in-house data
(Table VI). The fraction unbound in plasma (fu,p) and
the blood-to-plasma concentration ratio (Rb) were used for
the calculation of fu,b as follows:

f u; b ¼ fu; p
Rb

ð10Þ

Hepatic plasma clearance CLh was generally calcu-
lated from the total plasma clearance CLtot by
subtraction of the renal plasma clearance CLren (4).
The corresponding hepatic organ clearances based on in
vivo blood concentrations (CLh,org,in vivo), which are used
for the subsequent IVIVE analysis, were obtained as
follows:

CLh; org; invivo ¼ CLh
Rb

ð11Þ

RESULTS

Uptake into Suspended Hepatocytes

The concentration-dependent sinusoidal uptake into rat
suspended hepatocytes was investigated for all 13 compounds.
The derived Km,uptake, Vmax,uptake, PSuptake,passive as
well as the intrinsic (at S << Km,uptake) PSuptake,active and
PSuptake,total values according to Eq. 1 are summarized in
Table I. Unspecific binding events to the assay system were
only observed for the highly lipohilic compounds (radioactive
recoveries of 55.6%, 50.0% and 31.3% for propanolol,
ketoconazole and cyclosporine A, respectively).

The total influx clearance into suspended hepatocytes
was strongly affected by active transporter-mediated uptake
processes for all class 3 and 4 compounds, which is
consistent with the BDDCS proposed by Wu and Benet
(10). For these classes, the PSuptake,total (intrinsic)/
PSuptake,passive ratio varied from 1.7 (furosemide) to
16.5 (valsartan), and the non-specific passive diffusion
component (PSuptake,passive≤15.8 μL/min/106 cells) was
generally lower than the contribution of active uptake (7.7≤
intrinsic PSuptake,active≤172.4 μL/min/106 cells) to over-
all clearance. In contrast, the cellular uptake for most class
1 and 2 compounds was mainly governed by a high passive
diffusion component (19.1≤PSuptake,passive≤444.7 μL/
min/106 cells), indicating the active cellular uptake in these
classes was likely not to become the rate limiting step for
overall organ clearance.

Metabolism in Liver Microsomes

Concentration-dependency of the metabolic velocity was
investigated in rat liver microsomal incubations to deter-
mine the metabolic clearance of the 12 compounds except
for propranolol where the corresponding data were taken
from Li et al. (19) Together with the corresponding fu(mic),
Km,met and Vmax,met data, the intrinsic (at S << Km,
met) CLapp,met and CLmet values according to Eq. 3 are
summarized in Table II.

All class 1 and 2 compounds (except for cyclosporine A)
demonstrated extensive metabolism with larger intrinsic
CLmet values. These values ranged from 73.3 μL/min/mg
protein (atorvastatin) to 101694.9 μL/min/mg protein
(propranolol), which was consistent with the BDDCS.
Significantly smaller metabolic clearances have been observed
for class 3 and 4 compounds (≤26.1 μL/min/mg protein).

Excretion in Sandwich-Cultured Hepatocyte

Hepatobiliary disposition was determined in rat sandwich-
cultured hepatocytes. Intrinisic (at C << Km,bile) PSapp,
bile and PSbile parameters, intrinsic CLsandwhich (at very

608 Umehara and Camenisch



low S) as well as metabolism factor data together with the
calculated fu(hep), Km,bile and Vmax,bile values according
to Eqs. 5 and 6 are given in Table III.

Independent of any BDDCS class assignment, the
intrinsic biliary clearance component for well-known efflux
transporter substrates (quinidine, verapamil, ketoconazole,

Table I Kinetic Parameters for the Uptake into Suspended Hepatocytes

Compounds BDDCS Km,uptake
[μM]

Vmax,uptake
[pmol/min/106 cells]

PSuptake,passive
[μL/min/106 cells]

Intrinsic PSuptake,active
[μL/min/106 cells]

Intrinsic PSuptake,total
[μL/min/106 cells]

Propranolol Class 1 0.7±0.7 218.7±90.6 103.2±6.3 321.6±365.7 424.8

Quinidine Class 1 5.0±2.4 864.9±300.7 32.7±5.9 172.6±100.8 205.3

Verapamil Class 1 N.A. N.A. 78.1±1.6 0.0±0.0 78.1

Cyclosporine A Class 2 N.A. N.A. 19.1±2.0 43.9 a±4.2 63.0

Ketoconazole Class 2 N.A. N.A. 444.7±54.5 0.0±0.0 444.7

Atorvastatin Class 2 0.8±0.3 538.6±75.0 48.8±3.2 673.2±277.2 722.1

Aliskiren Class 3 1.2±0.9 23.5±9.5 14.6±0.6 19.9±17.2 34.6

Pravastatin Class 3 74.5±12.2 3166.0±478.0 13.1±1.0 42.5±9.5 55.7

Valsartan Class 3 2.6±0.7 441.4±69.9 11.1±1.6 172.4±55.1 183.5

Benzylpenicillin Class 3 146.7±25.3 1497.3±239.9 4.7±0.2 10.2±2.4 14.9

Digoxin Class 4 15.1±5.6 204.9±61.1 3.8±0.5 13.6±6.4 17.4

Furosemide Class 4 12.2±14.5 138.6±165.2 15.8±2.5 11.3±19.1 27.1

Ciprofloxacin Class 4 N.A. N.A. 5.1±0.5 7.7 a±0.3 12.8

Unspecific binding-corrected uptake into suspended hepatocytes was assessed at five different concentrations with n=3/concentration as described in the
“Materials and Methods” section. Km,uptake, Vmax,uptake, PSuptake,passive and intrinsic PSuptake,active (at S<<Km,uptake) values were obtained by
non-linear curve fitting according to Eq. 1. Intrinsic PSuptake,total represents the sum of PSuptake,passive and intrinsic PSuptake,active
a Because of lack of enough data points these numbers were estimated from the difference of uptake data at 37° and 4°Celsius

N.A. not applicable

Table II Kinetic Parameters for the Metabolism in Liver Microsomes

Compounds Km,met
[μM]

Vmax,met
[pmol/min/mg protein]

fu(mic) Intrinsic CLapp,met
[μL/min/mg protein]

Intrinsic CLmet
[μL/min/mg protein]

Propranolol 30.0 a 1500000 a 0.59 50000 101694.9

Quinidine 0.72±0.3 719.1±78.9 0.64 998.8±454.5 1560.6

Verapamil 7.6±5.7 4638.5±1677.4 0.50 610.3±508.2 1220.7

Cyclosporine A 0.46±0.19 5.8±0.92 0.73 12.6±5.6 17.3

Ketoconazole 2.2±0.6 809.4±114.7 0.17 367.9±113.1 2164.2

Atorvastatin 5.1±2.3 189.9±29.4 0.51 37.4±17.8 73.3

Aliskiren 89.6±48.8 1472.8±381.3 0.63 16.4±9.9 26.1

Pravastatin 105±62.9 143.2±48.8 0.88 1.37±0.95 1.56

Valsartan N.D. N.D. 0.88 0.25±0.03 0.28

Benzylpenicillin N.D. N.D. 0.94 4.9±13.4 5.2

Digoxin N.D. N.D. 0.86 1.8±0.22 2.1

Furosemide 37.9±14.7 77.5±13.7 0.80 2.0±0.87 2.6

Ciprofloxacin N.D. N.D. 0.82 0.1±0.01 0.13

Metabolism in liver microsomes was assessed at 6–8 different concentrations with n=3/concentration as described in “Materials and Methods” section.
Km,met and Vmax,met were obtained by non-linear curve fitting according to Eq. 3, and fu(mic) represents the unbound fraction in microsomes at very
low concentrations according to Scatchard (15). Intrinsic CLapp,met (at S<<Km,uptake) is the calculated ratio Vmax,met/Km,met or Vapp,met/S at the
lowest incubation concentration if Km,met was not available. Intrinsic CLmet is the calculated ratio intrinsic CLapp,met/fu(mic)
a Reported data (19)

N.D. “not determined” due to lack of enough data points
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and digoxin) ranged from 0.98 to 2.86 μL/min/mg protein
(20,21). The highest active biliary secretion component
could be determined for the efflux transporter substrates
aliskiren (intrinsic PSbile=118.68 μL/min/mg protein) and
cyclosporine A (intrinsic PSbile=45.0 μL/min/mg pro-
tein). High biliary clearance activity was also observed
for the class 3 compound pravastatin (intrinsic PSbile=
16.54 μL/min/mg protein) and the class 4 compound
furosemide (intrinsic PSbile=12.04 μL/min/mg protein).
This suggests that these compounds were also trans-
ported by ATP Binding Cassette (ABC) transporter
systems expressed at the canalicular membrane of rat
hepatocytes. This observation is also supported by
literature data (22–24).

Estimation of Efflux Clearance

The derived Km,efflux, Vmax,efflux, PSefflux,passive as well
as the intrinsic (at C<< Km, efflux) PSefflux,active and
PSefflux,total values according to Eq. 7 are summarized in
Table IV. Compounds that are well-known substrates for
ABC transporters (quinidine, cyclosporine A, aliskiren and
digoxin) have been subjected to efflux processes also at the
sinusoidal membrane (20–22). This becomes particularly
evident after up-scaling to in vivo on a kgbw basis as discussed
below. As shown in Table V, for all these compounds the up-

scaled PSuptake,passive values from the hepatocyte uptake
experiment were significantly less than the corresponding up-
scaled intrinsic PSefflux,total data from sandwich-cultured
hepatocytes. Similarly, other compounds (pravastatin and,
most likely, furosemide) that have been shown to be actively
secreted at the biliary membrane also exhibited a significant
active sinusoidal efflux (23,24).

Hepatic Clearance Predictions

All (intrinsic) in vitro clearance data for uptake (PSuptake,
passive, PSuptake,total, PSuptake,active), metabolism
(CLmet), biliary excretion (PSbile) and sinusoidal efflux
(PSefflux,total, PSefflux,passive and PSefflux,active)
were scaled up on a kgbw basis. Subsequently, the
CLh,int,in vitro, CLh,org,in vitro and CLh,org,in vivo
values were calculated according to Eqs. 8, 9, and 11
(Tables V and VI).

The relationship between reported and predicted hepatic
organ clearances is illustrated in Fig. 1. Based on metabolism
data only (Fig. 1a), in vivo hepatic clearance values were
clearly under-predicted (r2=0.687, intercept=−4.013). Sim-
ilarly, overall hepatobiliary excretion in sandwich-cultured
hepatocytes (Fig. 1c) provided a significant underestimation
of in vivo hepatic clearance (r2=0.321, intercept=0.254). In
contrast, using only hepatic uptake data (Fig. 1b), in vivo

Table III Kinetic Parameters for the Biliary Excretion in Sandwich-Cultured Hepatocyte

Km,bile
[μM]

Vmax,bile
[pmol/min/mg]

Intrinsic PSapp,bile
[μL/min/mg]

fu(hep) Metabolism
factor

Intrinsic PSbile
[μL/min/mg]

Intrinsic CLsandwich
[μL/min/mg]

Propranolol 41.3±18.4 4.0±1.4 0.097±0.08 0.055 1.39 1.77 6.77

Quinidine 96.8±1085.3 5.9±64.4 0.061±0.03 0.056 1.01 1.08 2.43

Verapamil N.D. N.D. 0.058±0.02 a 0.043 1.16 1.35 1.97

Cyclosporine A 0.17±0.1 0.13±0.0 0.76±0.34 0.017 1.46 45.0 2.95

Ketoconazole 6.86±0.4 0.104±0.0 0.015±0.02 0.016 1.05 0.98 0.75

Atorvastatin N.D. N.D. 0.090±0.08 a 0.056 1.26 1.60 0.28

Aliskiren N.D. N.D. 7.972±1.20 a 0.067 44.29 118.68 0.38

Pravastatin N.D. N.D. 2.542±0.50 a 0.154 18.16 16.54 0.78

Valsartan N.D. N.D. 0.110±0.12 a 0.234 1.00 0.47 0.17

Benzylpenicillin 64.7±16.7 5.3±1.2 0.082±0.02 0.410 1.00 0.20 0.36

Digoxin 25.0±11.3 5.2±1.5 0.208±0.07 0.073 1.00 2.86 0.90

Furosemide N.D. N.D. 2.472±1.87 a 0.205 14.54 12.04 0.25

Ciprofloxacin N.D. N.D. 0.240±0.15a 0.120 1.00 2.01 0.43

Biliary and overall hepatobiliary excretion in sandwich-cultured hepatocytes was assessed at five different concentrations with n=3/concentration as
described in the “Materials and Methods” section. Considering the relationship between PSapp,bile and C/metabolism factor for each designated medium
concentration, Km,bile and Vmax,bile and intrinsic PSapp,bile (at C << Km,bile) values were obtained by non-linear curve fitting according to Eq. 6.
Intrinsic CLsandwich values were assessed similarly by non-linear curve fitting applying ordinary Michaelis-Menten kinetics. The metabolism factor was
calculated with help of Eq. 5 or was defined as 1.0 if Km,met was not available (see Table II). fu(hep) represents the unbound fraction in hepatocytes
derived from log D at pH7.4 and the regression equation logfu hepð Þ ¼ 0:9161 −0:2567 � logD (16). Intrinsic PSbile is the calculated ratio intrinsic PSapp,
bile/fu(hep)
aDue to lack of concentration-dependency these numbers represent the average of all biliary excretion measurements

N.D. “not determined” due to lack of enough data points
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hepatic clearance values were significantly over-
predicted (r2=0.600, intercept=15.03). Our new IVIVE
analysis method considered all hepatic drug elimination
processes (uptake, metabolism, biliary excretion and

sinusoidal efflux) and revealed an excellent correlation
between in vivo clearance data obtained from literature and
predicted clearance values (Fig. 1d). Linear regression analysis
provided an r2 value of 0.928 with an intercept of −0.604,

Table IV Kinetic Parameters for the Active Sinusoidal Efflux from Hepatocytes

Compounds Km,efflux
[μM]

Vmax,efflux
[nmol/min/kg]

PSefflux,passive
[mL/min/kg]

Intrinsic PSefflux,active
[mL/min/kg]

Intrinsic PSefflux,total
[mL/min/kg]

Propranolol N.A. N.A. 296.7±23.9 0.0±0.0 296.7

Quinidine N.A. N.A. 253.0±16.1 92.2±16.1 345.3

Verapamil N.A. N.A. 204.9±42.5 0.0±0.0 204.9

Cyclosporine A N.A. N.A. N.A. N.A. 4212.7

Ketoconazole N.A. N.A. N.A. N.A. 1882.3

Atorvastatin N.A. N.A. N.A. N.A. 78.5

Aliskiren N.A. N.A. N.A. N.A. 1224.6

Pravastatin N.A. N.A. N.A. N.A. 261.2

Valsartan N.A. N.A. 56.2±12.2 0.0±0.0 56.2

Benzylpenicillin 12.6±0.6 244.0±112.9 21.8±0.6 19.4±9.0 41.1

Digoxin N.A. N.A. N.A. N.A. 246.8

Furosemide N.A. N.A. N.A. N.A. 301.2

Ciprofloxacin N.A. N.A. 15.8±2.2 0.0±0.0 15.8

Sinusoidal efflux in sandwich-cultured hepatocytes was assessed as described in the “Materials and Methods” section at five different concentrations from
CLsandwich values (with n=3/concentration) according to Eq. 8. Km,efflux, Vmax,efflux, PSefflux,passive and intrinsic PSefflux,active (at C << Km,efflux)
values were obtained by non-linear curve fitting according to Eq. 7. Intrinsic PSefflux,total represents the sum of PSefflux,passive and intrinsic PSefflux,active
or, in the absence of enough dependable data points, was assessed as the calculated ratio PSapp,efflux/C at the lowest incubation concentration

N.A. not applicable

Table V Up-scaled and Predicted Hepatic Clearances from In vitro Assays

Compounds Up-scaled in vitro (intrinsic) clearances Predicted clearances

Influx Metabolism Excretion Efflux CLh,int, in vitro CLh,org, in vitro

PSuptake, passive PSuptake, total CLmet PSbile CLsandwich PSefflux, total

Propranolol 449.9 1852.2 219661.0 7.86 30.1 296.7 1849.7 44.1

Quinidine 142.5 895.2 3370.8 4.80 10.8 345.3 812.1 35.7

Verapamil 340.6 340.6 2636.6 5.99 8.8 204.9 316.1 14.8

Cyclosporine A 83.5 274.8 37.4 201.3 13.1 4212.7 14.7 0.7

Ketoconazole 1939.1 1939.1 4674.6 4.35 3.3 1882.3 1382.8 13.7

Atorvastatin 212.8 3148.1 158.3 7.10 1.2 78.5 2134.9 25.8

Aliskiren 63.8 150.8 56.4 526.9 1.7 1224.6 48.6 20.4

Pravastatin 57.3 242.7 3.37 73.4 3.5 261.2 55.2 24.1

Valsartan 48.5 800.2 0.60 2.09 0.8 56.2 36.6 1.9

Benzylpenicillin 20.4 64.9 11.3 0.89 1.6 41.1 14.9 5.1

Digoxin 16.5 75.7 4.5 12.7 4.0 246.8 4.9 2.7

Furosemide 68.7 118.2 5.5 53.5 1.1 301.2 19.4 2.9

Ciprofloxacin 22.1 55.8 0.28 8.92 1.9 15.8 20.6 12.3

All units are given in mL/min/kgbw. Scaling factors were applied as described in the “Materials and Methods” section. CLh,int,in vitro and CLh,org,in vitro
values were predicted according to Eqs. 8 and 9, respectively
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which is close to the line of unity. The CLh,org,in vitro/CLh,
org,in vivo ratio was between 0.26 (valsartan) and 1.30
(furosemide).

DISCUSSION

Our new IVIVE approach was evaluated for prediction of
CLh,org,in vivo from CLh,int,in vitro using suspended rat
hepatocytes, microsomes and sandwich-cultured hepato-
cytes. The compound set studied consisted of 13 com-
pounds with various physicochemical properties covering
all four BDDCS classes (10). The rate determining step of
class 1 compounds in hepatic elimination is the passive
uptake process into hepatocytes. Class 2 compounds are
subject to metabolism and biliary excretion and class 3
compounds have a dominant hepatic active uptake process.
All processes for hepatic elimination (uptake, metabolism,
biliary excretion and sinusoidal efflux) govern the elimina-
tion of class 4 compounds. Well-known equations including
the well-stirred model for hepatic organ clearance (Eq. 9)
and the physiology-based model for overall intrinsic hepatic
clearance estimation, which includes transport processes
(Eq. 8) were used (8,25).

For the assessment of hepatic influx, primary hepatocytes
in suspension or conventional culture represent useful
experimental in vitro systems (13). A previous study has

demonstrated that rat hepatocytes in suspension showed a
higher Oatp-mediated uptake of taurocholate as compared
to hepatocytes in culture (26). This is in line with higher
Oatp1a1 and Oatp1a4 mRNA levels in the cell suspen-
sions, which were shown to be comparable to the ones
observed in liver tissues (26–28). Bow et al. showed that
ABC transporters like the multi-drug resistant protein
Mdr1 and the multi-drug resistant associated protein
Mrp2 are not accurately sorted to the canalicular mem-
brane of freshly prepared rat hepatocytes. Thus, use of
these cells will cause an inaccurate assessment of the biliary
excretion (29). Independent of the experimental system
used, significant differences in activity have been reported
for active hepatic uptake (28). Batch-to-batch variations
and inherent genetic variability are considered as the main
reasons for these activity differences. For example, the
uptake of estradiol 17β-D-glucuronide into various batches
of freshly prepared or cryopreserved hepatocytes was
reported to be variable. Well-known genetic polymor-
phisms of OATP family transporters such as OATP1B3
are likely the cause for this observation (30). To account for
batch-to-batch variations, only a single batch of pooled
cryopreserved hepatocytes in suspension (pool of 8 male
rats) was used for the evaluation of sinusoidal uptake in the
present study.

For studying oxidative hepatic metabolism, liver micro-
somes have been proven to be a robust system (31). In

Table VI In vitro and In vivo Pharmacokinetic Parameters

Compounds pKa a logD Protein binding Total clearance Renal elimination Hepatic clearance References

fu,p Rb fu,b CLtot CLtot/Rb CLren Er b CLh CLh,org,in vivo
[mL/min/kgbw] [mL/min/kgbw] [mL/min/kgbw]

Propranolol 9.45 (Base) 1.340 0.15 0.80 0.19 78.0 97.5 0.31 0.004 40.4 50.5 (44–47)
Quinidine 8.56 (Base) 1.297 0.30 2.00 0.15 101.7 50.9 0.33 0.003 101.4 50.7 (48,49)

Verapamil 8.92 (Base) 1.752 0.06 0.95 0.066 26.0 27.4 5.28 0.203 20.7 21.8 (46,50–52)
Cyclosporine A N.A. (Neutral) 3.350 0.06 1.28 0.047 2.4 1.8 0.095 0.04 2.3 1.8 (46,53–55)
Ketoconazole 2.94/6.51 (Base) 3.480 0.01 0.70 0.014 14.4 20.6 1.22 0.084 13.2 18.8 (51,56,57)
Atorvastatin 4.46 (Acid) 1.300 0.03 1.30 0.025 32.3 24.9 0.65 0.02 31.7 24.4 (58–60)

Aliskiren c 9.20 (Base) 1.000 0.38 0.54 0.70 20.0 37.0 1.00 0.05 14.0 25.9 –

Pravastatin 4.60 (Acid) −0.400 0.64 0.77 0.84 35.2 45.8 18.3 0.52 16.9 21.9 (23,33,38)
Valsartan c 3.90/4.73 (Acid) −1.110 0.03 0.55 c 0.055 4.2 7.7 0.11 0.025 4.1 7.5 (61)
Benzylpenicillin 2.70 (Acid) −2.060 0.18 0.46 0.38 16.2 35.1 10.8 0.67 5.3 11.6 (15,62)

Digoxin N.A. (Neutral) 0.850 0.61 1.04 0.59 7.5 7.2 4.3 0.57 3.2 3.1 (45,46,63–65)
Furosemide 3.90/9.90 (Acid) −0.890 0.13 0.80 c 0.16 2.7 3.4 0.94 0.34 1.8 2.3 (66–68)
Ciprofloxacin 6.09/8.62 (Base) 0.025 0.70 0.89 0.79 33.0 37.2 17.8 0.54 15.0 16.9 (51,69,70)

Compilation of in vitro and in vivo parameters as published in literature. CLh,org,in vivo values were calculated according to Eq. 11
a Ionization state at physiological pH is given in parenthesis (46,71, EMEA and FDA labels or Japanese interview forms)
b Er: Urinary excretion ratio calculated as CLren/CLtot
c In-house data

N.A. not applicable
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addition to oxidative metabolism, hepatocytes could also be
used to determine drug conjugation reactions, such as
glucuronidation and sulfation (32,33). However, hepatic
uptake transporters are well known to modulate clearance
of drugs that are eliminated by overall metabolism in an in
vitro hepatocyte systems (34). Since contribution of conju-
gation pathways to overall hepatic elimination was negligi-
ble for almost all the selected compounds in the present
study, a single batch of pooled liver microsomes (pool of 94
rats) was used for the direct assessment of transporter-
independent oxidative metabolism throughout the study.

In contrast to freshly prepared primary hepatocytes,
sandwich-cultured hepatocytes retain/regain the intact
canalicular networks and polarized excretory function
including sinusoidal efflux (13). Many studies have utilized
hepatocytes in suspension to examine the efflux of com-
pounds, but this approach does not differentiate between
canalicular excretion and sinusoidal efflux (13). The hepatic
influx clearances can also be evaluated in sandwich-
cultured hepatocytes, although lower mRNA expression
levels of uptake transporters were reported as compared to
hepatocytes in suspension (26). The sinusoidal uptake of
digoxin, pravastatin and rosuvastatin was decreased in long
time sandwich-cultured hepatocytes because of the down-

regulation of hepatic uptake transporters (35). Despite these
limitations, the use of sandwich-cultured hepatocytes was
still shown to be a viable approach to estimate the biliary
and overall hepatic clearance. This provides a basis for the
heterogenic calculation of sinusoidal efflux clearance
(Eq. 8). In vitro intrinsic biliary clearance values generated
in sandwich-cultured hepatocytes were demonstrated to
correlate well with in vivo biliary clearance data for
compounds whose major elimination route is not
metabolism (olmesartan, pitavastatin and rosuvastatin)
(13). However, due to the lack of bile flow and the down-
regulation of uptake and/or biliary transporter levels like
OATP, MRP2, bile salt export pump (BSEP) and breast
cancer resistance protein (BCRP), sandwich-cultured
hepatocytes may have the tendency to underestimate the
prediction of biliary clearances by 2.5–20 times (13,35,36).
Similarly, strong metabolism and/or strong protein bind-
ing might provide underestimations of biliary clearance
(37,38). Consequently, the present IVIVE analysis was
based on total radioactivity data in sandwich-cultured
hepatocytes which included correction factors for the
fraction unbound in the hepatocytes (fu(hep)) and for
microsomal metabolism (metabolism factor) (16). When the fu
(hep) was not taken into consideration, the present IVIVE
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Fig. 1 Comparison of the
reported and predicted hepatic
clearances in rats as summarized
in Tables V and VI. (a and b)
Predicted CLh,org,in vitro values
from single parameter analysis
using intrinsic CLmet and intrinsic
PSuptake,total data, respectively.
(c) Predicted in vivo hepatic clear-
ance based on intrinsic CLsand-
wich results. (d) Relationship
between CLh,org,in vitro and
CLh,org,in vivo according to the
new IVIVE analysis method taking
all hepatic clearance pathways into
account. Circles, triangles, squares
and diamonds show the class 1, 2,
3 and 4 assignments according to
BDDCS (10), respectively. The
dotted line represents the line of
unity. The numbering of drugs
is as follows: 1.propranolol; 2.
quinidine; 3.verapamil;
4.cyclosporine A; 5.ketoconazole;
6.atorvastatin; 7.aliskiren;
8.pravastatin; 9.valsartan;
10.benzylpenicillin; 11.digoxin;
12.furosemide; 13.ciprofloxacin.
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method has actually resulted in much less accurate
predictions (data not shown).

Although the first demonstration of in vitro-in vivo
prediction was published more than 30 years ago, the
common practice is still to use a single parameter of drug
metabolism data from microsomes, hepatocytes or liver
slices for the prediction of in vivo hepatic clearance (39–41).
Only recently, the utility of in vitro drug transport data such
as uptake into fresh or cryopreserved hepatocytes and
hepatobiliary excretion in sandwich-cultured hepatocytes
has been investigated in order to predict in vivo organ
clearances (6,13,36). In general, inconsistent and imprecise
predictions were obtained for in vitro absolute clearance
values using such single parameter approaches. Metabolism
data from microsomes as well as from hepatocytes often
provided underpredictions for hepatic clearance, whereas
liver uptake data from hepatocytes tended to overestimate
hepatic clearance (42,43). This general observation could
be confirmed with the present data set. As shown in Fig. 1a,
we found a significant underestimation of in vivo hepatic
clearance using only microsomal metabolism data. In vitro
metabolism data are most predictive for the highly cleared
class 1 and class 2 compounds where intrinsic metabolism is
rate limiting for the overall organ clearance. Most of the
basic and neutral compounds in the data set tend to be class
1 or 2 compounds (Table VI). Since class 1 and 2
compounds exhibit a high passive diffusion potential, active
cellular uptake is likely not the rate limiting step for overall
organ clearance. Consequently, these compounds will easily
penetrate the sinusoidal membrane by passive diffusion,
and will be subjected to metabolism and/or biliary
excretion. In contrast, all acidic compounds in the data
set (except atorvastatin) were assigned to BDDCS class 3 or
4 where active uptake, biliary excretion and efflux transport
processes are the predominant factors influencing overall
hepatic clearance (Tables I, III and IV). Neglecting the
biliary excretion process for class 4 compounds will
inevitably result in an underestimation of hepatic clearance,
which is confirmed by literature data. Underprediction
from in vitro metabolism was most prominent for acidic
compounds while the prediction was better for basic and
neutral compounds (42). In contrast, the single parameter
IVIVE analysis using hepatic uptake data only resulted in
a significant overestimation of the in vivo clearance as
previously reported (Fig. 1b). The in vitro hepatic uptake
data are more predictive for the highly cleared class 1 and
3 compounds, where total cellular uptake is the rate
limiting process for overall organ clearance. The observed
overestimation is most prominent for compounds with
low hepatic extraction ratio (4). Most of these compounds
(cyclosporine A, digoxin and furosemide) can clearly be
assigned to BDDCS class 2 or 4 where biliary excretion
and/or sinusoidal efflux processes are the known major

determinants for hepatic elimination (10). Considering
Eq. 8 developed by Kusuhara and Sugiyama (8), the
overall hepatic clearance is generally less than total
hepatic uptake clearance (PSuptake,total) when sinusoidal
efflux is not much smaller than the sum of biliary
excretion and metabolism. The prerequisite assumption
is that the drug equilibration in liver tissue is not the rate-
determining process. Consequently, a prediction method
considering all the outlined hepatic clearance processes
(influx, metabolism, biliary excretion and sinusoidal
efflux) is expected to provide better predictions compared
to single pathway methods using only influx or metabo-
lism data. However, as illustrated in Fig. 1c overall
hepatobiliary clearance data from sandwich-cultured
hepatocytes were similarly providing significant under-
estimations of in vivo hepatic clearance as observed in
microsomes. Strong metabolism and lack of metabolite
excretion into bile are the most prominent reasons for this
underestimation. On the other hand, our novel IVIVE
method provides a very good correlation (r2 value was
0.928) between predicted and reported clearances, and
demonstrates almost a 1 to 1 correlation with the line of
unity as shown in Fig. 1d. The high degree of the
correlation was unexpected given the heterogeneity of the
data set (inclusion of low and high clearance drugs,
physicochemical diversity), and the known limitation of
the in vitro models applied. A further extension of the
present IVIVE method to other compounds which are at
least partially subject to Phase II metabolism as e.g. some
nonsteroidal anti-inflammatory drugs or 3′-azido-3′-deox-
ythzmidine (32) will likely diminish the correlation. The
hepatic clearance of valsartan was underestimated in the
present prediction (Fig. 1d) which is in line with this
hypothesis since valsartan is known to be strongly
metabolized to an acyl glucuronide (in-house data).
Similarly, the tendency of sandwich-cultured hepatocytes
to underestimate the prediction of biliary clearance is
expected to impact the power of the prediction. The in
vivo biliary clearance data from seven drugs (ketoconazole,
atorvastatin, aliskiren, pravastatin, valsartan, benzylpeni-
cillin and ciprofloxacin) were available and the compar-
ison with the measured in vitro PSbile numbers showed a
good correlation under the linear regression analysis (r2

value of 0.790; data not shown). However, the deter-
mined in vitro biliary clearance was negligible for 9 out of
the 13 compounds in the data set, which consequently
limited the overall assessment of its role in hepatic
clearance prediction. Nevertheless, the presented method
using a series well established and easy to perform in vitro
assays was shown to be useful in the prediction of rat
hepatic organ clearance. Future extensions of this re-
search should focus on increasing the number of com-
pounds with different disposition and elimination profiles.
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In addition, future research should include assessments of other
in vitro methods not used in this study to determine their
usefulness and applicability to IVIVE while taking into
account all known underlying processes of hepatic elimination.

CONCLUSION

The use of in vitro systems makes it possible to produce
quantitative data on hepatic drug metabolism and transport
prior to studying pharmacokinetics in vivo. Thus, these
systems should be selected carefully and their use should be
thoroughly investigated and validated. The present study
demonstrates that well-established in vitro assays such as
microsomes and hepatocytes may be used for obtaining
intrinsic hepatic clearance value estimates. Therefore,
information on new compounds can readily be placed in
the context of existing information.

Considering the absolute clearance processes of hepatic
influx, metabolism, biliary excretion and sinusoidal efflux,
the rat hepatic clearances of 13 compounds with various
physicochemical and pharmacokinetic characteristics were
well predicted. In contrast, hepatic clearance estimates from
single parameter analysis (metabolism or hepatic uptake)
were poorly predictive for the in vivo state. Our new IVIVE
method provides excellent predictions for our tested set of
compounds and it remains to be exploited where its
limitations are. Future extensions of this approach will
focus on the clearance predictions for human, potential
compound assignment strategies according to BDDCS and
the early assessment of the DDI potential of new drug
candidates. In addition, upcoming research will include
robust physiologically-based pharmacokinetic (PBPK) mod-
eling, providing the opportunity of assessing the precise
time-dependent pharmacological and toxicological effects
of new chemical entities.
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