0022-3565/09/3262-652-6562420.00
TuE JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAFEUTICS

Vol. 328, No. 2

Capyright © 2009 by The American Society for Phar
JPET 528.662-662, 2000

und Experi | Ther

146647/3420080
Printed in USA

Physiologically Based Pharmacokinetic Modeling to Predict
Transporter-Mediated Clearance and Distribution of Pravastatin

in Humans

Takao Watanabe, Hiroyuki Kusuhara, Kazuya Maeda, Yoshihisa Shitara, and

Yuichi Sugiyama

Department of Molecular Pharmacokinetics, Graduate School of Pharmaceutical Sciences, The University of Tokyo, Tokyo,
Japan (T.W., H.K., K.M., Y.Su.); and Department of Biopharmaceutics, Graduate School of Pharmaceutical Sciences, Chiba

University, Chiba, Japan (Y.Sh.)
Received September 25, 2008; accepted November 7, 2008

ABSTRACT

Hepatobiliary excretion mediated by transporters, organic an-
lon-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
metaholic 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 ecitation information can be found at
http:/jpet.aspetjournals org.
doi:10.1124/pet. 108.146647.

itors (statins) and angiotensin II receptor antagonists. Be-
cause multiple transporters on the sinusoidal 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 izolated 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-[(15,2S,65,8S,8aR)-6-hy-
droxy-8-(isobutyryloxy)-2-methyl-1,2,8,7,8,8a-hexahydronaphthalen-1-yllheptanocic acid; LC/MS, liquid chromatography/mass spectrometry; PS,
permeability surface product; inf, influx; dif, diffusion; CL, clearance; met, metabolism; tot, total; B, blood; AUC, 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 sinuscidal 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 vitre-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 59 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 Fharma-
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 intraduodenally 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 le were excised i diately 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 % 10° viable cells/m] for the uptake
study. After preincubation of the cells (1.2 x 10° cells/reaction) at
37°C for 3 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 ul of incuba-
tion mixture was placed in a centrifuge tube (450 pl) containing 50 pl
of 2 N NaOH under a layer of 100 pu 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 pl of 2 N HCI, mixed with scintillation cocktail, and its
radioactivity was ed in a liquid scintillation counter
(LS6000SE; Beckman Coulter), The time course for the uptake of
[*Hlpr in into } ytes 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 S9 Fraction

It has been reported that p atin is bolized by sulfotrans-
ferase in male rats (Kitazawa et al., 1993). Therefore, we used the
liver 59 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 Ufml gl 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 uM) 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 15,000¢ 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 S8 fraction, the
concentrations of pravastatin and 3'-phosphoadenosine 5'-phospho-
sulfate were 5 uM 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

a volumes of phyx:olng:ca] saline (w/v) and homogenized. Tissue

ates and p bile, and urine samples were deprotein-
aled with 2 volumes of methanal containing the internal standard (1
pg/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 Lh. 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 chr graphy was itrile/ lium 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 * 2.1 mm; particle size, 3 pum) (GL Sciences, Tokyao,
Japan).

Data Analysis of Metabolic Clearance In Liver S9

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

Vam X8 VxS
S Kt | Kats

(1)

where v is the initial velocity (picomoles per minute per milligram of
protein), S is the substrate tration ( lar), V.., and
Vsxe @re 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., 1881),

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 (P'S,,) 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. Fy, , is the product of
the availability in the liver compartments (eq. 2).

2= (@NQ + f(CLugea/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 a2 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 teken into consideration in humans, Because this study
focused on hepatobiliary transport, renal elimination oceurs 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 PEPK model predicting the concentra-
tion-time profiles of pravastatin. The liver compartment was divided into
five compartments to mimic the dispersion model. Indicated are the blood
flow (Q), the active hepatic uptake clearance (PS, ), the passive diffusion
clearance (PS,,), the hiliary clearance (PS,,,), and the metabolic clear-
ance (CL,,, .., human (H), and rat (R). The enterchepatic 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,,,,...) and passive diffusion clearances (PSy ... of
pravastatin on the si idal membrane were determined from the
uptake studies using isolated hepatocytes. The parameters for rats
were taken from previous reports (Yamazaki et al., 1883; Ishigami et
al., 1995), and those for humans were determined in the present
study. PS, ;. and PSy; ..., were regarded as the saturable and
nonsaturable components, respectively, in the uptake clearance into
hepatocytes. A physiological scaling factor of 1.2 X 10° cells/g liver
was used for sealing up to the organ level (Iwatsubo et al., 1997). The
in vitro biliary clearance (PSy, ..} of pravastatin was calculated
from the ATP-dependent uptake clearance into the CMVs using eq.
3 (Niinuma et al,, 1999):

PSiieritre = (Viaual X RV(E % 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 10 represents the population of
inside-out CMVs (0.347 for rats and 0.555 for humans).

In Vive Parameters (Rats). The in vivo intrinsic biliary clear-
ance (PS,.vwv,) 8t 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 (CL,_, . iv,) Was ob-
tained with eq. 4:

CLowtistive = PSiteriv

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 PS ... The in vivo active
uptake clearance (PS,;,,,.) was estimated using eq. 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 ounuuntmnun ratios at 30, 60, and 90 min after the
intra inistration at 10 mg/kg pravastatin were used as
the tissue/blood partition coefficient (K,), assuming a pseudo-steady
state (Table 2). Actually, the Iiuua’bluod 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 intraducdenal adminis-
tration was calculated to be 0.0087 by comparing the AUC for
pravastatin after intravenous and intraducdenal 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 hile.

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,,, n 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 uM; V, _,, 447 =
1.92 pmol/mg/min) and low-affinity (K, 80.3 = 12.6 pM;
Vv, 240 = 16.2 pmol/mg/min) components (mean = S.1.).

PS«M wive Psluh wive +C Lnﬁ.ml.mu Eaa) . - 5 "
PSiatyive = Clinean X —pg Cbi — PSyne  The sum of the in vitro metabolic clearance for the high- and
e R low-affinity components, corrected with the physiological
(5) secaling factor of 96.1 mg protein/g liver, was used as the in
— 10 g
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e
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vitro metabolic clearance (CL,,.; in¢ vicro)s 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 l/kg 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
Active hepatic uptake and passive diffusion cl on the si

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 45 + 2.9 ul/min/10° cells at 1 pM
pravastatin and 0.77 = 0.63 plV/min/10® cells at 100 pM prava-
statin (mean = S.D.). Using the physiological scaling factor of
1.2 % 10° cells/g liver, PS,.; ;o tuman 208 PSuic i human Were
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

dal membrane, biliary clearance on the canalicular membrane, and metabolic clearance were estimated

by bath in vitro and in vivo 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 Vive In Vitro In Vivo®
mliminig liver mliminlg liver

FS., 247" (32.8) 9.06* 3.7 0.448 1.66
PS¢ 0.192+* 0.192 1 0.0924 0.0924

ATP.dependent 00435 0.9067 (92.3) 21 0.00737° 0.154

Nonsaturable 0.234" 0.234/
Cliins 1.33" 1.7 0 0

0.793
(0.846, 80.3}

* Predicted by multiplying the in vitro purameter by the SF.
“ Yamazaki et al. (1993)

® Ishigami et al (1985).

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

“ Yamazaki et al (1997)

‘A.muned tlm lhc SF for PSyris 1.

b rat and human.

¥ Caleulated \mnl eq. 5.
* Calculnted using eq. 4



TABLE 2
Physiclogical and kinetic parameters for modeling in rats and humans
Rat Human
Physiological Parameters
Weight (gkgr
Liver 41.2 241
Extracellular space in liver 115 6.7
Brain 6.8 5.3
Lung 4.0 16.7
Muscle 488 429
Kidney 9.2 4.43
Blood flow rate® (mUmin/kg)
Liver 65.2 20.7
Brain 5.3 10.0
Lung 172 74.9
Muscle 30.0 10,7
Kidney 36.9 16.7
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 D.47F
Renal clearance (mUmin/kg) 1.5% 1.3
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*

“ The volume and blood flow rate in each tissue 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 tUssue gravity is 1 g/ml.

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

ies difference b rat and human
* Yamazaki et al. (1996c) and Lennernis and Fager (1997)
f Komai et al. (1992}
*E d from the b
et al, 1990)
% Obtained from the urinary excretion data for intravenous administration of 10
mpkg
'Smsim et :I (1990

ility (0.18) and hepatic availability (0.38) (Binghwi

partment analysis
i E.mumd by K, = fylfr.

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, = fi/fy, where f;; and f; represent the blood un-
bound fraction (=plasma unbound fraction/blood-to-plasma
concentration ratio) and the unbound fraction in the tissues,
respectively. It was assumed that there is no species difference
in fr 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,, PS,, PS,., 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,

10000 -
5% 1000 -
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Fig. 4. Simulated and observed liver concentration profiles for pravasta-
tin in rats after intravencus administration. Dashed and solid lines,
lated pl and liver ions, respectively. Open and closed
bals, exper lly observ and liver concentrations, re-
npﬂ:h\rely f:m:les 10 mg/kg; tnanxlu 200 mg/kg). Each point represents
the mean = SE. (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,.,, PSy,, 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 (P8, of the uptake
was used as the clearance for einusoidal 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,

10 4
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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.

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
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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 mode! with varying hepatic transport activities over

a 1/3. to 8-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 IT). 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 P5,r PSyi. PSyy

Clearance Plasma Liver Plasma Liver Plasma Liver
®x1 100 100 100 100 100 100
*1/3 271 68 143 256 83 103
*3 14 115 B4 38 146 92

, initial; —— — X1/8;- -+ -+ -+, x3)

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 serious 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).

_ﬁg_
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Fig. 8. Simple model to analyze the effects of changes in hepatic uptake
activity and intrinsic clearance on blood and liver concentrations, Indi-
cated are the hepatic blood flow (@,), renal clearance (CL,), valume (V),
concentration (C), unbound fraction (f), hepatic uptake clearance (PS ),
sinusoidal efflux clearance (PS,,), intrinsic clearance (CL, ), blood (b),
inlet (i), and liver (h).

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; Kp, tissue/blood partition coefficient; fj,
blood unbound fraction; f;, tissue unbound fraction; V,,, max-
imum transport velocity; K, half-saturation concentration
for transport; CLy, 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.

Subseripts. 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:

Va(dCadt) = QuulCri/Kpr: — Cs) — CLaC
Lung:
Viu(dCru/dt) = QurCrw/K,sr + @muCrnu/Kpmu + @rCr/Kyx
+ QuCrps — QuuCiv/K, 1y

Brain, muscle, kidney:
Vi{(dC/dt) = @(Cy — C/K,,)
Liver 1 to 5:
{1) rat (Vig/5)(dCyy/dt) = (Vi ine/5)feCuinid (Kminr + faChixs)
+ (PSg/6)feCuri — (PSyefB)fiCri — (Vg yine/5)frCril
(Kebite + fiCri) = (Ve saat/5)rCx/ (K g ot + frCr)
(2) human (Vg/6)0(dCy/dt) = (PS,.#/5)fsCrx
+ (PSudd)fuCuri — (PSud5)frCuy
— (PSu5)f1Cr — (Clue/5)frCr
Liver extracellular compartment 1:
(1) rat (Vig,/5)dCygy/dt) = Qu(Ca — Cuzi)
= (Vanine/5)feCred (Kninr + fCuirs)
~ (PSy/5)fsCuri + (PSue/5)frCiy
(2) human (Vg /5)(dCypy/dt) = Qu(Cy — Curl
= (PSne/5)fsCrri — (PSye/5)faChuxi
+ (PSyel5)fiCr + kuFoXan
Liver extracellular compartments 2 to 5:
(1) rat (Vigg/5)(dCyri/dt) = @u(Crri-1y — Cumi)
= (Vaiar/5)fsCtind (K ur + faCrims)
— (PSg(/5)faCrri + (PSy/5)frChy
(2) human (Vg /5)(dCye/dt) = @u(Crei-1y — Cux)
— (PSie/5)faCrmi — (PSy/5)faCrm + (PSa/5)fiCiu
Bile or gastrointestinal tract:
(1) rat Xype = 20V o/ 5)rCu/ (K pite + frCri))
(2) human Xg = Z(PSy/6)rCwi — (k,FalXg

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. FS,, PS,y 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
Vir 3 = QG =€)~ CL- G
dC,
VI'E = Qu(Cr— C) = fo-PSine- Ci + fr  PSur - Gy,

_?0_
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Fig. 9. I-:rr:.-;m 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 (-- =), and 16 (-- -+ -+ ) mU/min/kg.
dC, is maximal, that is, the renal blood flow (@,), eq. A2 can be
Vi at = fo PSinr* Ci = fu (PSer + CLlyny) + Ca converted to:

Integrating these equations gives:

Dose Fsmf'chm CL‘; T Qh C]-ﬁ- (A1)
e S fem— — e ——
fo-AUC, PSyq+ CLy, @ fo

Dose @ -CL, PS.y+ Cli
——— = CLyp + . )
UG et oL At AP O

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

. B A3)

fi-AUG,  ©Sw='PS,+ Clu ¢
Dose ]
(Ad)

R-AUG, - e

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

Dose PSu + Clan:
fi-AUG, - Clw*Q —70pg, (a8}
where
_ @@
Q .Ql + Qb -

When the hepatic uptake is the rate-limiting process, so
CL,.; = PS_y, eq. A5 can be converted to:

Dose

CL,.
" F-AUG, ) e

= an={_1 L

In accordance, the R value can be higher than CL,, by up
to Q x CL, Af, x PS,,. 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
egs. 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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Pilot Study of Data Collection System for Adverse Reactions of
Prescribed Medications using Hospital Information Systems

Masahiro Tohkin®, Mitsuo Saito, Akihiro Ishiguro® ', Shinji Mivake, Miwako Suzuki® B
Takao Orii*?, Ryuichi Hasegawa

We attempted to establish an efficient information data collection system for very low frequent
adverse drug reactions using a hospital information system. We collected the prescription data of all
patients treated with statins at the Kanto Hospital from the drug order system. At the same time, we
surveyed the laboratory data on rhabdomyolysis (creatine kinase) and kidney functions (creatinine
and blood and urine nitrogen) of all the patients from examination order system. Thereafter, we
collated the prescription data and the laboratory data to prepare a lime-series table of medications and
lahoratory data for each patient. We extracted patients who showed abnormal increase of the serum
creatine kinase from the time:series tables and analyzed the correlations between the increase in the
serum creatine kinase and the dosage, kidney functions. age, or gender, From these results, we
concluded that this information data collection system was useful for the post-marketing surveys of the

incidence of adverse reactions occurring at a very low frequency.

Keywords: adverse drug reactions, hospital information system, rhabdomyolysis, statin
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Table 1 Examples of prescription data, laboratory data, and time-series table

(A) Prescription data

(B) Laboratory data

¥ LA = 25mg | abedefgh 4/4 | 35 4/1 wxyzabed Cre 133
7 LA p—IVEE 25mg | bsdefghi 4/5 1 35 4/1 wxyzabed BUN 2200
| 7 LA b=k 25mg | cdefghijk 4/9 1 35 4/1 wxyzabed CK 47.00
LA =14 25mg | defhijkl 4/9 | 28 4/1 zabedefg Cre 047
sLA f“' =|f£{ 2.5"!3 efghiik!m 4/9 | 28 4/1 zabcdt‘fg BUN 17.80
¥ LA =42 25mg | fghijklmn 4/9 1 35 71 zabedelg CK 30.00
LA L._.'L,K; 2.5mg | ghijklmno 4/10 1 35 1 abedefgh Cre 099
LA F=1$E 25mg ﬁuk]mnﬂp 1/10 1 42 1 shodalih BUN 1150
7 WA b= 25mg | ijklmnopq 411 1 B8 1 abedefgh CK 1400
¥ LA =18 25mg | kimnopgr 4/11 1 35 pos bsdefghi Cre 140
7 LA b—4E 25mg | Imnopars 1/12 1 28 - — —- .
# VA k—NL4& 25mg | mnopqrst 4/15 1 36 41 bsdel_gh! BI\ Lol
2 LA =4 25mg | nopqrstu 4/15 2 60 i bsdelglllu o5 13',0,0
_7 ;;‘:i:;rl;_ﬁ'z‘iﬁmgl ”upqrstuv 4/15 1 35 /1 cdelghijk Cre 1.56
¥ LA b=V 25mg | parstuvw 4716 1 56 4 4/1 cdefghijk BUN 3040
y LA b—v8E 25mg | arstuvwx | 4/16 2 | 3 4/1 cdefghijk CK 477.00
7 LA b= 25mg | rstuvwxy 4/16 ] 56 4/1 defhijkl Cre 054
LA b=V 25mg | stuvwxyz 4/16 1 28 4/1 defhijkl BUN 7.50
2 LA F—EE 25mg | tuvwxyza 417 1 20 4/1 defhijkl CK 5800
7 LA =R 25mg | uvwxyzab 4/17 1 56 4/1 efghijkl Cre 0.80
7 LA =g 25mg | vwxyzabe 4/18 1 76 4/1 efghijkl BUN 20.50
(C) Time-series table of medications and laboratory data for each patient
/10 | 2/14 | 3/14 | 417 | 515 214 | 3/14
abedefgh i - I ! S o b e
5 28 28 28 28 0.69 0.70
1160 | 1500 |
1/16 3/6 6/12 1/16 36 6/12
; 1 1 1 164.00 | 14200 | 177.00
badelehi 5] o8| 98 056 | 058 | 06!
— ' B 1820 | 1490 | 1720
6/15 /5 | 1/5 | 213 | 213 | 413 | 6/15
cdetihiii | 157,00 | 15800 | 16700 r'suuf 35500 [ 19100
56| 083 083 0.7 087 0.86 0.90
2590 2650 18.90 1950 20,50 1530
1/9 1/9 2/13 /13 4/24 5/29
defhiikl 1 1 J 1 1 15200 1-18.?0 8000 | 14200 | 24700
35 28 42 H 28 200 234 1.90 201 211
4360 | 3630 | 3L10| 3700 ) 5170 |
/15 /15 o
1 1 1 132,00
| ‘sfehiikin 56 a0 497 104
14.80
272 . 22 | 528
Kb 11 7000 | 7300
- a0 ag ?‘l] 1.04
15.50 24.00
1/23 1/23 2:27 3/27 5/1
1 1 i1 I 1 Blank | 12200 | 15700 | 144.00
$Eikimno % 2 3 B | 067 | 068 070] 069

Blank 14.10 14.20 11.70

_?J:I -
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Fig. 2 Number of prescriptions for statins in the nation-wide
204 medical institutions
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DOFE, STROWMES B LN MEOUTILERCH
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Table 2 Number of patients showing high values of creatine kinase and kidney function

REMECE BHEER CKES = hiiodid S iE ey CK&THRnE
Crebf+» BUNER T RNy L

(A) (A) (%) (A) (%) (A) (%) (A) (%)

FLA b= 207 a 43 27 13 52 25.1 6 29
O—a— 73 3 41 9 41 13 178 0 00
UP2s:] 288 12 42 32 1 61 21 8 3
YE F—1 2118 71 34 244 12 512 2 13 2
UE 13- 431 10 23 37 y 96 22 4 1
AnOF v 9%9 17 18 a7 10 206 21 10 1
& Bt 4086 122 B 440 - a40 - 71 -
FE B - - 33 - 97 - 22 - 16

*  CKHfiA%B00 [U/LI Eost g
e o Creffidt12 mg dlLiL EoviR+ L6
T BUNMi#®20 mg/dLEL L @R+ BH
 CKLAEMD S HCrets L IXBUNS LI L Adi
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Table 3 Information of creatine kinase and kidney function, which are described in the package inserts of statins
# | EERARES CK Al 5 Crefili b4 BUN{#li_L#
- BLOMERE (KB - 16% 71/ ) ’
1 202 =0 Bl - HommEEE (KI2BF) : 1.6% (171/10380M wlL L

fl M A (2007421 MNEE) © 23% (201/8795()

2 |log—a—n

# 7k LR O RIS £ T RO IR 20024 2 F 2 Tt 15% (93/63688) | 0.1~3%%K | 0.1~5%KH

0.1%~20%

R WA Y I a—T =4 16% (323/20888%) NS e
5%ELE . :

y ' - /o &

VIVER= vy a—T1—4 6% (54/B9300) eezL (WETH
B8R (25~10mg/Bik%) 1 42% (42/100264)

5 | UHMA FIRIL KR (5~20mg/BHEY) 1 55% (29/53160) iRzl 0.1~5% %
M RAME (BUEREORE : 5~10mg/HIES) - 08% (65/81238)

6| arcaey [M1BEN 01%%R 1% KR

WAV Ea—74—4:05% (61/11137#)
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Fig. 3 Frequencies of patients showing high values of creatine
kinase and abnormal kidney function

Frequencies of patients who showed high values of creatine
kinase and abnormal kidney function are cited from this survey
results and from package insert of statins
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Table 4 Dosage of statins in patients showing high values of
creatine Kinase
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LA - S
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53 g S
p— Img 2mg dmg ERLiN
1 1 2 8
DY - Smg 10mg  20mg ER
19 14 1 7
B ’ )
s .'n.r.n, 10mg Aj
7 3 0
2ot i Smg 10mg 20mg  40mg A Hi"
2 4 1 1 9

RO A ARy B CR P % s LTt b, 427 0
EHECA Lo

M2 L7F=>fl (Cr) LMFRERE (BUN) %
gl L, Rifli (Cr>12 &5VIEBUN>20) HLE%ER
THRESBE TLABEN 2R LMELITNL L
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4, ER
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Table 5 Number of elderly patients showing high values of creatine kinase and abnormal kidney function

6okl L (Siaf)

EELEBIEE BEEH CKER* WREEERRE CK& W MiE
CreLf=x BUNL#H T AR &
(A) (A) (%) (A) (%) (A) (%) (A) (%)
7LA L= 70 4 57 18 257 29 414 3 43
e 12 1 24 2 48 9 214 0 00
UPLS-] 138 6 43 26 19 4 32 6 B
UE b= 1151 37 32 171 15 370 3z 3l 3
DL A 298 5 17 28 94 73 245 2 07
Anatv 620 10 16 78 13 165 27 7 1
& B 2319 63 - 323 - 690 = 49 =
Fo8 - = 29 = 144 - 292 = 22

*  CKfiliAD00 IU/LE Lon+iE

v Creffi2®12 mg/dLEL iR+ B 5

1 BUNiA20 mg/dLUL k@78

$ CKEREM®D S 5Cret L{IZBUNS LR LA1EM

Table 6 Number of patients showing high values of creatine kinase and abnormal kidney function in each gender

Uik

E#ELREL BEER CKL¥* o U R R CK&WREE
CrebHe* BUNE& T MR T

(A) (A) (%) (A) (%) (A) (%) (A) (%)

LR P—=N 106 7 B8 17 160 24 226 5 47
o—o— 42 2 48 2 48 7 167 0 00
U -; 186 ] 48 29 16 44 24 6 3
Ve R = 1355 55 41 189 14 326 24 30 2
1) HIHR 217 7 32 30 138 56 258 4 18
ArpF 468 10 21 67 14 108 23 5 1
& §F 2374 90 - 334 - 563 - 50 =
FoH - - 38 - 134 - 224 - 22

£

EELRTL BEEH CK.L¥-* TR GE B RN CK&WRiE
Crebfl== BUN.E# T B R

(A) (A) (%) (A) (%) (A) (%) (AN) (%)

yUR b= 101 H 20 10 99 28 277 1 10
g—a—n 3l 3 32 1 32 6 194 0 0.0
1) sie 102 I;‘i 29 3 3 17 17 2 2
DRSSP 763 3 21 55 7 186 24 13 2

1) HI5R 214 ot 14 7 33 40 187 ] 0.0
AOF 501 : 14 50 6 98 20 5 1
& B 1712 32 B 106 - 375 - 21 -

£ B - - 21 - 53 - 204 - 09

* CE#iA%500 IU/LE LoqT B8

o« Creffidil2 mg/dLEL Lo %

T BUN{#iA20 mg/dLELE@irT0E

3 CKEMGEM® S ECred L{IZBUNG LR LGERA
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Chapter 6

INVESTIGATION OF NEW MOLECULAR ENTITIES OF
DRUGS APPROVED IN THREE REGIONS,
JAPAN, USAND EU

Mitsuo Saito and Ryuichi Hasegawa
Division of Medicinal Safety Science, National Institute of Health Sciences,
Tokyo, Japan

ABSTRACT

The number of new molecular entities (NMEs) approved in 2006 was 20 in Japan, 24
in US and 25 in EU, respectively. Among 70 NMEs approved in both Japan and US
and/or EU during 2002 to 2006, 69 NMEs had been approved in US and 35 in EU by
2006, and there was only one common approval solely between Japan and EU. On the
other hand, 39 NMEs were solely approved in US and EU during this period. Among 109
NMEs approved in either two or three regions, the number of preceding NMEs was 3 in
Japan, 85 in US and 21 in EU.

1. INTRODUCTION

In order to promptly supply medicinal products that are needed in medical practice,
measures for improving the efficiency of the drug approval review system have been
undertaken. In the present study, in order to clarify the situation of drug approval, an
investigation was conducted for the circumstances of approval of medicinal products
containing a new molecular entity (NME) in 2006 in the three regions: Japan, the US and the
EU; and comparative analyses were also conducted for NMEs that were approved between
2002 and 2006.
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2. METHODS OF INVESTIGATING THE CIRCUMSTANCES OF
APPROVALS IN THE THREE REGIONS

For the approval situation in Japan, we investigated review reports obtained from the
website of the Pharmaceuticals and Medical Devices Agency (http:/www.
info.pmda.go.jp/shinyakw/shinyaku_index.html). Regarding the US, we extracted brand
names of NMEs from the FDA’s CDER Drug and Biologic Approval Reports (http:/
www.fda.gov/cder/rdmt/). We also examined approval history obtained from Drugs@FDA
{http:z‘;‘www.acccssdata.fda.govfscriptsfcderidrugsalFdafindex.cfm). For the EU, we extracted
brand names of NMEs through the Centralized Approval Process from the Community
Register ~of  medicinal  products (http://ec.curopa.ewenterprise/pharmaceuticals/
register/index.htm) provided by the European Commission, and investigated product
overview on target drugs from the EMEA’s EPARs for authorized medicinal products for
human use (http://www.emea.europa.ew/htms/human/epar/a.htm).

Table 1. NMEs approved in Japan, US and EU in 2006

Japan USs EU
Aripiprazole Sunitinib Daptomycin
Silodosin Ranolazine Human normal Ig
Letrozole Lubiprostone Galsulfase
Clopidogrel Anidulafungin Fentanyl
Follitropin Alfa Decitabine Pegaptanib
Cetrorelix Varenicline Rotigotine
Tolterodine Rasagiline Alglucosidase alpha
Sertraline Darunavir Tigecycline
Solifenacin Dasatinib Timolol
Gabapentin Avobenzone Parathyroid hormone
Mozavaptane Ecamsule Clofarabine
Temozolomide Octocrylene Rimonabant
Interferon Beta-la Posaconazole Entecavir
Entecavir Biskalcitrate Natalizumab
Bortezomib Vorinostat Sorafenib
Raopinirole Sitagliptin Sunitinib
Remifentanil Ciclesonide Dexrazoxane
Perflubutane Telbivudine Antithrombin alfa
Agalsidase Alfa Kunecatechins Sitaxentan
Laronidase Paliperidone Perflutren
Alglucosidase alfa Deferasirox
Ranibizumab Buprenorphine
Idursulfase Varenicline
Panitumumab Exenatide
Dasatinib
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