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ABSTRACT:

Elucidation of the rate-determining process in the overall he-
patic elimination of drugs is critical for predicting their intrinsic
hepatic clearance and the impact of variation of sequestration
clearance on their systemic concentration. The present study
investigated the rate-determining process in the overall hepatic
elimination of the HMG-CoA reductase inhibitors pravastatin,
pitavastatin, atorvastatin, and fluvastatin both in rats and hu-
mans. The uptake of these statins was saturable in both rat and
human hepatocytes. Intrinsic hepatic clearance obtained by in
vivo pharmacokinetic analysis in rats was close to the uptake
clearance determined by the multiple indicator dilution method
but much greater than the intrinsic metabolic clearance extrap-
olated from an in vitro model using liver microsomes. In vivo
uptake clearance of the statins in humans (pravastatin, 1.44;

pitavastatin, 30.6; atorvastatin, 12.7; and fiuvastatin, 62.9 mil/
min/g liver), which was obtained by multiplying in vitro uptake
clearance determined in cryopreserved human hepatocytes by
rat scaling factors, was within the range of overall in vivo intrin-
sic hepatic clearance (pravastatin, 0.84-1.2; pitavastatin, 14-35;
atorvastatin, 11-19; and fluvastatin, 123-185 mi/min/g liver),
whereas the intrinsic metabolic clearance of atorvastatin and
fluvastatin was considerably low compared with their intrinsic
hepatic clearance. Their uptake is the rate-determining process in
the overall hepatic elimination of the statins in rats, and this activity
likely holds true for humans. In vitro-in vivo extrapolation of the
uptake clearance using a cryopreserved human hepatocytes model
and rat scaling factors will be effective for predicting in vivo intrinsic
hepatic clearance involving active uptake.

Predicting the pharmacokinetic properties of drug candidates in
preclinical stages of development has been a critical issue for avoiding
failure in clinical stages of development because of pharmacokinetics.
The liver is the major clearance organ for drugs in the body where the
inactivation mechanisms are composed of metabolic enzymes and
drug transporters. These inactivation mechanisms are associated with
the hepatic first-pass effect after oral administration and with elimi-
nation from the systemic circulation. It is well accepted that, because
of large species differences in drug metabolism, the results of animal
studies cannot be directly extrapolated to humans. Instead, in vitro
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systems have been developed to replace animal studies and provide
reliable predictions. In particular, human liver microsomes enable the
reliable prediction of the metabolic clearance of drugs in the liver of
humans (Iwatsubo et al., 1997; Obach, 1999; Naritomi et al., 2001;
Stringer et al., 2008; Kilford et al., 2009). It has been found that the
substrates of hepatic uptake transporters, organic anion-transporting
polypeptide (OATP) 1B1 and OATPIB3, include anionic drugs
whose major elimination pathway is metabolism by cytochrome P450
(P450) and UDP-glucuronosyltransferase in the liver. These drugs
include cerivastatin, atorvastatin, fluvastatin, repaglinide, and telmis-
artan (Fischer et al., 1999; Jacobsen et al., 2000; Bidstrup et al., 2003;
Kirchheiner et al., 2003; Shitara and Sugiyama, 2006). These drugs
have been considered as outliers in the prediction of elimination using
human liver microsomes because of active transport in their uptake
process, concentrating substrate drugs inside the cells.

For these drugs, the impact of variation of sequestration clearance
on the drug concentrations in the systemic circulation depends on a
rate-determining process (Kusuhara and Sugiyama, 2009). Despite its

ABBREVIATIONS: OATP, organic anion-transporting polypeptide; P450, cytochrome P450; statin, HMG-CoA reductase inhibitor; BORP, breast
cancer resistance protein; MID, multiple indicator dilution; R-122798, (3R,5R)-3,5-dihydroxy-7-[(1S,2S,65,8S,8aR)-6-hydroxy-8-{iscbutyryloxy)-
2-methyl-1,2,6,7,8,8a-hexahydronaphthalen-1-yllheptanoic acid; FD-4, fluorescein isothiocyanate dextran 4000; SD, Sprague-Dawley; LC/MS/
MS, liquid chromatography/tandem mass spectrometry; AUCE, area under the statin concentrations in the incubation buffer; X, amount of
statin uptake into hepatocytes per 10° viable cells; C,,,, buffer concentration; BSA, bovine serum albumin; K,, influx rate constant; PS;; yios
unbound uptake clearance; Rg, blood-to-plasma concentration ratio; f, unbound fraction in blood; AUCg, area under the plasma concentration-
time curve; Cl,,, s, total blood clearance; CLy,, hepatic clearance; Fy,, hepatic availability; CL o, overall intrinsic clearance; F,, fraction absorbed.
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importance for predicting the impact of variation of metabolic activity
or canalicular efflux on systemic exposure, there are only a few
studies examining the rate-determining process for the hepatic elim-
ination of pravastatin and methotrexate in rats (Yamazaki et al., 1996;
Ueda et al., 2001). Because of the lack of information regarding liver
concentrations of these drugs, the rate-determining process in their
overall hepatic elimination has not been investigated in humans. We
proposed an in vitro-in vivo extrapolation in which the uptake clear-
ance is extrapolated from an in vitro model using cryopreserved
human hepatocytes and rat scaling factor based on the finding that
scaling factors for P450-mediated metabolism are preserved across
the species (Naritomi et al., 2001). The extrapolated uptake clearance
of pravastatin was within the range of clinically reported intrinsic
hepatic clearance, suggesting that the uptake is also the rate-deter-
mining process in humans (Watanabe et al., 2009). The purpose of this
study was to apply this method to the other HMG-CoA reductase
inhibitors (statins), pitavastatin, atorvastatin, and fluvastatin, in rats
and humans. Hepatic elimination is the major pathway for elimination
of these statins from the systemic circulation, but the mechanisms
involved are different: atorvastatin and fluvastatin are metabolized by
CYP3A4 and CYP2C9, respectively, and pitavastatin undergoes bil-
iary excretion by breast cancer resistance protein (BCRP) (Fischer
et al., 1999; Jacobsen et al., 2000; Kirchheiner et al., 2003; Hirano et
al., 2005). Hepatic uptake of pravastatin, pitavastatin, and atorvastatin
involves a transporter, OATPIB1, based on a kinetic analysis of
pitavastatin using human hepatocytes (Hirano et al., 2004) and clinical
studies for pravastatin, pitavastatin, and atorvastatin. Generic varia-
tion of OATP1B1, such as OATPIB1*5 and OATPIB1*15, shows
reduced transport activities compared with the reference OATP1B1
(OATP1B1*1a) (Tirona et al., 2001; Iwai ¢t al., 2004; Nozawa et al.,
2005), and healthy volunteers carrying those genotypes exhibit greater
systemic exposure of pravastatin, pitavastatin, and atorvastatin, indi-
cating the importance of OATP1B1 in their hepatic uptake process
(Nishizato et al., 2003; Maeda et al., 2006; Niemi et al., 2006; Ieiri et
al., 2007; He et al., 2009). On the other hand, the systemic exposure
of fluvastatin was independent of OATPIB1 genotype (Niemi et al.,
2006), whereas fluvastatin is a substrate of OATP1B1 (Kopplow et
al., 2005; Noé et al., 2007). OATPI1B1 is suggested to only make a
negligible contribution to the hepatic elimination of fluvastatin.

In the present study, the overall intrinsic hepatic clearances of the
statins were determined from in vivo studies using rats, and their
uptake clearances were determined using a multiple indicator dilution
(MID) technique. Metabolic clearances were determined using liver
microsomes. In addition, in vitro parameters for hepatic uptake and
metabolism were determined using cryopreserved human hepatocytes
and liver microsomes, and extrapolated to the corresponding in vivo
parameters to compare these parameters with clinically determined
intrinsic hepatic clearances. The present study suggests that hepatic
uptake is the predominant factor for hepatic elimination of these
representative statins.

Materials and Methods

Materials. Pravastatin and a pravastatin analog, R-122798, were donated by
Daiichi Sankyo Co. (Tokyo, Japan). Pitavastatin was donated by Kowa Co.
(Tokyo, Japan). Atorvastatin was purchased from AK Scientific (Mountain
View, CA). Fluvastatin and cerivastatin were purchased from Toronto Re-
search Chemicals Inc. (North York, ON, Canada). Fluorescein isothiocyanate
dextran 4000 [(FD-4) 4000 Da] was purchased from Sigma-Aldrich (St. Louis,
MO). All the other chemicals and reagents were of analytical grade and were
readily available from commercial sources.

Animals. Male Sprague-Dawley (SD) rats (6—7 weeks old) were purchased
from Nippon SLC (Shizuoka, Japan). All the animals were maintained under
standard conditions with a reversed light/dark cycle and were treated hu-
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manely. Food and water were available ad libitum. The studies were conducted
in accordance with the guidelines of the Institutional Animal Care Committee,
Graduate School of Pharmaceutical Sciences, The University of Tokyo (To-
kyo, Japan).

Preparation of Rat and Human Hepatocytes. Isolated rat hepatocytes
were prepared from SD rats by the collagenase perfusion method described
previously (Yamazaki et al., 1993). Isolated hepatocytes (viability >88%)
were suspended in Krebs-Henseleit buffer, adjusted to 2.0 X 10° cells/ml, and
stored on ice before the uptake experiment. Cryopreserved human hepatocytes
were purchased from XenoTech LLC (Lenexa, KS), the Research Institute for
Liver Disease (Shanghai, China), and In Vitro Technologies (Baltimore, MD).
Just before the uptake experiment, the hepatocyte suspension was thawed at
37°C and poured into Tube A of the hepatocyte isolation kit (XenoTech LLC)
containing supplemented Dulbecco’s modified Eagle’s medium and isotonic
Percoll and then centrifuged (70g) for S min at 25°C. After the supernatant was
removed, the cells were resuspended in 5 ml of supplemented Dulbecco’s
modified Eagle's medium in Tube B of the hepatocyte isolation kit. The
number of viable cells was then determined using trypan blue staining. The cell
viability of human hepatocytes ranged from 75 to 97%. Subsequently, the cells
were resuspended in the remaining medium from Tube B (approximately 40
ml) and then centrifuged (50g) for 3 min at 25°C, followed by removal of the
supernatant. Finally, the cells were resuspended in the Krebs-Henseleit buffer
at a density of 2.0 X 10° viable cells/ml for the uptake experiment.

Determination of Statin Uptake Clearance Using Hepatocytes. This
experiment was performed as described previously with a minor modification
(Hirano et al., 2004). Before the uptake studies, the cell suspensions were
prewarmed at 37°C for 3 min. The uptake reaction was initiated by adding an
equal volume of buffer-containing drugs to the hepatocyte suspension. After
incubation at 37°C for 0.5, 1.5, and 2.5 min, the reaction was terminated by
separating the cells from the substrate solution. For this purpose, an aliquot of
80 to 100 ul of incubation mixture was placed in a 0.4-ml centrifuge tube
containing 50 ul of 5 M ammonium acetate under a 100-ul layer of oil mixture
(density, 1.015, a mixture of silicone oil and mineral oil; Sigma-Aldrich), and
subsequently the sample tubes were centrifuged for 15 s using a tabletop
centrifuge (10,000g, MC-150; Tomy Seiko, Tokyo, Japan). During this pro-
cess, hepatocytes passed through the oil layer into the aqueous solution. Tubes
were frozen in liquid nitrogen immediately after centrifugation and stored at
~—30°C until quantification. An aliquot was taken from the upper media portion
and quenched in methanol, and the cells were taken from the centrifuge tube
and sonicated in a new tube, containing methanol, to disintegrate them. The
samples were vortexed and centrifuged, and supernatants from both the media
and cell portions were analyzed by liquid chromatography/tandemn mass spec-
trometry (LC/MS/MS). The area under the statin concentrations in the incu-
bation buffer (AUCEZ) was calculated using a trapezoidal method. The amount
of statin uptake into hepatocytes per 10° viable cells (Xj,.p) normalized by the
buffer concentration (C,,,) can be described by the following equation:

AUCYY

Xhep
2= —+V, 1
Co o 1)

Coy PSintire X

where PSi v, and V, represent uptake clearance into hepatocytes and the
initial distribution volume, respectively. Based on eq. 1, the X, ()/ CoulD)
value was plotted against the AUCH;/C,,,({t) value, and PS,¢ ;. Was deter-
mined as the initial slope of the plot and expressed as the in vitro uptake
clearance (ul/min/105 cells). A physiological scaling factor of 1.2 X 10%
cells/g liver was used for scaling up to the organ level (Iwatsubo et al.,, 1997).

In Vivo Pharmacokinetic Analysis in Rats. Male SD rats, weighing
approximately 240 to 300 g, were used for these experiments. Under ether
anesthesia, the femoral artery was cannulated with a polyethylene catheter
(SP-31; Natsume Seisakusho Co., Tokyo, Japan) for the collection of blood
samples. The bile duct was cannulated with a polyethylene catheter (PE-10;
Natsume Seisakusho Co.) for bile collection, and the bladder was cannulated
with a silicon catheter to collect urine. The femoral vein was cannulated with
a polyethylene catheter (SP-31; Natsume Seisakusho Co.) for the administra-
tion of statins. Each rat was placed in a Bollman cage and allowed to recover
from the anesthesia before the experiments were continued. The rats were
given statins intravenously at 1 pmol/kg (pitavastatin and atorvastatin) or 0.5
pmol/kg (fluvastatin). Blood samples were collected at the designated times
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and centrifuged at 1500g for 10 min at 4°C to obtain plasma. Bile and urine
samples were collected in preweighed test tubes at the designated intervals
throughout the experiment. All the samples were stored at —30°C until
quantification. Plasma, bile, and urine samples were deproteinized with two
volumes of methanol and centrifuged at 15,000g for 10 min at 4°C. The
supernatant was subjected to LC/MS/MS analysis.

Liver Perfusion Study (Multiple Indicator Dilution Method). The pro-
cedures are basically as reported (Miyauchi et al., 1993; Akita et al,, 2002).
Under ether anesthesia, the portal and hepatic veins were cannulated to allow
infusion of the perfusate and to allow the outflow to be collected, respectively.
The perfusate consisted of 3% bovine serum albumin (BSA) in the Krebs-
Ringer bicarbonate buffer, pH 7.4, and the flow rate was 30 ml/min. After the
stabilization period of 10 min, 200 pl of the perfusion solution containing
FD-4 (100 uM), an exuacellular reference, and each statin (50 puM) was
administered as a bolus into the portal vein. After administration, the total
effluent from the hepatic venous vein was collected at 1-s intervals for 10 s.
The concentration of FD-4 and statins in the collected samples was determined
using a fluorescence plate reader (485 nm for excitation and 520 nm for
emission, FluoStar Optima; BMG Labtech GmbH, Offenburg, Germany) and
by LC/MS/MS, respectively. The natural logarithm of the ratio of FD-4 to
statin concentration in the outflow was plotted as a function of time. The initial
slope of this plot, calculated by linear regression analysis using initial four to
five data points, reflects the influx rate constant (K,). The unbound uptake
clearance (PS;,¢ap) can be calculated by the following equation (eq. 2):

Ju X PSipeaain = K X Vew )

where f, and V., represent the unbound fraction of statins in the perfusion
buffer containing BSA and the extracellular volume, which can be estimated
by multiplying the perfusate flow rate by the transit time of the extracellular
reference, respectively.

Determination of the Metabolic Clearance of Statins Using Liver Mi-
crosomes. Rat liver microsomes were prepared from four rats using standard
procedures and stored at —80°C until use, and human liver microsomes were
purchased from XenoTech LLC. Each statin was incubated with a reaction
mixture consisting of liver microsomes (final concentration, 1 mg/ml) and an
NADPH-generating system (0.8 mM NADP*, 8 mM glucose 6-phosphate, 1
U/ml glucose-6-phosphate dehydrogenase, and 3 mM MgCl,) in the presence
of 100 mM phosphate buffer, pH 7.4. After preincubation at 37°C for 5 min,
each statin (final concentration, 0.1 pM) was added to initiate the enzyme
reaction. The reaction was terminated at the following time points by mixing
the reaction mixture with a 4-fold volume of methanol, followed by
centrifugation at 15,000g for 10 min at 4°C. The time points when the
reaction was terminated were 0, 5, 15, 30, and 60 min for the metabolic
reaction of pitavastatin in rat microsomes; 0, 5, 15, 30, 60, 90, and 120 min
for that in human microsomes; and 0, 5, 15, and 30 min for the metabolic
reaction of atorvastatin and fluvastatin in rat and human microsomes. The
metabolic reaction was continued unti} the fraction metabolized was greater
than 15% so that we could obtain reliable parameters. The actual fractions
metabolized at the end of experiment were 30, 25, and 34% (rat micro-
somes) and 23, 52, and 65% (human microsomes) for pitavastatin, atorva-
statin, and fluvastatin, respectively.

The supernatant was subjected to LC/MS/MS analysis. The metabolic
velocity was calculated as the slope of the natural log (concentration)-time
plot. The in vitro intrinsic metabolic clearance (CL,.q in.visro) Was calculated by
dividing initial metabolic velocity by the statin concentration in the incubation
buffer corrected by the fraction unbound to liver microsomes. A physiological
scaling factor of 44.8 mg protein/g liver (rats) or 48.8 mg protein/g liver
(humans) was used for scaling up to the organ level (Naritomi et al.,, 2001).

Determination of Protein Binding. Binding of statins to plasma proteins,
tiver microsomes, or perfusion buffer containing BSA used in the MID study
was determined by an ultrafiltration method. Rat plasma was obtained by the
centrifugation of blood from male SD rats, and human serum was purchased
from Cosmo Bio Co. (Tokyo, Japan). Each statin (final concentration; 5, 0.1,
and 50 pM for plasma, microsome, and perfusate, respectively) was added to
the protein solution and incubated at 37°C for 5 min. The specimen was
applied to YM-30 Centrifree devices (Millipore Corporation, Billerica, MA),
and the devices were centrifuged at 2000g for 5 min at 37°C. The fraction
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unbound was calculated as concentration found in filtrate per total concentra-
tion. The concentrations of the drugs in the filtrate and the protein solution
before filtration were determined by LC/MS/MS. The adsorption of pravasta-
tin, pitavastatin, and atorvastatin to the filter was negligible, and that of
fluvastatin was 19%. The binding of fluvastatin was normalized with respect
to the filter blank.

Determination of the Blood-to-Plasma Concentration Ratio. To deter-
mine the blood-to-plasma concentration ratio (R) values, blood was obtained
from male SD rats. Statins (final concentration, 1 pM) were individually added
to the blood samples, and they were incubated together at 37°C for 5 min.
Plasma was prepared by centrifugation of the blood samples (1500g, 5 min).
The concentrations of the statins in the plasma samples were determined by
LC/MS/MS. Ry values in humans were cited from the previous studies (Tse et
al,, 1993; Lennernis and Fager, 1997; FDA-approved package). The unbound
fraction in the blood {fy) was calculated by dividing the unbound fraction in
plasma by Rg.

LC/MS/MS Analysis. The appropriate standard curves were prepared in the
equivalent blank matrix and used for each analysis. High-concentration sam-
ples were diluted appropriately with blank matrix. R-122798 (for pravastatin
and pitavastatin) and cerivastatin (for atorvastatin and fluvastatin) were used as
analytical internal standards.

The LC/MS/MS system consisted of an Alliance 2795 separations module
with an autosampler (Waters, Milford, MA) and a Micromass Quattro Ultima
tandem quadrupole mass spectrometer with an electron ion spray interface
(Waters). The desolvation gas (nitrogen) flow rate was 650 I/h; the cone gas
(nitrogen) flow rate was 30 U/h; the source temperature was 150°C; and the
desolvation temperature was 450°C. .

It was operated in a multiple reaction monitoring mode using negative ion
mode. Deprotonated molecular ions were formed using a capillary energy of
3.2 kV and cone energies of 50 V (pravastatin), 45 V (pitavastatin and
cerivastatin), and 40 V (atorvastatin and fluvastatin). Product ions formed at
collision energies of 12 eV (pravastatin, m/z 423.5—321.2; cerivastatin, m/z
458.5-5396.1), 12 eV (pitavastatin, m/z 420.5->358.1; R-122798, m/z
409.5—321.2), 28 eV (atorvastatin, m/z 557.6—397.2), and 15 eV (fluvastatin,
410,3—348.2) were monitored. The mobile phase used for high-performance
liquid chromatography was 0.1% formic acid/acetonitrile = 73:27 (for prav-
astatin and pitavastatin) or 55:45 (for atorvastatin and fluvastatin), and the flow
rate was 0.4 ml/min. Chromatographic separation was achieved on a CI8
column (Capcell Pak C18 MG-II column, 50 X 2 mm; particle size, 3 pm;
Shiseido, Tokyo, Japan).

Eight-point calibration curves were generated by plotting the peak area
ratios of analyte/internal standard against the nominal analyte concentrations
using linear regression with 1/(area ratio)® weighting. The typical R-squared
value of the calibration curves was 0.997 to 0.999. The concentration range
was 1 to 1000 nM for atorvastatin and 3 to 3000 nM for the other statins. The
back-calculated concentrations of all the calibration standards were to be
within 15% of their individual nominal concentrations (+20% at the lower
limit of quantitation). Intraday and interday variability for the quantification of
statins was less than 15%.

Pharmacokinetic Analysis in Rats. Pharmacokinetic parameters were cal-
culated using noncompartmental analysis. Area under the plasma concentra-
tion-time curve (AUC,) was calculated using the trapezoidal rule with extrap-
olation to infinity, and total blood clearance (CL,, ») Was estimated as dose/
(AUCsp X Rp). CL,,, 5 Was regarded as the hepatic clearance (CLy) because the
urinary excretion of all the statins in male SD rats was negligible. Hepatic
availability (Fy) of pitavastatin, atorvastatin, and fluvastatin was calculated
from the following equation:

CLy=0uX(1-Fy 3)

where Oy, represents the hepatic blood flow. Fy; of pravastatin could not be
estimated accurately from eq. 3 because CL;; of pravastatin was hepatic blood
flow-limited; in other words, Fy was extremely small. Therefore, Fy of
pravastatin was obtained by dividing its bioavailability (Watanabe et al., 2009)
by the fraction absorbed (Komai et al., 1992), assuming negligible metabolism
in the small intestine. Overall intrinsic clearance (CL;, ,.vivo) Was calculated
from the following equations using a dispersion model (Roberts and Rowland,
1986).
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The hepatic blood flow rate was set at 50 to 80 ml/min/kg for rats and at 17
t0 25.5 ml/min/kg for humans, and Dy, was set at 0.17. A physiological scaling
factor of 41.2 g liver/kg b.wt. (rats) or 24.1 g liver/kg b.wt. (humans) was used
for scaling down to the organ level.
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Fia. 1. Uptake clearance of statins in isolated human and rat hepatocytes. Uptake
clearance of four statins by hepatocytes determined at 37°C at two concentra-
tions (closed bar, 0.1 pM; open bar, 100 uM) by the oil filtration method.
Cryopreserved human hepatocytes (three independent batches depicted as Lots
A, B, and C) and freshly isolated rat hepatocytes were used in the determina-
tions. Cells were incubated with statins for 0.5, 1.5, and 2.5 min; subsequently,
reactions were terminated by rapid separation of the cells from the uptake buffer
using centrifugation. The uptake is represented by the amount associated with
the cell specimens divided by the statin concentrations in the uptake buffer. Data
represent the mean = S.E. (n = 3).

WATANABE ET AL.

Pharmacokinetic Analysis in Humans. The availability in the liver (Fy) of
pravastatin and atorvastatin was calculated using eq. 3 and the plasma con-
centration and urinary excretion data after intravenous administration in the
clinical studies and f; values (Singhvi et al., 1990; FDA-approved package). In
the case of fluvastatin, Fy; was calculated by dividing its bioavailability (0.33)
by the fraction absorbed in humans (0.9) because its hepatic clearance (16
ml/min/kg) was close to the hepatic blood flow rate (Tse et al., 1992; Lindahl
et al., 1996). Fy; of pitavastatin was obtained from the following equation (eq.
7) using the plasma concentration data after oral administration in humans
(Ando et al.,, 2005) and fraction absorbed (F,) in rats (0.83) (Kimata et al,,
1998), assuming no interspecies differences in F, and negligible metabolism in
the small intestine:

O

Fv=rxc.vo.

0
where CL,,,; is blood clearance after oral administration. Subsequently,
CLioraivive Of each statin was calculated from egs. 4 to 6.

Results

Uptake Clearances of Statins Determined Using Freshly Iso-
lated Rat Hepatocytes and Cryopreserved Human Hepatocytes.
The uptake clearances (PS;; ;..o) Of the statins were determined using
rat and human hepatocytes (Fig. 1). The uptake clearance was mark-
edly in the presence of excess amounts of the statins in both rat and
human hepatocytes. PS; ¢ i, determined at 0.1 pM are scaled up to
the in vivo value per unit liver weight using the following physiolog-
ical scaling factors: 41.2 g liverkg, 1.2 X 10® cells/g liver for
comparison with the corresponding PS; ¢ vy PSinrvio Of statins in
rats were almost similar or somewhat lower than PS; ¢ qp, (Table 3).

Determination of the in Vivo Intrinsic Hepatic Clearance of
Statins in Rats. Figure 2 shows time profiles of the plasma concen-
trations and the cumulative amount of statins excreted into the bile
after intravenous administration. Approximately 50% of the dose was
recovered in the bile after the administration of pitavastatin and
atorvastatin, whereas fluvastatin was slightly excreted into the bile as
unchanged form. Urinary excretion of all the statins was negligible.
The pharmacokinetic parameters of the statins were determined by
noncompartmental analysis (Table 1). The plasma/serum unbound
fraction and Ry of each statin were also measured, and the findings are
summarized in Table 2.
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TABLE 1
Pharmacokinetic parameters of statins in rats
Biliary Urinary
Dose CLis Excretion Excretion Fu
pmolkg mlmin/kg % of dose % of dose

Pravastatin® 0.5 62 43 <4 0.014
Pitavastatin 1 28 57 <0.1 0.44-0.65"
Atorvastatin 1 35 50 <0.1 0.29-0.56"
Fluvastatin 0.5 42 9 <0.1 0.17-0.48>

“ Watanabe et al., 2009.
b Estimated from eq. 3 using Qy (5080 mi/min/kg).

Determination of the in Situ Intrinsic Hepatic Uptake Clear-
ance of Statins. The intrinsic hepatic uptake clearance (PS¢ p\up)
was determined by the multiple indicator dilution method using FD-4
as an extracellular space marker. The natural logarithm of the ratio of
the concentration of FD-4 to that of each statin in the outflow (ratio
plot) is given as a function of time in Fig. 3. The intrinsic hepatic
uptake clearance (PS; ; \sp) Of statins was determined from the slope
of the plot and unbound fraction in the perfusate (Tables 2 and 3). For
pitavastatin, to validate the unbound uptake clearance, PS; ¢ yyp, Was
determined using the perfusion buffers containing 1.5 or 3% BSA.
The unbound fractions of pitavastatin in the presence of 1.5 and 3%
BSA were 0.0859 and 0.0489, respectively, and PS;, ¢y, Was similar
[74.1 * 251 and 91.5 * 8.5 ml/min/g liver (mean * S.E.),
respectively].

Comparison of Intrinsic Clearances in the Hepatic Elimina-
tion of Statins by Rats. Intrinsic clearances related to the hepatic
clearance of statins, such as PS; ¢ yips PSintviver Climerintvitrer 204
CL, by rats are summarized in Table 3. All the parameters

intall,vivo?
were expressed as the value per unit weight of the liver. CL, i vivo
was determined from egs. 4 to 6 using Fy; and f; of each statin (Tables
1 and 2) and Q@ (1.21-1.94 ml/min/g liver). PS; ¢ \qp and PS; ¢ ;o
of statins were similar to CL; . vive» Whereas CL ., ;o viro Was much
lower than CL, .1 vivo (Fig. 4).

Comparison of Intrinsic Clearances in the Hepatic Clearance of
Statins by Humans. Intrinsic clearances of statins by humans are
summarized in Table 4. All the parameters are expressed as the value
per the unit weight of the liver except for the scaling factor. The
uptake clearances determined by the in vitro model were extrapolated
to in vivo clearances using physiological and drug-related scaling
factors, and the latter scaling factor was defined as the ratio of the in
situ to in vitro uptake clearances for each statin in rats. As observed
in rats, the predicted uptake clearances (PS;¢yivo predictea) WETE Sim-
ilar to CLy, ) vivo Obtained from the clinical studies. In contrast, the
CL pevintviro Of atorvastatin and fluvastatin was markedly low to
account for CL; . vive (Fig. 4), although these statins are mainly

eliminated from the liver through metabolism by P450.
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Fie. 3. Time profiles of the natural logarithm of the concentration ratio of FD-4 to
statins in the outflow. After 10-min preperfusion, each statin (S0 pM) and FD-4
(100 pM), an extracelular reference, were injected into the portal vein. After
injection, the total effluent from the hepatic vein was collected at i-s intervals for
10 s. For pitavastatin, the injected solution contained 3% (@) or 1.5% (O) BSA.
Data represent the mean * SE. (n = 3).

Discussion

In a previous study, based on pharmacokinetic analyses, we pro-
posed that the uptake is the rate-determining process in the overall
hepatic elimination of pravastatin (Watanabe et al., 2009). The present
study examined the rate-determining step in the overall hepatic elim-
ination of other statins with different elimination mechanisms: biliary
excretion for pitavastatin and P450-mediated metabolism for atorva-
statin and fluvastatin.

Consistent with previous studies (Hirano et al., 2004), the uptake of
pitavastatin by human hepatocytes was saturable (Fig. 1). In addition,
uptake of atorvastatin and fluvastatin was also saturable in human
hepatocytes (Fig. 1). Saturable uptake of atorvastatin is in good
agreement with the clinical report in which coadministration of rifam-
picin, an inhibitor of OATP1BI1, greatly enhanced the systemic ex-
posure of atorvastatin, and the systemic exposure of atorvastatin is
affected by the genotypes of OATP1B1 (Lau et al., 2007; He et al.,
2009). Although an in vitro study using cDNA transfectants showed
that fluvastatin is a substrate of OATP1B1 (Kopplow et al., 2005; Noé
et al.,, 2007), the systemic exposure of fluvastatin was independent of
the OATP1B1 genotypes (Niemi et al., 2006), suggesting that a
transporter distinct from OATP1B1 may play a major role in the
hepatic uptake of fluvastatin. An in vitro study using cDNA transfec-
tants showed that fluvastatin is also a substrate of other hepatic uptake

TABLE 2

Ry and unbound fraction in the perfusion buffer, rat plasma, and human serum, as well as fg for each statin

Unbound Fraction Ry fs
Perfusion Buffer Rat Microsome Human Microsome Rat Plasma Human Serum Rat Human* Rat Human
Pravastatin 0.683 N.D. N.D. 0.676 0.554 0.59* 0.56 1.2 0.99
Pitavastatin 0.0489 0418 0432 0.0134 0.00523 0.65 0.58 0.021 0.0090
Atorvastatin 0.0817 0.557 0405 0.0567 0.0511 1.2 0.61 0.047 0.084
Fluvastatin 0.0311 0.234 0.308 0.00986 0.00368 053 0.52 0.019 0.0071

N.D., not determined.
“Tse et al. (1993); Lennernas and Fager (1997); FDA-approved package.
b Yamazaki et al., 1996b.
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TABLE 3
Intrinsic clearances of statins related to their hepatic clearance in rats

All the intrinsic clearances are scaled up to the in vivo clearance values per unit liver
weight using the following physiological scaling factors: 41.2 g liver/kg, 1.2 X 10% cells/g
liver, and 44.8 mg microsomal protein/g liver. Data represent the mean * S.E. (n = 3).

. Overall
Metabolic b
Uptake Clearance N Intrinsic
P ¢ Clearance Clearance
PSipe o’ P Sin]‘.vi\mb CLpevingvito” CLin(.a\l,vivcd
mlmin/g liver
Pravastatin 6.48 + 0.06 259 = 0.14 0.793¢ *+ 0.020 6.9-11
Pitavastatin 91.5 =85 533 %83 0.619 + 0.434 42-53
Atorvastatin 42,1 %53 231%25 0.910 = 0.056 26-38
Fluvastatin 126 = 12 29.2 2.0 271 £0.24 85-154

“ Determined by the MID analysis.

" Determined using rat hepatocytes at 0.1 uM.

¢ Determined using rat liver microsomes.

4 Determined using the dispersion model with Fy, f, and Qy (1.21-1.94 ml/min/g liver).
 Determined using rat liver $9 (Watanabe et al., 2009).

1000 -
5
a
'-i 100 - g
g i-—Da B
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E 101 g
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g 11
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PSins or Clietint (ml/min/g liver)

Fi. 4. Comparison of the hepatic overall intrinsic clearance of statins with the
hepatic uptake clearance or metabolic clearance. In vivo hepatic overall intrinsic
clearances of statins in rats and humans are plotted against the uptake clearance or
metabolic clearance. @, uptake clearance in humans predicted using scaling factor
(Table 4); O, metabolic clearance determined using human liver microsomes (Table
4); B, uptake clearance in rats determined using a MID method (Table 3); [,
metabolic clearance determined using rat liver microsomes (Table 3). The straight
line indicates a 1:1 correlation. Each point represents the mean + S.E. (n = 3).

WATANABE ET AL.

transporters, such as OATP1B3 and OATP2B1 (Kopplow et al., 2005;
Noé et al., 2007). As observed for other statins, variation of the uptake
transport activities has a reciprocal relationship to the blood concen-
tration of fluvastatin, and particularly, reduction of the uptake activity
will increase the risk of an adverse reaction. Because of its negligible
urinary excretion of fluvastatin, the variation in its hepatic uptake will
have only a minimal impact on the liver concentration (Watanabe et
al., 2009) and pharmacological response.

The rate-determining process was identified in rats by comparing
the in vivo intrinsic hepatic clearance and uptake clearance. To obtain
intrinsic hepatic clearance, the pharmacokinetics of pitavastatin, ator-
vastatin, and fluvastatin was examined in rats. Considering the recov-
ery of the unchanged forms in the bile, biliary excretion and metab-
olism make a similar contribution to the intrinsic hepatic clearance of
pitavastatin and atorvastatin, whereas hepatic metabolism is the pre-
dominant pathway for elimination of fluvastatin in rats. The uptake
clearance (PS¢ \qp) Of the statins was found to be similar to their
corresponding intrinsic hepatic clearances (CL;,, .5 vivo) (Table 3; Fig.
4), Namely, uptake is the rate-determining process in the hepatic
elimination of the statins. In contrast, intrinsic sequestration clear-
ances (metabolism for fluvastatin, biliary excretion and metabolism
for atorvastatin and pitavastatin) were negligibly low accounting for
the CLjy; uitvivo (Table 3; Fig. 4). This poor predictability is likely the
result of active uptake from the blood in the sinusoidal membrane.

The rate-determining process in the hepatic elimination of the
statins was also examined in humans. In a previous study, we intro-
duced the rat scaling factor to extrapolate in vitro uptake clearance of
pravastatin determined using human hepatocytes to the in vivo clear-
ance, which provided reasonable parameters to reproduce the plasma
concentration-time profiles of pravastatin after intravenous and oral
administration (Singhvi et al., 1990; Watanabe et al., 2009). In this
study, we determined the scaling factor for each statin in rats by
comparing their in situ and in vitro uptake clearances. The scaling
factors of statins appear to be compound-dependent, ranging from 1.7
to 4.5 (Table 4). The scaling factor of the statins (pravastatin, ator-
vastatin, and pitavastatin), the hepatic uptake of which is mediated
mainly by OATP1BI1, is roughly 2, whereas that of fluvastatin, the
hepatic uptake of which is mediated by the transporter distinct from
OATPIB1, is 2-fold greater. Therefore, it can be speculated that the
scaling factor is transporter-dependent. To support this speculation,
accumnulation of in vitro-in vivo extrapolation data for the transporters

TABLE 4

Intrinsic clearances regarding the hepatic clearance of statins in humans

All the intrinsic clearances are scaled up to the in vivo clearance values per unit liver weight using the following physiological scaling factors: 24.1 g liver/kg, 1.2 X 108 cells/g liver, and

48.8 mg microsomal protein/g liver. Data represent the mean * S.E. (n = 3).

i Overall
Metabolic b
Uptake Clearance Intrinsic
Clearance Clearance
PSiorvieo Scaling Factor” P8 vivo,predicted Lt inisitee” CLincan,vivo
mlsmin/g liver mlmin/g liver mlmin/g liver
Pravastatin 0.575 = 0.090 2501 144 +0.24 N.D~ 0.84-1.%
Pitavastatin 185+ 38 1.7+03 306+ 89 0.248 * 0.081 14-35%
Atorvastatin 6.99 *+ 0.55 {8+03 12723 298 + 0.06 11-19
Fluvastatin 145+ 0.8 43%05 62.9 + 8.4 557 +0.28 123-185"

4 Determined using human hepatocytes at 0.1 pM.

¥ Obtained from rats studies, These values were calculated by dividing PS; s m bY PSinvino in rats (Table 3).
€ Calenlated by multiplying PS;,¢ ;. determined using human hepatocytes by the corresponding scaling factor obtained in rats.

4 Determined using human liver microsomes.
¢ No metabolism was detected in human S9 (Watanabe et al., 2009).

£ Caleulated from the plasma concentration and urinary excretion data after intravenous administration in the clinical studies (Singhvi et al,, 1990; FDA-approved package).
& Calculated from the plasma concentration and urinary excretion data after oral administration in the clinical studies (Ando et al., 2005) and the fraction absorbed in rats (0.83) (Kimata et al,,

1998). The details of this estimation are described in the text.
k& Calculated from bioavailability and fraction absorbed in the clinical studies.
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is absolutely essential. Because 1) the in vivo uptake clearance pre-
dicted for humans was in the range of CL, . ivo (Table 4) and
2) CLetincvitro Of atorvastatin and fluvastatin determined using hu-
man liver microsomes was less than CL,, . yive> UPtake is the most
likely rate-determining process in the hepatic elimination of the statins
in humans. Lau et al. (2007) also suggested that hepatic uptake was
important for systemic exposure of atorvastatin based on the clinical
drug-drug interaction study between atorvastatin and a potent inhib-
itor of OATPs, rifampicin. Thus, impact of the variation of the
sequestration clearance (metabolism or biliary excretion) caused by
drug-drug interactions or genetic polymorphisms depends on the
rate-determining process and will be smaller for these statins com-
pared with drugs that achieve a rapid equilibrium. Indeed, the increase
(2.5-3-fold) in the AUC of atorvastatin caused by concomitant use of
itraconazole, a potent CYP3A4 inhibitor, was less remarkable than for
other CYP3A4 substrates, such as midazolam and triazolam (5-10-
fold increase) (Venkatakrishnan et al., 2000; Shitara and Sugiyama,
2006). BCRP genotypes produce no significant interindividual varia-
tion of the systemic exposure of pitavastatin (leiri et al., 2007),
although they play a predominant role in mice (Hirano et al., 2005).
It should be noted that, irrespective of the rate-determining progess,
the sequestration clearance is the predominant factor determining the
liver concentration of the statins (Watanabe et al., 2009). Thus,
inhibition of CYP3A4 or BCRP polymorphisms results in a signifi-
cant increase in the liver concentration of atorvastatin and pitavastatin,
respectively, leading to the enhancement of their pharmacological
action. To validate the prediction of the rate-determining process of
these statins, information regarding the tissue concentration-time pro-
file is necessary. Clinical studies using positron emission tomography/
single photon emission computed tomography will allow an advance-
ment to improve the predictability of pharmacokinetic parameters.

To determine the intrinsic hepatic clearance that comprises uptake,
sinusoidal efflux, and metabolism, Soars et al. (2007) proposed a
“media loss” assay using isolated hepatocytes. Using this method, an
intrinsic clearance can be determined from the concentration-time
profile of drugs in incubation media and the initial amount of drugs
applied. In theory, the method must ‘be able to provide a reliable
overall hepatic intrinsic clearance. However, as described in the report
by Soars et al. (2007), this method considerably underestimates the in
vivo overall intrinsic clearance (with an average 16-fold error), pos-
sibly because of reduced activities of transporters and/or enzymes
during the relatively long-term incubation. Therefore, at present,
separate determination of the uptake and metabolic clearances will
provide more reliable parameters to predict the intrinsic hepatic clear-
ance using rat scaling factors.

The present study found that the underestimation of in vivo intrinsic
hepatic clearance of the statins in the in vitro-in vivo extrapolation of
metabolic clearance is because of active transport in the uptake
process. Kinetic analyses showed that uptake is the rate-determining
process in the hepatic elimination of the statins in rats, which likely
holds true in humans. In vitro-in vivo extrapolation of the uptake
clearance using a human hepatocyte model and scaling factors deter-
mined in rats should be effective for predicting in vivo intrinsic
hepatic clearance of drugs when transporter(s) are involved in the
hepatic uptake.
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ABSTRACT

Hepatobiliary excretion mediated by transporters, organic an-
ion-transporting polypeptide (OATP) 1B1 and multidrug resis-
tance-associated protein (MRP) 2, is the major elimination
pathway of an HMG-CoA reductase Inhibitor, pravastatin. The
present study examined the effects of changes in the trans-
porter activities on the systemic and liver exposure of prava-
statin using a physiologically based pharmacokinetic model.
Scaling factors, determined by comparing in vivo and in vitro
parameters of pravastatin in rats for the hepatic uptake and
canalicular efflux, were obtained. The simulated plasma and
liver concentrations and biliary excretion profiles were very
close to the observed data in rats under linear and nonlinear
conditions. In vitro parameters, determined in human cryopre-
served hepatocytes and canalicular membrane vesicles, were
extrapolated to in vivo parameters using the scaling factors

obtained in rats. The simulated plasma concentrations of prav-
astatin were close to the reported values in humans. Sensitivity
analyses showed that changes in the hepatic uptake ability
altered the plasma concentration of pravastatin markedly but
had a minimal effect on the liver concentration, whereas
changes in the ability of canalicular efflux altered the liver
concentration of pravastatin markedly but had a small effect on
the plasma concentration. In conclusion, the model allows the
prediction of the disposition of pravastatin in humans. The
present study suggests that changes in the OATP1B1 activities
may have a small and a large impact on the therapeutic efficacy
and side effect {myopathy) of pravastatin, respectively, whereas
those in the MRP2 activities may have opposite impacts (i.e.,
large and small impacts on the therapeutic efficacy and side
effect).

Predicting the disposition of drugs in humans, particularly
in the early stages of drug development, has been a critical
issue in selecting the proper candidate drugs because the
exposure of drugs to target organs is the major factor deter-
mining their pharmacological and/or toxicological activity.
Human liver microsomes allow the reliable prediction of the
metabolic clearance of drugs in humans (Rane et al.,, 1977;
Iwatsubo et al., 1997; Obach, 1999; Naritomi et al., 2001).
Biliary excretion, another hepatic elimination pathway, is
the major systemic elimination pathway, particularly for am-
phipathic anionic drugs such as HMG-CoA reductase inhib-

Article, publication date, and citation information can be found at
http:/fipet.aspetjournals.org.
doi:10.1124/jpet.108.146647.

itors (statins) and angiotensin II receptor antagonists. Be-
cause multiple transporters on the sinuscidal and
canalicular membranes are involved, it is necessary to sepa-
rately determine three kinetic parameters: 1) uptake, 2) si-
nusoidal efflux, and 3) canalicular efflux, to predict biliary
clearance with regard to the plasma concentration (Giaco-
mini and Sugiyama, 2005; Shitara et al., 2006a). The uptake
clearance determined in freshly isolated rat hepatocytes cor-
relates well with that determined with the multiple indicator
dilution method (Miyauchi et al., 1993), and rat hepatocytes
are reported to be a useful tool for predicting the hepatic
clearance of drugs with significant hepatic uptake (Soars et
al., 2007). Although cryopreserved human hepatocytes and
canalicular membrane vesicles (CMVs) are commercially
available, their usefulness in predicting in vivo hepatic up-

ABBREVIATIONS: CMV, canalicular membrane vesicle; PBPK, physiologically based pharmacokinetic; OATP, organic anion-transporting
polypeptide; MRP, multidrug resistance-associated protein; SF, scaling factor; R-122798, (3R,5R)-3,5-dihydroxy-7-[(18,2S,68,8S,8aR)-6-hy-
droxy-8-(isobutyryloxy)-2-methyl-1,2,6,7,8,8a-hexahydronaphthalen-1-yljheptanoic acid; LG/MS, liquid chromatography/mass spectrometry; PS,
permeability surface product; inf, influx; dif, diffusion; CL, clearance; met, metabolism; tot, total; B, blood; AUG, area(s) under the concentration-
time curve.
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take and canalicular efflux clearance remains to be exam-
ined. No method to quantify in vitro sinusoidal efflux has yet
been established.

A physiologically based pharmacokinetic (PBPK) model, in
which compartments representing tissues are connected with
the blood flow, has been used to predict the time profiles of
plasma and tissue concentrations (Kawai et al., 1998; Jones
et al., 2006). The PBPK model is quite useful for simulating
the effects of drug-drug interactions and genetic variations in
drug-metabolizing enzymes and transporters on the expo-
sure of drugs to the blood and organs and, ultimately, their
effects on the pharmacological actions of drugs (Jones et al.,
2006; Shitara and Sugiyama, 2006a). The purpose of this
study was to establish a PBPK model to describe the dispo-
sition of pravastatin for which transporters are deeply in-
volved in its hepatobiliary transport. Pravastatin, one of the
statins used for the treatment of hyperlipidemia, was se-
lected as the model compound in this study. The liver is a
target organ for the pharmacological actions of statins,
whereas myotoxic adverse effects, sometimes severe, includ-
ing myopathy or rhabdomyolysis, are associated with the use
of statins, Therefore, it is very important to simulate the
exposure of statins to the liver and skeletal muscle to predict
their pharmacological and toxicological effects. Hepatobiliary
transport is the main elimination pathway of pravastatin
from the systemic circulation and is mediated by uptake and
efflux transporters in the liver (Shitara and Sugiyama,
2006b). The hepatic uptake of pravastatin is mainly medi-
ated by organic anion-transporting polypeptide (OATP) 1B1,
and its biliary excretion is predominantly mediated by mul-
tidrug resistance-associated protein (MRP) 2 (Yamazaki et
al., 1993, 1997; Nakai et al., 2001). Pravastatin undergoes
urinary excretion by tubular secretion and by glomerular
filtration in humans (Singhvi et al., 1990). Organic anion
transporter 3 has been suggested to be responsible for the
basolateral uptake of pravastatin in rats and humans (Ha-
segawa et al, 2002; Nakagomi-Hagihara et al., 2007),
whereas the transporter involved in its luminal efflux is yet
to be identified.

In this study, in vivo experiments were carried out using
male rats to obtain concentration-time profiles of pravastatin in
the plasma, liver, kidney, muscle, brain, and lung. The kinetic
parameters for the hepatic uptake and canalicular efflux of
pravastatin were determined from in vitro transport studies
using freshly isolated rat hepatocytes and CMVs, respectively.
In vitro-in vivo scaling factors (SFs) were obtained for the he-
patic uptake and subsequent canalicular efflux of pravastatin
in rats. A PBPK model was constructed to simulate the sys-
temic and liver exposure of pravastatin in rats. Using the PBPK
model, the SFs determined in rats and kinetic parameters de-
termined using human materials, the plasma concentration-
time curve of pravastatin in humans was also simulated. Fi-
nally, the effects of changes in these transporter activities,
caused by genetic polymorphisms and drug-drug interactions,
on the concentration profiles of pravastatin in plasma and the
liver were examined using the PBPK model.

Materials and Methods

Materials

[®H]Pravastatin (45.5 Ci/mmol), unlabeled pravastatin, and a
pravastatin analog, R-122798, were provided by Daiichi Sankyo Co.,
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Ltd. (Tokyo, Japan). Cryopreserved human hepatocytes and human
liver S9 fractions were purchased from In Vitro Technologies (Balti-
more, MD). Human liver S9 fractions were also purchased from
XenoTech, LLC (Lenexa, KS) and Tissue Transformation Technology
(Edison, NJ). All other chemicals and reagents were of analytical
grade and were readily available from commercial sources.

Animals

Male Sprague-Dawley rats (67 weeks old) were purchased from
Nippon SLC (Hamamatsu, Japan). All animals were maintained
under standard conditions with a reversed light/dark cycle and were
treated humanely. Food and water were available ad libitum. The
studies were carried out in accordance with the guidelines of the
Institutional Animal Care Committee, Graduate School of Pharma-
ceutical Sciences, The University of Tokyo, Tokyo, Japan.

Animal Experiments

Male Sprague-Dawley rats, weighing approximately 250 to 320 g,
were used throughout the experiments. Under ether anesthesia, the
femoral artery was cannulated with a polyethylene catheter (SP-31)
for the collection of blood samples. The bile duct was cannulated with
a polyethylene catheter (PE-10) for bile collection, and the bladder
was cannulated with a silicon catheter to collect urine. The femoral
vein or the duodenum was cannulated with a polyethylene catheter
(SP-31) for the administration of pravastatin. Each rat was placed in
a Bollman cage and allowed to recover from the anesthesia before the
experiments were continued. The rats were given pravastatin intra-
venously at 0.2, 1, 10, 50, or 200 mg/kg or intraducdenally at 20
mg/kg. Blood samples were collected at the designated times and
centrifuged at 1500g for 10 min at 4°C to obtain plasma. Bile and
urine samples were collected in preweighed test tubes at the desig-
nated intervals throughout the experiment. After the last blood
sample had been taken, each rat was killed, and the liver, kidney,
brain, lungs, and skeletal muscle were excised immediately for the
tissue distribution study. The tissues were weighed and flash frozen
in liquid nitrogen. All the samples were stored at —20°C until quan-
tification.

Transport Study Using Human Cryopreserved
Hepatocytes

This experiment was performed as described previously (Shitara
et al., 2003). In brief, immediately before the study, the hepatocytes
were thawed at 37°C. After they had been washed twice with ice-cold
Krebs-Henseleit buffer, the cells were resuspended in Krebs-Hense-
leit buffer to a cell density of 1.0 X 10° viable cells/m] for the uptake
study. After preincubation of the cells (1.2 X 10° cells/reaction) at
37°C for 8 min, drug uptake was initiated by the addition of labeled
and unlabeled substrates to the cell suspension. The reaction was
terminated after 0.5 or 2 min by separating the cells from the
substrate solution. For this purpose, an aliquot of 100 pl of incuba-
tion mixture was placed in a centrifuge tube (450 pl) containing 50 pl
of 2 N NaOH under a layer of 100 pl of oil (density = 1.015, a mixture
of silicone oil and mineral oil; Sigma-Aldrich, St. Louis, MO). The
sample tube was centrifuged for 10 s in a tabletop centrifuge
(10,000g; Beckman Microfuge E; Beckman Coulter, Fullerton, CA).
After overnight incubation in alkali to dissolve the hepatocytes, the
centrifuge tube was cut, and each phase was transferred to a scin-
tillation vial. The phase containing the dissolved cells was neutral-
ized with 50 ul of 2 N HCI, mixed with scintillation cocktail, and its
radioactivity was measured in a liquid scintillation counter
(L.S6000SE; Beckman Coulter). The time course for the uptake of
[*H]pravastatin into hepatocytes was expressed as the uptake volume
(microliters per 10% viable cells) of the radioactivity taken up into the
cells (disintegrations per minute per 10° cells) divided by the concen-
tration of radioactivity in the incubation buffer (disintegrations per
minute per microliter). The initial uptake velocity of [*H]pravastatin
was calculated from the slopes of the uptake volume versus time plots
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obtained at 0.5 and 2 min and expressed as the uptake clearance
(microliters per minute per 10° cells).

Metabolism Study Using the Liver 89 Fraction

It has been reported that pravastatin is metabolized by sulfotrans-
ferase in male rats (Kitazawa et al., 1993). Therefore, we used the
liver S9 fraction as the enzyme source. The liver S9 fraction was
prepared from four rats using standard procedures and stored at
—80°C until use. The protein concentration was determined by the
Lowry method, using bovine serum albumin as the standard. Prav-
astatin was incubated with a reaction mixture consisting of rat liver
59 fraction (final concentration, 8 mg/ml), NADPH-generating sys-
tem (0.8 mM NADP™, 8 mM glucose 6-phosphate, 1 U/ml glucose-6-
phosphate dehydrogenase, and 3 mM MgCl,), and 3'-phosphoad-
enosine 5'-phosphosulfate (final concentrations, 0.5 and 5 mM for
low and high pravastatin concentrations, respectively) in the pres-
ence of 100 mM phosphate buffer, pH 7.4. After preincubation at
37°C for 10 min, pravastatin (final concentration, 0.1-500 pM) was
added to initiate the enzyme reaction. At the designated time, the
reactions were terminated by mixing them with equal volumes of
methanol containing R-122798, an analytical internal standard, fol-
lowed by centrifugation at 15,000g for 10 min at 4°C. The superna-
tant was subjected to liquid chromatography/mass spectrometry (LC/
MS) analysis. In studies with the human liver S9 fraction, the
concentrations of pravastatin and 3'-phesphoadenosine 5'-phospho-
sulfate were 5 pM and 1 mM, respectively; other incubation condi-
tions were the same as in the rat studies. -

LC/MS Analysis

Liver, kidney, brain, lung, and skeletal muscle were added to 3 to
5 volumes of physiological saline (w/v) and homogenized. Tissue
homogenates and plasma, bile, and urine samples were deprotein-
ated with 2 volumes of methanol containing the internal standard (1
ng/ml R-122798) and centrifuged at 15,000g for 10 min at 4°C,
High-concentration samples were diluted appropriately with blank
matrix before deproteination. The supernatant was subjected to
LC/MS analysis. The appropriate standard curves were prepared in
the equivalent blank matrix and used for each analysis.

The LC/MS consisted of an Alliance HT 2695 separation module
with an autosampler (Waters, Milford, MA) and a Micromass ZQ
mass spectrometer with an electron ion spray interface (Waters). The
optimum operating conditions used were as follows: electrospray
probe (capillary) voltage, 3.2 kV; sample cone voltage, 20 V; and
source temperature, 100°C. The spectrometer was operated at a
drying desolvation gas flow rate of 350 /h. The mass spectrometer
was operated in the selected ion monitoring mode using the respec-
tive MH— ions, m/z 423.3 for pravastatin and m/z 409.3 for the
internal standard. The mobile phase used for high-performance lig-
uid chromatography was acetonitrile/ammeonium acetate buffer (10
mM), pH 4 = 7.3 (v/v), and the flow rate was 0.3 ml/min. Chromato-
graphic separation was achieved on a C18 column (Inertsil ODS-3
column, 50 X 2.1 mm; particle size, 3 pm) (GL Sciences, Tokyo,
Japan).

Data Analysis of Metabolic Clearance in Liver §9

The metabolic velocity was calculated from the slope of the natural
log (concentration)-time plot. Because the Eadie-Hofstee plot showed
curvature, the kinetic parameters were obtained using eq. 1:

Vmaxlxs VmaxZXS
Kn+8  Km+8

v = 1)
where v is the initial velocity (picomoles per minute per milligram of
protein), S is the substrate concentration (micromolar), V.., and
Vmaxe are the maximum velocities (picomoles per minute per milli-
gram of protein), and K, and K,_, are the Michaelis constants
(micromolar). Fitting was performed with the nonlinear least-
squares method using the MULTI program (Yamaoka et al., 1981).

The input data were weighted as the reciprocals of the observed
values, and the Damping Gauss-Newton algorithm was used for
fitting.

Model Development

The PBPK model was constructed to describe the pharmacokinet-
ics of pravastatin in rats and humans (Fig. 1). The key features of
this model are as follows. 1) Active uptake (PS;,,) and passive diffu-
sion clearances (PS ;¢ on the sinusoidal membrane, and biliary clear-
ance (PS,;,) on the canalicular membrane in the liver are incorpo-
rated. 2) The liver compartment consists of five units of extracellular
and subcellular compartments, connected by blood flow in tandem, to
fit the hepatic disposition to the “dispersion” model. Because the
hepatic elimination of pravastatin in rats is blood flow limited, the
dispersion model is the appropriate model for the hepatic elimination
of such high-clearance drugs (Roberts and Rowland, 1986; Iwatsubo
et al., 1997; Naritomi et al., 2001). The number of liver compart-
ments was determined by comparing the hepatic availability (F,, )
and F), predicted using the dispersion model. F, , is the product of
the availability in the liver compartments (eq. 2).

Fun = (QAQ + fa(Cligcan/n))" 2)

where n represents the number of compartments. The integer num-
ber n, which gave the F, , value closest to that in the dispersion
model, was selected. 3) The brain and muscle, target tissues for the
adverse effects of statins, were included. 4) Although urinary excre-
tion is a minor elimination pathway in male rats, the kidney was
included because the kidney/blood concentration ratio for pravasta-
tin is high in male rats, probably because of the efficient uptake
and/or reabsorption of pravastatin, The renal clearance of pravasta-
tin in male rats was lower than the glomerular filtration rate cor-
rected by the blood unbound fraction. In contrast, renal clearance
must be taken into consideration in humans. Because this study
focused on hepatobiliary transport, renal elimination occurs from the
systemic compartment. 5) The rapid equilibrium distribution of
pravastatin between the blood and tissues other than the liver was
assumed. 6) The initial distribution volume, estimated by fitting the
plasma concentration time profiles of pravastatin in rats after the
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Fig. 1. Schematic diagram of the PBPK model predicting the concentra-
tion-time profiles of pravastatin, The liver compartment was divided into
five compartments to mimic the dispersion medel. Indicated are the bleod
flow (Q), the active hepatic uptake clearance (PS,_,), the passive diffusion
clearance (PS,,), the biliary clearance (PS,;,,), and the metabolic clear-
ance (CL,.,;,.), human (H), and rat (R). The enterohepatic circulation
was incorporated in the case of humans.



intravenous administration of 0.2 and 1 mg/kg to a two-compartment
model, was used as the volume of the rapid equilibrium compartment
including the blood compartment, and it was assumed that there is
no interspecies difference in the initial distribution volume. The
differential equations are shown in Appendix I, and all simulations
were performed with SAAM II (SAAM Institute, Seattle, WA).

Estimation of Kinetic Parameters Used in the Simulation

In Vitro Parameters (Rats and Humans). The in vitro active
uptake (PS,.¢.io) and passive diffusion clearances (PSugyie) Of
pravastatin on the sinusoidal membrane were determined from the
uptake studies using isolated hepatocytes. The parameters for rats
were taken from previous reports (Yamazaki et al., 1993; Ishigami et
al., 1995), and those for humans were determined in the present
study. PS;,rvitre 800 PSyic i, Were regarded as the saturable and
nonsaturable components, respectively, in the uptake clearance into
hepatocytes. A physiological scaling factor of 1.2 X 108 cells/g liver
was used for scaling up to the organ level (Iwatsubo et al., 1997). The
in vitro biliary clearance (PSy;, i) Of pravastatin was calculated
from the ATP-dependent uptake clearance into the CMVs using eq.
3 (Niinuma et al., 1999):

PSpitepitro = (Vinigal X RY(E X 10) (3)

where V. represents the velocity of the initial ATP-dependent
uptake by CMVs corrected by medium concentration (6.08 pl/min/mg
protein for rats and 1.90 pl/min/mg protein for humans), R repre-
sents the recovery of liver homogenate protein (174 mg homogenate
protein/g liver for rats and 133 mg homogenate protein/g liver for
humans), E represents the enrichment of the CMV fraction (70.4 for
rats and 61.8 for humans), and IO represents the population of
inside-out CMVs (0.347 for rats and 0.555 for humans).

In Vivo Parameters (Rats). The in vivo intrinsic biliary clear-
ance (P8, .o at the canalicular membrane was calculated by
dividing the biliary excretion rate by the hepatic unbound concen-
tration at steady state (Yamazaki et al, 1996b, 1997). Systemic
elimination other than biliary excretion was regarded as the hepatic
metabolism because renal elimination in male rats is negligible.
Thus, in vivo intrinsic metabolic clearance (CLyq; intvivo) Was ob-
tained with eq. 4:

C Lmet,int,vivo = Psbile,vivo

100 — (% of excretion into bile at 0.2mg/kg)
(% of excretion into bile at 0.2mg/kg)

(4)

The in vivo passive diffusion clearance on the sinusoidal mem-
brane was assumed to be the same as P8, The in vivo active
uptake clearance (PS;,,;,,) Was estimated using eq. 5:

Psdjf,vivo+PSbiIe,ﬁvo + CLmet,inc,viva
Psbile,vivo + CLmet,int,vivo

PSinf,vivo = CLinc,alI X - Psdif,vivo

(5)
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where CL;,, ., represents the overall hepatic intrinsic clearance es-
timated from the hepatic availability using the dispersion model,
with a dispersion number of 0.17, which was obtained by dividing the
bioavailability by the fraction absorbed (Komai et al., 1992), assum-
ing negligible metabolism in the small intestine. The average of the
tissue/blood concentration ratios at 30, 60, and 90 min after the
intravenous administration at 10 mg/kg pravastatin were used as
the tissue/blood partition coefficient (K), assuming a pseudo-steady
state (Table 2). Actually, the tissue/blood concentration ratios at 30,
60, and 90 min were similar (muscle, 0.28, 0.21, and 0.18; brain,
0.045, 0.029 and 0.034; kidney, 13, 14, and 15; lung, 0.76, 0.67, and
0.77 at 30, 60, and 90 min, respectively). The absorption rate con-
stants were estimated by noncompartment analysis using the
plasma concentration data.

Results

In Vivo Pharmacokinetics of Pravastatin in Rats.
Figure 2 shows time profiles of the plasma concentration of
pravastatin after its intravenous (0.2 mg/kg) and intraduo-
denal (20 mg/kg) administration and the cumulative amount
of pravastatin excreted into the bile. The total blood clear-
ance (CL,,, ») was similar to the hepatic blood flow rate. The
bioavailability of pravastatin after intraduodenal adminis-
tration was calculated to be 0.0087 by comparing the AUC for
pravastatin after intravenous and intraduodenal administra-
tion. Forty-six percent of the dose was recovered in the bile as
the parent compound after intravenous administration,
whereas the amount excreted into the urine was less than 4%
of the dose. Even after intraduodenal administration, 33%
was recovered in the bile.

The nonlinearity of the disposition of pravastatin was ex-
amined. The plasma concentrations and cumulative amounts
excreted into the bile after its intravenous administration
were determined at doses ranging from 0.2 to 200 mg/kg (Fig.
3). CL,,, s was independent of the dose up to 50 mg/kg but
decreased to 27 ml/min/kg at 200 mg/kg pravastatin. The
cumulative biliary excretion increased slightly from 46 to
60% at doses above 0.2 mg/kg and was significantly delayed
at 200 mg/kg.

Hepatic Metabolism of Pravastatin in Rats. The me-
tabolism of pravastatin in the liver was examined using S9
fractions prepared from rat liver. It exhibited biphasic kinet-
ics with high-affinity (K, 0.846 + 0.403 pM; V_ .4, 447 *
1.92 pmol/mg/min) and low-affinity (K,,,, 80.3 = 12.6 pM;
Va2, 240 * 16.2 pmol/mg/min) components (mean * 8.D.).
The sum of the in vitro metabolic clearance for the high- and
low-affinity components, corrected with the physiological
scaling factor of 96.1 mg protein/g liver, was used as the in
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biliary excretion rates for pravastatin in rats after the
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values, respectively, Each point represents the mean *

S.E. (n = 3). ®, 0.2 mglkg; ----0C, 1mgkg - -+ -
cee e, 10 mgkg — — — A, 50 mgfkg, —+ - — - 4,
200 mg/kg.

10 20 30 40 50 60 0

o

Time (min)

vitro metabolic clearance (CL, ot intvitro)» Which was 0.793
ml/min/g liver (Table 1).

Simulation of Concentration-Time Profiles of Prav-
astatin in Rats. All parameters used in the simulation are
summarized in Tables 1 and 2. The initial distribution vol-
ume was estimated to be 0.393 Vkg from the plasma concen-
tration profile after the intravenous administration of 0.2
mg/kg pravastatin, which was used as the volume of the
rapid equilibrium compartment in the model. Figures 2 and
3 show the simulated plasma concentrations and biliary ex-
cretion time profiles for pravastatin, together with the ob-
served data after its intravenous and intraduodenal admin-
istration. To reproduce the in vivo pharmacokinetic profiles
using in vitro parameters, SFs were necessary. For the in
vitro-in vivo extrapolation of the transporter-mediated clear-
ances, the ratio of the in vivo/in vitro intrinsic clearances of
each process in rats was given as the SF (Table 1). Further-
more, using the K, values, the simulated plasma concentra-
tion and biliary excretion time profiles gave similar values to
the observed data, even under nonlinear conditions. This
model reproduced the time profiles for pravastatin in the
liver and other peripheral tissues after its intravenous ad-
ministration (Figs. 4 and 5). In particular, the nonlinearity of
the liver concentration-time profiles could also be simulated
(Fig. 4). Although the model reasonably describes the exper-
imental data, the simulated lines showed some deviation
from the observed data at the terminal phase in Figs. 2 (left)

TABLE 1
Kinetic parameters for hepatic intrinsic clearance

7 T 1

10 20 30 40 50 60

Time (min)

and 5. This may be caused by the lack of a compartment
corresponding to the organ, which is associated with the
terminal phase of systemic pravastatin. Moreover, the sim-
ulation results of biliary excretion of pravastatin adminis-
tered at 1 and 10 mg/kg showed some deviation from the
observed data (Fig. 3, right). Because hepatic metabolism is
saturated at these doses, this may be attributed to the devi-
ation of the K, value for metabolism.

Prediction of Pharmacokinetics in Humans. The up-
take clearance determined using eight lots of human cryopre-
served hepatocytes was 4.5 * 2.9 pl/min/10° cells at 1 pM
pravastatin and 0.77 *+ 0.63 wl/min/10° cells at 100 uM prava-
statin (mean *+ S.D.). Using the physiological scaling factor of
1.2 X 10® cells/g liver, PS; ¢ vitro human 804 PS it vitra human WeTe
calculated to be 0.448 and 0.0924 ml/min/g liver, respectively
(Table 1). Unlike the rat liver S9 fraction, no metabolism of
pravastatin was observed up to 180 min in the human liver S9
fractions purchased from three different vendors. Thus, the
hepatic metabolism of pravastatin might be negligible in the
human liver. The in vivo kinetic parameters for pravastatin in
humans were predicted by multiplying the corresponding in
vitro parameters obtained using human materials by the SF
obtained from rat studies. For PS,;,., the saturable (ATP-depen-
dent) biliary clearance in humans was predicted as described
above (eq. 3), and the nonsaturable component of the biliary
clearance in humans was assumed to be the same as that in
rats. Thus, the predicted PS,;. vivo, human Was 0.388 ml/min/g

Active hepatic uptake and passive diffusion clearances on the sinusoidal membrane, biliary clearance on the canalicular membrane, and metabolic clearance were estimated
by both in vitre and in vive experiments, The details of these estimations are described in the text. Values within parentheses indicate the K, value (micromolar) for each

clearance.
Rat Human
Scaling Factor
In Vitro In Vivo In Vitro In Vivo*
ml/minlg liver ml/minlg liver

PS, . 247+ (32.8) 9.06¢ 3.7 0.448 1.66
PS¢ 0.192%% 0.192° 1¢ 0.0924 0.0924
PSy;.

ATP-dependent 0.0433° 0.9069 (92.3) 21 0.00737° 0.154

Nonsaturable 0.234¢ 0.234"
CL et int 0.793 1.33% 1.7 0 0

(0.846, 80.3)

* Predicted by multiplying the in vitro parameter by the SF.

“ Yamazaki et al. (1993).

s Ishigami et al, (1995).

¢ Caleulated using eq. 3 (Niinuma et al, (1999)).

9 Yamazaki et al. (1997).

¢ Assumed that the SF for PSy;pis 1.

f Assumed negligible interspecies difference between rat and human.
# Calculated using eq. 5.

% Calculated using eq. 4.



TABLE 2
Physiological and kinetic parameters for modeling in rats and humans
Rat Human
Physiological Parameters
Weight (g/kg)”
Liver 41.2 24.1
Extracellular space in liver 11.5 6.7
Brain 6.8 5.3
Lung 4.0 16.7
Muscle 488 429
Kidney 9.2 4.43
Blood flow rate® (ml/min/kg)
Liver 55.2 20.7
Brain 5.3 10.0
Lung 172 74.9
Muscle 30.0 10.7
Kidney 36.9 15.7
Kinetic parameters
Plasma unbound fraction® 0.64 0.47
Liver unbound fraction 0.51° 0.51¢
Blood/plasma ratio® 0.59 0.56
Fraction absorbed 0.62/ 0.47%
Renal clearance (ml/min/kg) 1.5" 118
Absorption rate constant (min~'y 0.0088 0.0078
Tissue/blood concentration ratio
Brain 0.036 0.033*
Lung 0.74 0.67*
Muscle 0.22 0.20*
Kidney 14 13*

2 The volurhe and blood flow rate in each tissué¢ were taken from Davies and
Morris (1993) and Kawai et al. (1994). The tissue volume was converted to tissue
weight based on the assumption that the tissue gravity is 1 g/ml.

® Yamazaki et al. (1996¢) and manufacturer’s interview form.

¢ Yamazaki et al. (1996b).

4 Assumed negligible interspecies difference between rat and human.

¢ Yamazaki et al. (1996¢) and Lennernis and Fager (1997).

" Komai et al. (1992).

£ Estimated from the bioavailability (0.18) and hepatic availability (0.38) (Singhvi
et al., 1990),

» Obtained from the urinary excretion data for intravenous administration of 10
mg/kg.

! Singhvi et al. (1990).

J Estimated by noncompartment analysis.

* Estimated by K, = fp/fr.

liver. Assuming that the distribution of pravastatin to the tis-
sues, except the liver, occurs by passive diffusion, the tissue/
blood partition coefficient (K) was calculated by the following
equation: K, = fu/fy, where f and f; represent the blood un-
bound fraction (=plasma unbound fractior/blood-to-plasma
concentration ratio) and the unbound fraction in the tissues,
respectively. It was assumed that there is no species difference
in f; between rats and humans based on the previous report by
Sawada et al. (1985). The estimated or reported physiological,
anatomical, and kinetic parameters for humans used in the
simulation are shown in Tables 1 and 2. Using these parame-
ters, the plasma concentration-time profiles for pravastatin in
humans after intravenous or oral administration were pre-
dicted. A lag time of 17 min was taken into consideration in the
simulation of oral administration. The predicted concentration-
time profiles were similar to the observed data (Fig. 6).
Effect of Transporter Activity on Systemic and Tar-
get Exposure. Sensitivity analyses were performed to un-
derstand the effects of the changes in transporter activities
on the time profiles for the plasma and liver (a target organ)
concentrations of pravastatin in humans. The plasma and
liver concentrations after the oral administration (40 mg) of
pravastatin were simulated using the PBPK model con-
structed in this study, with varying hepatic transport activ-
ities over a range of 0.33 to 3.0 times the initial value. The
simulated concentration-time profiles and the changes in the
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AUC are shown in Fig. 7 and Table 3, respectively. Changes
in the active hepatic uptake ability affected the plasma con-
centration profiles dramatically but did not greatly affect the
liver concentration profiles. On the contrary, changes in the
ability of canalicular efflux altered the liver concentration of
pravastatin markedly but had a small effect on the plasma
concentration. Changes in the passive diffusion clearance
hardly affect the plasma and the liver concentration profiles.

Discussion

It is now well recognized that drug transporters play impor-
tant roles in the processes of absorption, distribution, and ex-
cretion (Giacomini and Sugiyama, 2005; Shitara et al., 2006a).
The purpose of this study was to construct a PBPK model to
evaluate the concentration-time profiles for drugs in the plasma
and peripheral organs in humans using physiological parame-
ters, SFs, and drug-related parameters (unbound fraction and
metabolic and membrane transport clearances extrapolated
from in vitro experiments). The principle of the prediction was
as follows. First, SFs were obtained by comparing in vitro and
in vivo parameters in rats. Then, the in vitro human parame-
ters were extrapolated in vivo using the SFs obtained in rats
(Naritomi et al., 2001). Pravastatin was selected as the model
compound because many studies have investigated the mecha-
nisms involved in the drug disposition in rodents, and clinical
data after intravenous and oral administration are available.

Consistent with a previous report (Yamazaki et al., 1996a),
the hepatic elimination of pravastatin is blood flow limited.
Considering that the maximum amount of intact pravastatin
excreted into the bile was 50%, it is likely that pravastatin
undergoes hepatic metabolism in rats because pravastatin is
excreted negligibly in the urine. Incubating pravastatin with
the rat liver S9 fractions caused a reduction in intact pravasta-
tin with time and consisted of two different mechanisms with
high- and low-affinity sites. The kinetic parameters related to
hepatic clearance (PS, ., PS4 PSyy., and CL, ., ;,,,) Were esti-
mated from various in vivo experiments and were incorporated
into the PBPK model. As a result, plasma concentration and
biliary excretion-time profiles for pravastatin were successfully
reproduced (Figs. 2-5). Moreover, nonlinear pharmacokinetics
were also reproduced using the K, values for hepatic uptake,
biliary excretion, and metabolic clearances (Fig. 3). The liver
concentrations of pravastatin were similar to the observed data,
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Fig. 4. Simulated and observed liver concentration profiles for pravasta-
tin in rats after intravenous administration. Dashed and solid lines,
simulated plasma and liver concentrations, respectively. Open and closed
symbols, experimentally observed plasma and liver concentrations, re-
spectively (circles, 10 mg/kg; triangles, 200 mg/kg). Each point represents
the mean + S.E. (n = 3).
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even under nonlinear conditions (200 mg/kg) (Fig. 4). These
results suggest that the PBPK model constructed in this study
is appropriate for describing the pharmacokinetics of pravasta-
tin in rats.

The kinetic parameters PS, ., PS,, and PS,;. were also
determined in vitro using rat hepatocytes and CMVs to ob-
tain the relevant SFs (Table 2). The corresponding parame-
ters were also determined using human cryopreserved hepa-
tocytes and CMVs. These parameters were extrapolated in
vivo using the SFs determined in rats. Because there is no
evidence that active transport mechanisms are involved in
the sinusoidal efflux of pravastatin, the clearance corre-
sponding to the nonsaturable component (PS,;,) of the uptake
was used as the clearance for sinusoidal efflux. Unlike the rat
liver S9 fractions, pravastatin was not metabolized in the
human liver S9 fractions. Therefore, the metabolic clearance
was set to zero in humans. Using the human parameters,
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Fig. 6. Predicted and observed plasma concentration profiles for prava-
statin in humans. Closed and open symbols, reported plasma concentra-
tions after intravenous (9.9 mg) and oral (19.2 mg) administration, re-
spectively (Singhvi et al., 1990). Solid lines, simulated values using the
parameters shown in Tables 1 and 2.

Time (min)

simulated plasma concentration-time profiles of pravastatin
after the intravenous and oral administration were fairly
close to the observed data for humans (Fig. 6), showing that
the predicted value was not far from the true value. It should
be noted that the sinusoidal efflux clearance (passive diffu-
sion clearance) was lower than the intrinsic biliary clearance
with regard to the liver concentration, indicating that the
hepatobiliary transport of pravastatin is likely uptake lim-
ited and that the hepatic intrinsic clearance can be approxi-
mated to PS, ,(Shitara et al., 2006a). Therefore, even though
the predictability of the absolute values for biliary and sinu-
soidal efflux clearance is low, the simulated results will be
close to the observed data as far as the uptake clearance is
correctly predicted. To validate the predictability of those
clearances, the liver concentrations must be determined in
humans, which should be possible with imaging technologies
such as positron emission tomography, single-photon emis-
sion computed tomography, and magnetic resonance imag-
ing. Ghibellini et al. (2007) recently developed a methodology
for the real-time measurement of the biliary excretion pro-
files of drugs in humans using a gamma scintigraphy tech-
nique. Further efforts are required to use such in vivo imag-
ing technologies to increase the predictability of these
pharmacokinetic parameters.

To date, clinical studies have demonstrated that the ge-
netic variations of OATP1B1 and drug-drug interactions in-
volving OATP1B1 are associated with interindividual differ-
ences in the systemic exposure of pravastatin and other
substrate drugs (Nishizato et al., 2003; Maeda et al., 2006;
Niemi et al., 2006; Shitara and Sugiyama, 2006b). Because
the pharmacological target of pravastatin is inside the cell,
the liver exposure is a critical factor for its pharmacological
activities. Based on the pharmacokinetic concepts, the AUC
in the liver concentration is governed only by the sequestra-
tion clearance from the liver as far as the renal elimination is



659

PBPK Model to Predict Pharmacokinetics of Pravastatin

~ 05 - 05 T o5
=} 3 E
E E 3
° 0.4 4 © 0.4 € 0.4 4
2 0.4 g 0.4 £ 0.4
£ £ 5
5 03- 5 034 2 034
g g £
= = @
g 024 g 024 - g
c £ e
8 g S
o 0.1 e 0.1 o
E & 5
5] ] 8
a 0 a 0 o
[ 0 0 60 120 180 240
Time {min) Time (min)

3 3 3
= B B
3 3 3
E € £
I 24 £ 2 = 2
= 4 £ 2
s 8 s
£ . g E
H . [~ [
g 14 § 1 § 1 -
8 8 g
H] $ 8
>
3 3 2

0 T 7 v 0 T T y 0 T v T

L] 60 120 180 240 ] 60 120 180 240 0 60 120 180 240
Time (min) Time (min) Time (min)

Fig. 7. Effects of changes in transporter activity on the time profiles of plasma and liver (target organ) concentrations of pravastatin in humans.
Plasma and liver concentrations after oral administration (40 mg) were simulated using the PBPK model with varying hepatic transport activities over

a 1/3- to 3-fold range of the initial values shown in Table 1. (

negligible and is independent of the change in uptake clear-
ance (eq. A4) (see Appendix II). When renal clearance makes
a significant contribution, the changes in hepatic uptake
activity can affect both the liver and the plasma AUC (Fig. 9;
Appendix II). Actually, the renal elimination of pravastatin
makes a significant contribution to the total body clearance
(47% of the total body clearance) (Singhvi et al., 1990). There-
fore, it is possible that the liver concentrations of pravastatin
are affected to some extent also by the changes in the hepatic
uptake activity. To support this concept, a simulation was
performed with different uptake clearances (Fig. 7). Changes
in the hepatic uptake clearance had a great impact on the
plasma concentrations of pravastatin but less impact on the
liver concentrations. In accordance, the effects of the genetic
polymorphisms of OATP1B1 on the cholesterol-lowering ef-
fects of pravastatin will be small or absent at least at steady
state (in other words, after relatively long-term treatment).
The alteration of pharmacological effect of pravastatin with
its chronic administration has not been observed in subjects
with OATP1B1 polymorphisms although alteration of inhib-
itory effect of HMG CoA reductase activities in short-term
treatments was reported (Takane et al,, 2006; Kivisto and
Niemi, 2007; Zhang et al., 2007). In contrast, changes in the

TABLE 3

Changes in the AUC (percentage of the control) for plasma and liver
concentrations of pravastatin after its oral administration when the
transporter function changes

Change in Psinf Psbile PSdJ\f
Clearance Plasma Liver Plasma Liver Plasma Liver
%1 100 100 100 100 100 100
xX1/3 271 68 143 255 83 103
X3 14 115 84 38 146 92

, initial; — — —, X1/3;- -+ »-

NS )

intrinsic canalicular efflux activity should dramatically af-
fect the liver concentration of pravastatin, whereas the
plasma concentration is not affected as much by changes in
the intrinsic biliary clearance (Fig. 7). Because the biliary
excretion of pravastatin is mainly mediated by MRP2, the
factors affecting MRP2 function, such as the use of MRP2
inhibitors or the genetic mutations causing Dubin-Johnson
syndrome, will affect the pharmacological action of pravasta-
tin. Furthermore, changes in the sinusoidal efflux clearance
had only a slight impact on both the plasma and the liver
concentrations. This is because, even under these conditions,
the uptake process is still the rate-limiting process. Although
the predictability of the sinusoidal efflux clearance remains
unknown, changes within this range will not affect the sim-
ulated results.

One of the sericus adverse effects of statins is myopathy
(rhabdomyolysis). Because its target organ is the skeletal
muscle, the systemic exposure should be the determinant
factor of this adverse effect. The sensitivity analyses showed
that the changes in the hepatic uptake clearance had a great
impact on the systemic exposure of pravastatin, whereas
those in the canalicular efflux had a minimal impact (Fig. 7).
The results suggest that patients with an impaired OATP1B1
might be more susceptible to pravastatin-induced myopathy
than those with normal one. Morimoto et al. (2004) reported
that the frequency of the OATP1B1*15 haplotype was signifi-
cantly higher in patients who experienced myopathy after re-
ceiving pravastatin or atorvastatin (which is also an OATP1B1
substrate) than in patients without myopathy, and a genome-
wide study elucidated that the variants in OATP1B1 are
strongly associated with an increased risk of simvastatin-in-
duced myopathy (Link et al.,, 2008).
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Fig. 8. Simple model to analyze the effects of changes in hepatic uptake
activity and intrinsic clearance on bloed and liver concentrations. Indi-
cated are the hepatic blood flow (@), renal clearance (CL,), volume (V),
concentration (C), unbound fraction (f), hepatic uptake clearance (PS,, ),
sinusoidal efflux clearance (PS,y), intrinsic clearance (CLy,,), blood (b),
inlet (i), and liver (h).
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In the present study, a PBPK model, including transporter-
mediated membrane transport processes, was constructed,
which allows the prediction of the pharmacokinetics of prava-
statin in humans, It also extends our understanding of the
effects of changes in the transport processes on the pharmaco-
logical and adverse effects of drugs by simulating the exposure
of the systemic circulation and tissues to them. The present
study suggests that changes in the OATP1B1 activities may
have a small and a large impact on the therapeutic efficacy and
side effect (myopathy) of pravastatin, respectively, whereas
those in the MRP2 activities may have opposite impacts (i.e., a
large and a small impact on the therapeutic efficacy and side
effect).

Appendix I: Differential Mass Balance
Equations for the PBPK Model

Nomenclature

General. @, blood flow rate; V, tissue weight; C, pravasta-
tin concentration; K, tissue/blood partition coefficient; fj,
blood unbound fraction; f7, tissue unbound fraction; V_,, max-
imum transport velocity; K, half-saturation concentration
for transport; CLg, renal clearance; PS, , intrinsic hepatic
uptake clearance; PS,;,, passive diffusion clearance on the
sinusoidal membrane; PS,;., intrinsic biliary clearance;
CL,,..:, intrinsic metabolic clearance; Fa, fraction absorbed;
k,, absorption rate constant.

Subscripts. B, blood; LU, lung; BR, brain; MU, muscle; R,
kidney; GI, gastrointestinal tract; H, liver; HE, liver extra-
cellular space; inf, influx; met, metabolism.

Model Equations

Hepatic uptake, biliary excretion, and metabolic clear-
ances in humans were linear parameters.
Blood pool:

V5(dCpdt) = Quu(Cry/Kpru — Cr) — CLgCy
Lung:
Vi(dCruy/dt) = @prCer/Kppr + @ruCruu/Komu + QrCr/Kpr
+ QuCurs — QuuCrv/Kp Ly

Brain, muscle, kidney:
Vi(dCy/dt) = @i(Cs — C/K,)
Liver 1 to 5:
(1) rat (Ve/5)dCumi/dt) = (Vi ine/5)fsCrEi/ K jur + faChes)
+ (PSa/5)fsCuri — (PSue/5YeCrm — (Vinpite/5)frCri/
Kmpite T [1Cm) — (Vi met/5)frCri! (Kinmet + frChi)
(2) human (Vg/5X(dCy/dt) = (PS;/5)fsCum:
+ (PSud5)feCum — (PSaid5)frChi
— (PSue/5)f1rCri ~ (CLinet/5)frCri
Liver extracellular compartment 1:
(1) rat (Vyug:/5)X(dCrei/dt) = Qu(Cs — Cum)
= (Vi int/5)feCrin/ (Ko jug + foCrE)
— (PSuie/5)faCuri + (PSae/5)frCus
(2) human (Vyg,/5)(dCpg,/dt) = Qu(Cs — Cum)
— (PSin/5)f5Cur — (PSuie/5)fsCrmi
+ (PSge/5)fnCui + koFoXar
Liver extracellular compartments 2 to 5:
(1) rat (Vur/5)(dCugi/dt) = Qu(Curg-n — Chm)
= (Vi iut/5)fCrind Komjms + fCHE:)
— (PSye/5)feCur: + (PSae/5)frCui
(2) human (Vgg/5)(dCrri/dt) = Qu(Curi-1y — Churs)
— (PSue/5)fsCuri — (PSaic/5)fsCrmi + (PSaie/5)frCri
Bile or gastrointestinal tract:
(1) rat Xpe = 2V e/ 3)frCril Knpite + frCim))
(2) human Xg = Z(PSpu/5)fiCui — (kFa)Xg
Appendix II: Effect of Renal Clearance on the
Impact of the Change in the Uptake

Clearance on the AUC of the Plasma
and Liver

@, and CL, represent the hepatic blood flow and renal
clearance, respectively. PS, , PS.s and CL,,, are hepatic
uptake, sinusoidal efflux, and intrinsic sequestration clear-
ances, respectively. V and C represent volume and concen-
tration, respectively. Subscripts b, i, and h represent blood,
inlet, and liver, respectively. Mass balance differential equa-
tions for each compartment in the simple model shown in Fig.
8 are as follows:

dc,
Vb'ﬁz (Ci — Cy) — CL; - Gy

dC;
Vi'ﬁ = @Qp(Cy — C)) ~ f* PSins* Ci + fi, - PSegr Cu



PBPK Model to Predict Pharmacokinetics of Pravastatin

661

1000 300
. 800 -
s =
_:’. 3 200 A
S 600 g
jom]
Blood 2 =
% 400 e
¥ i 100 4
5 200 K
0 S A A T 0 , rrrt -
0.1 1 10 0.1 1 10
PSinf CLint
200 1000
__ 800
£ 150 B
3 3
I o S 600
© P
2 100 — 2
E ///‘.' E 400
) L~ P .-g
B 50 1.~ 200
0 e - 0 ettt mmperrrh =
0.1 1 10 0.1 1 10
PSif CLint

Fig. 9. Effects of renal clearance on the impact of changes in hepatic uptake and intrinsic sequestration clearances on the AUC of pravastatin in the
blood and liver. Relative AUC (100% as the initial value) were estimated by varying the uptake and intrinsic sequestration clearances over a 0.1- to

10-fold range of the initial value when the renal clearance was 0 (——), 4

dC,

Vi qp

for PSins* Ci ~ forr (PSegr + CLige) « Gy

Integrating these equations gives:

Dose  PSyCLi OL+Qy  CL,

f,-AUC, PSg+CLm @  fo

Dose CCL, 4+ Qn-CL;, PSg+ Clin
frAUC, 7™ " CL, +@n  fo-PSix

(A1)

(A2)

where AUC,, and AUC,, represent the area under the concen-
tration-time curve for the blood and liver, respectively. Sub-
stituting CLy = 0 yields:

Dose _psg CLint A3
fb . AUCb h iuf* PSeﬁ' + CI‘int ( )
Dose c Ad
fh . AUCh - Lint ( )

Equations A3 and A4 indicate that AUC,, depends only on
CL,,, when the renal clearance is negligible. In contrast,
AUC, is inversely proportional to PS,, . If the renal clearance

(~--),and 16 (++ -+ -+ ) ml/min/kg.

is maximal, that is, the renal blood flow (@), eq. A2 can be
converted to:

Dose Sete + CLint

P
Q-

where
_ Qh' Qr .
Q B Qr + Qh =9

When the hepatic uptake is the rate-limiting process, so
CL,,, > PS4, €q. A5 can be converted to:

R

D CL,
ose Sl ) (A6)

= A-AUG, C‘”“(l t QS

In accordance, the R value can be higher than CL;,,, by up
to Q X CL; /(f, X PS,,p. Figure 9 shows the effects of renal
clearance on the impact of the changes in hepatic uptake and
intrinsic sequestration clearance on the AUC of pravastatin
in the plasma and liver. A simulation was performed using
eqs. Al and A2 and the parameters shown in Tables 1 and 2,
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when the renal clearance was 0, 4 (one quarter of the renal
blood flow), and 16 (the renal blood flow) ml/min/kg b.wt.
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Summary: Cytidine deaminase, encoded by the CDA gene, catalyzes anti-cancer drugs gemcitabine and
ara-C into their respective inactive metabolites. In CDA, two functionally significant non-synonymous poly-
morphisms, 79A > C (Lys27GIn) and 208G > A (Ala70Thr), have been found and their minor allele frequen-
cies (MAFs) were reported in Japanese and Chinese patients and a relatively small numbers of healthy volun-
teers in Caucasians and Africans. In this study, we determined the MAFs of both polymorphisms in 200
healthy volunteers of Koreans, along with 206 Japanese, 200 Chinese-Americans, 150 Caucasian-Ameri-
cans and 150 African-Americans to reveal ethnic differences. MAFs of 79A > C (Lys27GlIn) were 0.153 in
Koreans and 0.327 in Caucasian-Americans, 0.204 in Japanese, 0.155 in Chinese-Americans and 0.087 in
African-Americans. MAFs of 208G > A (Ala70Thr) were 0.005 in Koreans and 0.022 in Japanese and the
minor allele was not detected in Chinese-Americans, Caucasian-Americans or African-Americans. Thus pos-
sibly, MAF of 208G > A in Japanese is likely to be somewhat higher than in Koreans and Chinese-Americans.
These data would provide fundamental and useful information for pharmacogenetic studies on cytidine
deaminase-catalyzing drugs.

Keywords: CDA,; allele frequency; non-synonymous single nucleotide polymorphisms; ethnic-difference

Cytidine deaminase is an enzyme involved in the pyrimidine at chromosome 1p36.2-p35.
salvage pathway and catalyzes the deaniination of cytidine and Two non-synonymous single nucleotide polymor-
deoxycytidine into their uridine compounds.” Anti-cancer ~ phisms (SNPs) 79A>C (Lys 27Gln) and 208G>A
nucleoside analogs, cytosine arabinoside (ara-C) and gem-  (Ala70Thr) and their functional significance have been
citabine are known to be inactivated by this enzyme. reported. The recombinant enzyme with GIn27 showed
Cytidine deaminase is encoded by the CDA gene located reduced activity with increase in Km for gemcitabine.?
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