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ABSTRACT

Purpose To develop physiologically based pharmacokinetic
(PBPK) model to predict the pharmacokinetics and drug-drug
interactions (DDI) of pravastatin, using the in vitro transport
parameters.

Methods In vitro hepatic sinusoidal active uptake, passive dif-
fusion and canalicular efflux intrinsic clearance values were
determined using sandwich-culture human hepatocytes
(SCHH) model. PBPK modeling and simulations were imple-
mented in Simcyp (Sheffield, UK). DDI with OATPIBI inhib-
itors, cyclosporine, gemfibrozil and rifampin, was also simulated
using inhibition constant (Ki) values.

Results SCHH studies suggested active uptake, passive diffu-
sion and efflux intrinsic clearance values of 1.9, 0.5 and 1.2 ul/
min/10°cells, respectively, for pravastatin. PBPK model devel-
oped, using transport kinetics and scaling factors, adequately
described pravastatin oral plasma concentration-time profiles at
different doses (within 20% error). Model based prediction of
DDiIs with gemfibrozil and rifampin was similar to that ob-
served. However, pravastatin-cyclosporine DDI was underpre-
dicted (AUC ratio 4.4 Vs ~10). Static (R-value) model
predicted higher magnitude of DDI compared to the AUC ratio
predicted by the PBPK modeling.

Conclusions PBPK model of pravastatin, based on in vitro
transport parameters and scaling factors, was developed. The
approach described can be used to predict the pharmacokinet-
ics and DDls associated with hepatic uptake transporters.
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ABBREVIATIONS

AUC  area under the plasma concentration-time curve
BCRP  breast cancer resistance protein

Cmax  maximum plasma concentration

DDl drug-drug interaction

Fa fraction absorbed

fu fraction unbound

fUinc fraction unbound in the incubations

linmax  Maximum inhibitor concentration at the inlet to the
liver

Ki inhibition constant

MRP multidrug resistance-associated protein

OATP  organic anion transporting polypeptide

PBPK  physiologically based pharmacokinetic

PPE percentage prediction error

SCHH  sandwich cultured human hepatocyte

SF scaling factor

INTRODUCTION

The relationship between physiological parameters and the
body size or body weight lead to the wide application of
allometry to predict human pharmacokinetics utilizing the
preclinical animal data (1,2). However, due to noted inter-
species differences, especially in metabolizing enzymes and
drug transporters, many different approaches have been
proposed over the years to obtain improved predictions.
Unlike allometry and other empirical pharmacokinetic
models, physiologically based pharmacokinetic (PBPK)
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models provide mechanistic time-based profiles by integrat-
ing drug-dependent and human physiological-dependent
parameters, in the process of predicting human pharmaco-
kinetics (3,4). In addition to allowing for human pharmaco-
kinetics predictions at the discovery stage, PBPK modeling
1s also useful in early- and late-stage development to predict
drug exposure in situations including, drug-drug interac-
tions (DDIs), organ dysfunction, age and genetics (4—6).
US FDA recommends use of PBPK models to quantitatively
predict the magnitude of DDIs in various clinical situations;
furthermore, this approach may offer useful alternatives to
dedicated clinical studies (7).

Commercial softwares for whole body-PBPK include Gas-
troPlus, PK-Sim, Simcyp, etc (8—10). The Simcyp population-
based ADME simulator integrates interindividual variability
into PBPK modeling for the prediction of drug disposition
and DDIs in virtual populations. By combining information
on physiology, genetic and demography/ethnicity with n vitro
data, Simcyp performs extrapolation to  vivo situations and
virtual populations (9).

Hepatobiliary transport significantly contributes to the dis-
position of a wide variety of drugs, especially the low
permeable hydrophilic drugs typically categorised in biophar-
maceutics drug disposition classification system (BDDCS) class
III and IV (11,12). The organic anion transporting polypep-
tides (OATP, SLC214) are sodium-independent transporters
that facilitate transport of amphipathic organic compounds.
In liver, OATP1B1, OATP1B3 and OATP2BI are expressed
on the sinusoidal membrane of hepatocytes and facilitate
uptake of many clinically important anionic drugs, including
HMG-CoA reductase inhibitors (statins) (13—16). The signifi-
cance of these uptake transporters seems to be greatest for
hydrophilic statins, such as pravastatin and rosuvastatin (16).
Indeed, clinically relevant drug-drug interactions (DDIs) are
attributed to the inhibition of statin transport mediated by
members of the OATP family. For example, co-
administration of cyclosporine resulted in about a 6- to 10-
fold increase in the plasma levels of pravastatin and rosuvas-
tatin, although these statins are not appreciably metabolized
in humans (16). Furthermore, polymorphisms of SLCOIB1
(encoding OATPI1BI) may lead to low transporter activity
and may decrease the cholesterol lowering effect of statins
(eg. Pravastatin (17)), presumably due to decreased hepatic
drug exposure and concomitant increase in plasma concentra-
tions; which could increase relative peripheral tissue exposure
and the risk of muscle toxicity (18-20).

Biliary and renal clearance are the main elimination
pathways of pravastatin from the systemic circulation, with
each pathway contributing to roughly half of the total clear-
ance (16,21). The hepatic uptake of pravastatin is mainly
mediated by OATP1BI, and its biliary excretion is predom-
inantly mediated by multidrug resistance-associated protein
2 (MRP2) (16). The hepatobiliary disposition is primarily

defined by the sinusoidal active uptake, sinusoidal passive
diffusion and the canalicular efflux kinetics (22,23). While,
many i vitro and in siu tools have been established to
estimate the transport kinetics and to understand the hep-
atobiliary disposition of drugs, the applicability of the data
to predict human biliary disposition is not well established
(24). Due to polarisation of the hepatocytes, in vitro sandwich
cultured human hepatocyte (SCHH) model provides a bet-
ter tool to estimate the transporter kinetics, while keeping
intact the physiological features of the hepatocytes
(22,25-27). Recently whole body-PBPK models integrating
in vitro data from suspension hepatocytes or SCCH studies
has been reported, to simulate pharmacokinetics of pravas-
tatin and other OATP substrates (22,23). However, a com-
prehensive PBPK approach for predicting the transporter-
mediated DDIs is currently lacking.

The objective of the present study is to develop a whole-
body PBPK (Simcyp) model of pravastatin, utilizing the hep-
atobiliary transport (sinusoidal active uptake, passive diffusion
and canalicular efflux) intrinsic clearance values obtained
from SCHH studies. The PBPK model was used to simulate
the oral pharmacokinetics; and study the effect of changes in
hepatobiliary transport on the oral systemic exposure. Fur-
thermore, pharmacokinetic models of OATPIBI inhibitors,
cyclosporine, gemfibrozil and rifampin, were established in
order to predict DDIs of pravastatin induced by these drugs.

MATERIALS AND METHODS
Material

Pravastatin and rifamycin SV were purchased from Sigma
(St. Louis, MO). Media for hepatocyte culture including In
VitroGro-HT, In VitroGro-CP and In VitroGro-HI are pur-
chased from Celsis In Vitro Technologies (Baltimore, MD).
Hanks’ balanced salt solution (HBSS) and Williams’ medi-
um E were purchased from Invitrogen (Carlsbad, CA). Bio-
Coat 24-well plates and Matrigel were purchased from BD
Biosciences (Bedford, MA).

Transport Studies Using Sandwich-Culture Human
Hepatocyte Model

Cryopreserved human hepatocytes lots HU4168, RTM and
BD109 were purchased from CellzDirect (Pittsboro, NC,
USA), Celsis IVT (Baltimore, MD, USA) and BD BioScien-
ces (Woburn, MA, USA), respectively. In VitroGro-HT
(thawing), In VitroGro-CP (plating), and In VitroGro-HI (in-
cubation) media were supplemented with Torpedo Antibi-
otic Mix (Celsis IVT), according to the manufacturer’s
instructions. Cryopreserved hepatocytes were thawed and
plated as described previously (25). The hepatocyte plate-
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seeding density was 0.75 % 10° cells/mL for lots BD109 and
RTM and 0.85% 10° cells/mL for lot Hu4168. Pravastatin
(1 uM) was incubated in the presence or absence of rifamy-
cin SV (100 pM) and Ca®*/Mg®" and the initial uptake
rates were calculated from the slope between 0.5 to 1.5 min
(25,26). The efflux clearance values of pravastatin were
estimated, as previously described (22).

Samples were analyzed using HPLC (Hewlett Packard
G1310 1100 Series) followed by MS/MS (MDS Sciex API
4000). The mobile phase used to load the column (Dash
HTS Hypersil Gold 20%x2.1 mm 5 pm) was 2 mM ammo-
nium acetate in 90% methanol containing 0.027% formic
acid (v/v); elution was performed using 2 mM ammonium
acetate in 10% methanol containing 0.027% formic acid (v/0).
The mass:charge ratio (m/z) and collision energies (eV) for
pravastatin were m/z 4232101 -40 eV.

Pharmacokinetic Modeling and Simulations

Whole-body PBPK modeling and simulations of clinical
pharmacokinetics and the transporter-based drug interac-
tion were performed using population-based ADME simu-
lator, Simcyp (version 11.0, SImCYP Ltd, Sheffield, UK).
Each simulation was performed for 50 subjects (5 trials X 10
subjects). The virtual populations of healthy subjects had a
body weight of 70 kg, with age ranging from 18 to 65 years,
and included both sexes. Dose, dosing interval, and dosing
duration of pravastatin alone or co-dosing with cyclosporine,
gemfibrozil and rifampin in the simulation were similar to that
used in the reported clinical studies (21,28-31).

Pravastatin PBPK Model Development

An initial model of pravastatin was build using the physico-
chemical properties, i vitro preclinical data such as human
plasma unbound fraction (fu) and blood-to-plasma ratio, and
in viwo clinical pharmacokinetic parameters such as renal clear-
ance (Table I). Full-PBPK model using Rodger et al. method
(32,33) considering rapid equilibrium between blood and tis-
sues was adopted to obtain the distribution of pravastatin into
all organs, except liver. Permeability-limiting distribution was
considered for liver; where active uptake intrinsic clearance and
passive diffusion across the sinusoidal membrane and efflux
intrinsic clearance on the canalicular membrane, obtained
from SCHH studies, are incorporated to capture hepatobiliary
disposition. Pravastatin sinusoidal uptake is predominantly me-
diated by OATPI1BI, thus the active hepatic uptake clearance
was attributed completely to the OATP1BI1-mediated trans-
port (16). On the other hand, MRP2 was assumed to be solely
responsible for pravastatin canalicular efflux (16,23). Along
with the general input parameters, the transport intrinsic clear-
ance values, obtained from the SCHH studies, were used to
build the initial model. However, the plasma concentration-
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time profile of an intravenous dose (9.9 mg dose) was over-
predicted with the initial PBPK model (Fig. la). Therefore,
scaling factors for the OATP1B1- and MRP2-mediated trans-
port intrinsic clearances, which were initially assumed as one,
were estimated simultaneously by fitting the plasma
concentration-time profile of pravastatin in humans following
a single intravenous dosing of 9.9 mg to the initial model, while
fixing the rest of the parameters. Absorption phase in the model
was captured using first-order absorption rate kinetics (Ka=
1.25/h) and fraction absorption (Fa) of 0.47 (21), and with a lag
time of 15 min post dose, for all the oral doses.

Cyclosporine, Gemfibrozil and Rifampin Models
and Drug-Drug Interactions

Cyclosporine and gemfibrozil models were developed using
clinical first-order absorption rate, Fa and human total clear-
ance, with volume of distribution from PBPK model or clinical
reports (Table I). On the other hand, rifampin compound file is
available in the Simcyp compound library, and was directly
adopted (Table I). A lag time of 15 min for absorption was
applied for all the oral doses of all the three inhibitor drugs. The
reported  vitro inhibition constant (K;) values for cyclosporine-
induced OATP1BI inhibition range from 0.014-1.0 pM
(34-38). Therefore, these values were evaluated to estimate
the potential i vwo Ki. Cyclosporine also inhibits MRP2 with
Ki value of about 1.35 pM (39), which was used to capture the
change in pravastatin biliary excretion in the presence of cyclo-
sporine. Similarly, the reported u vitro K; values for gemfibrozil-
induced OATPIBI inhibition range from 2.5 to 35.8 uM
(36,40—43); and were evaluated to estimate the potential i viwo
Ki. In case of rifampin, the i vitro Ki values ranging between
0.41-3.1 uM (36,37,44—46), were evaluated for OATPIB1
inhibition. The simulated mean AUC values of pravastatin
co-administered with perpetrator or when dosed alone were
used to calculate AUC ratio.

Static (R-value) Model for Predicting Drug-Drug
Interactions

The degree of inhibition of uptake via OATP1B1 and thus the
magnitude of DDI is predicted by calculating the R-value
(7,14,47).

R =14 (fulym) /Ki (1)

where fu represents the protein unbound fraction of the
inhibitor in plasma, I, .« represents the maximum plasma
concentration of the inhibitor at the inlet to the liver. In case
of cyclosporine, whole-blood concentration-time profiles
were simulated, and the I, ;,.x was estimated from the ratio
of maximum blood concentration at the inlet and the blood-
to-plasma ratio (34). PBPK model predicted inhibitor
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Table I Summary of Input Parameters for Pravastatin, Cyclosporine, Gemfibrozil and Rifampin Used in the Simcyp Models
Parameters Pravastatin Source Cyclosporine Source Gemfibrozil Source Rifampin®
Physicochemical properties
Molecular weight (g/mol) ~ 424.5 ACD 1202.6 ACD 250.3 ACD 823
log P/Log D7 4 2.9/-0.9 ACD; (16) 2.8 ACD 4.3 ACD 3.28
Compound type Monoprotic acid Neutral Monoprotic acid Ampholyte
pKa 4.6 ACD - 4.75 ACD [.7and 7.9
Fraction unbound 0.47 (23,67) 0.068 (68) 0.03 69) 0.15
Blood/plasma ratio 0.56 (23,67) 1.36 (70) 0.825 69) 0.90
Absorption
Absorption type First-order First-order First-order First-order
Fraction absorbed 0.47 1) 0.86 (68) 1.0 (69) 1.0
Absorption rate 1.25 @1y 1.50 (49)° 3.0 (50,52)°  0.51
constant (1/h)
Caco-2 permeability 3.0 In-house data
(X107 cm/s)
Distribution
Distribution model Whole-body PBPK Whole-body PBPK Minimal PBPK Minimal PBPK
(Rodgers et al.) (Polin and Theil)
Vss (Lkg) - - (68,71)  0.13 (69) 033
Elimination
Total Clearance - 27.7 (V) 68,71y  7.12 (PO) 69) 7.0 (IV)

(IV/PO) (L)

Renal Clearance (L/h) 26.45 D)

Hepatobiliary transport

Liver unbound fraction 0.51 (23)

Passive diffusion 0.5 SCHH
(uL/min/10~Ccells)

Clintuptake 1.9 SCHH
(uL/min/10~%cells)

Scaling factor (uptake) 31 Estimated®

CLlnt,efﬂux 1.2 SCHH
(uL/min/10~%cells)

Scaling factor (efflux) 0.17 Estimated®

ACD, Calculated using Advanced Chemistry Development (ACD/Labs) Software V1 1.02. (Scifinder 2007.1)

P partition coefficient; pK,, acid dissociation constant; Vs, volume of distribution at steady state; IV, intravenous; PO, oral

“Rifampin input parameters were directly adopted from compound file “Sim-Rifampicin” of Simcyp compound library

® Estimated by compartment or non-compartment analysis of dlinical oral pharmacokinetics data using WinNonlin version 5.2

“Estimated by fitting to intravenous pharmacokinetics data. See “Materials and Methods”

maximum portal vein concentrations were used for L, ax.
When only IG5 value was reported, it was converted into a
Ki value assuming competitive inhibition (48).

RESULTS

In Vitro Hepatobiliary Transport

In vitro SCHH model was used to obtain the transport param-
eters for hepatobiliary disposition of pravastatin. Studies in the

presence and absence of rifamycin SV or calcium yielded
sinusoidal uptake, passive and efflux clearance values of 1.9,

0.5 and 1.2 pL/min/10°ells, respectively (Table I). Hepatic
uptake of pravastatin is majorly driven by active uptake mech-
anism, with about 4-fold higher active uptake clearance as
compared to passive diffusion. Pravastatin also showed signif-
icant canalicular secretion in SCHH studies, suggesting the
role of efflux transporters in the biliary excretion.

Pravastatin PBPK Model Development
The hepatic transport intrinsic clearance values along with the
other input parameters, listed in Table I, were used to build the

whole-body PBPK model for pravastatin. However, this initial
model overpredicted the plasma time-concentration profile
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Fig. | Pravastatin plasma concentration-time profiles following intravenous administration of 9.9 mg dose. (a) Simulations of PBPK model without and with
scaling factors for active hepatobiliary transport parameters. (b) Mean profile (solid line) of five trial simulations (dashed lines) and 95% confidence intervals
(dotted lines) simulated using final model. Data points represent observed values taken from (21).

following intravenous dose (Fig. 1a). Model fitting to the intra-
venous data yielded scaling factors for the hepatic sinusoidal
active uptake (SF,pie) and canalicular efflux (SFeg,y) of about
31 and 0.17, respectively, while the rest of the input parameters
remained as that of the initial model. Figure 1b shows the
simulations of five trials of pravastatin following intravenous
dosing, based on the final model. The predicted average intra-
venous clearance and the steady-state volume of distribution
were within 30% of the observed values.

Pravastatin Oral Pharmacokinetics and Sensitivity
Analysis

The final model best described the oral pravastatin plasma
concentration-time profiles. Figure 2 shows log-normal plots
of simulated and observed oral pharmacokinetics at four
different dose levels obtained from previously reported sepa-
rate clinical studies (21,28-31). The predictions are in agree-
ment with clinical observation, and confirm the validity of the
final model. Predicted mean AUC and Cmax values are
within 20% of the observed values (Table II).

Parameter sensitivity analysis was performed to assess the
mfluence of input parameters, including hepatic uptake and
efflux intrinsic clearances, and passive diffusion across the sinu-
soidal membrane on the pravastatin systemic exposure (Fig. 3).
Notably, hepatic uptake intrinsic clearance showed a predom-
mant effect, with about 4-fold higher AUC and Cmax when the
uptake clearance was lowered by an order of magnitude. How-
ever, AUC was sensitive to the hepatic efflux intrinsic clearance,
while its effect on the Cmax was only minimal. In contrary,
increase in passive diffusion resulted in increase of both the PK
parameters.

DDI Predictions with PBPK Model

Cyclosporine and gemfibrozil models were developed using
the input parameters listed in Table I. The predicted and
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observed plasma or blood time-concentration profiles for
both cyclosporine and gemfibrozil suggest that the systemic
exposure of both the perpetrator drugs was reasonably well
predicted by the current models (Fig. 4). Similarly, simula-
tion of rifampin model was comparable to the clinically
observed plasma profile. While, the mean observed
concentration-time profiles of these drugs are reasonably
consistent in separate clinical studies (49-52), predicted
and observed Cmax and AUC are within 20% error
(Table II).

A wide range of i vitro Ki values for OATP1IB1 inhibi-
tion are reported for cyclosporine (0.014-1.0 uM (34-38)),
gemfibrozil (2.5-35.8 uM (36,40—43)) and rifampin (0.41-
3.1 uM (36,37,44—46)). With the reported geometric mean
in vitro Ki values of cyclosporine (0.17 uM) and gemfibrozil
(11 uM), the PBPK model prediction of AUC change was
only about 2-fold and 1.2-fold, respectively, suggesting some
discrepancy between i vitro and in vivo inhibition potency
(Fig. 5). Therefore, sensitivity analysis of i vitro Ki was
performed to estimate the # vivo Ki, where the predicted
magnitude of DDI is similar to that observed in clinical
studies (53). With cyclosporine, the predicted AUC change
using the most potent reported Ki (0.014 uM (34)) was lower
than observed in separate clinical studies (28,31). Interest-
ingly, no further change in AUC ratio was noted when the
Ki of cyclosporine was further lowered (Fig. 5a); presumably
due to complete inhibition of hepatic active uptake process.

At 600 mg twice daily dose, cyclosporine, with
OATPIB1 and MRP2 inhibition potency (Ki) values of
0.014 uM (34) and 1.35 uM (39), respectively, increased
plasma exposure of pravastatin (10 mg dose) as compared
with control (Fig. 6a). However, the predicted increment in
the AUC was only 4.4-fold, in comparison to about 10-fold
change noted in the clinical studies (28,31). In case of
gemfibrozil DDI simulations, OATP1B1 Ki of 2.5 pM (42)
and 600 mg twice daily dose resulted in increased AUC and
Cmax of pravastatin (40 mg dose) to an extent (1.94-fold)
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Fig. 2 Pravastatin plasma concentration-time profiles following oral administration of (a) 10 mg, (b) 19.2 mg, (c) 40 mg and (d) 60 mg dose. Mean profile
(solid line) of five trial simulations (dashed lines) and 95% confidence intervals (dotted lines). Data points are observed mean values taken from a, 10 mg
dose (28); b, 19.2 mg dose (21); ¢, 40 mg (29,30); d, 60 mg (3 1). *Profiles of 60 mg dose were normalized to 10 mg, as represented in the original report.

Open and closed points represent data from separate studies.

similar to that observed in the clinic (2.02-fold (29)). Al-
though, the observed and predicted plasma time-
concentration profiles were reasonably similar up to 4 h post
dosing, the current model underpredicted the plasma exposure
at the later time points (Fig. 6b).

On the other hand, using the geometric mean i vitro Ki
(0.93 uM), PBPK model reasonably predicted the AUC
change with rifampin (Fig. 5¢). Furthermore, in the lower
range of i vitro Ki (0.41-0.7 uM), exposure change was well
predicted by the PBPK model. The clinical pravastatin-
rifampin DDI study with known exposure increase was
reported in healthy Chinese volunteers (54); and interestingly,

the pravastatin plasma exposure is relatively high (>4-fold) in
the Chinese control group compared to Caucasian subjects at
a similar dose (21). Due to the apparent ethnic differences
in the pravastatin pharmacokinetics, the simulated
concentration-time profile did not match with the observed
profiles (not shown).

DDI Predictions Using Static (R-value) Model
The R-value for the corresponding i vitro Ki values were

calculated, using the inhibitor free inlet maximum concentra-
tion (fu.li max), to assess the predictability of DDI and to

Table I Observed and Predicted

Pharmacokinetic Parameters of Pravastatin oral dose

Mean AUC (ng/mL.h)

Mean Cmax (ng/mL)

Pravastatin Following Oral Dosing

Observed Predicted PPE(%)* Observed Predicted PPE(%)*
b C d
28); (21 29.30) °G ). 10 mg* 266 317 19 5.7 12.9 18
Dose normalized to 10 mg as b
provided in the original report. 19.2 mg 662 728 10 274 272 !
*Percentage prediction error = 40 mg° 140.5 143.4 2 65.7 56.7 14
100x | (predicted-observed)/ 60 mg*¢ 26.2 317 21 13.7 12.9 6

observed |
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Fig. 3 Sensitivity analysis of hepatobiliary transport parameters on the oral pharmacokinetics of pravastatin. Simulated fold change from baseline in the AUC (solid
line) and Cmax (dash line) of pravastatin, following |0 mg oral dose, as a function of hepatic active uptake, canalicular efflux and sinusoidal passive diffusion.

compare with the mechanistic PBPK model predictions. I, max
was obtained from PBPK model predicted inhibitor portal vein
concentration profiles (Table III). In general, the R-values were
relatively higher than the PBPK model predicted AUC ratios
(Fig. 5). With cyclosporine i vivo Ki of 0.014 uM, which is used
in current PBPK modeling, the R-value overpredicted the DDI
magnitude. However, within the i vitro Ki range (0.014—
1.0 pM), R-value varied between ~30 and 1.5. Similarly, R-
value using gemfibrozil Ki of 2.5 pM indicated about 2.7-fold
exposure change; while the range of w wvitro Ki (2.5-11.2 pM)
values yielded R-value between 2.7 and 1.4 (Fig. 5b). Notably,
with geometric mean  vitro Ki value of cyclosporine (0.17 pM
(34-38)) and gemfibrozil (11 uM (36,40-43)), the pravastatin
exposure change was significantly underpredicted by the mech-
anistic PBPK and the static models. However, rifampin mean
Ki (0.93 uM (36,37,44—46)) resulted in overprediction of DDI
magnitude (Fig. 5c).

DISCUSSION

To establish a PBPK approach for pharmacokinetics and
DDI predictions of drugs with hepatic transporter-mediated
disposition, we used pravastatin as a model drug. The role
of drug transporters in pravastatin disposition is under-
scored by the fact that pravastatin is significantly eliminated
in bile (16,21,55). The hepatic sinusoidal uptake transporter,
OATPI1BI, and the canalicular efflux transporter, MPR2,
are the major transporters involved in the hepatobiliary
disposition of pravastatin in humans (16). In this study, we
characterized the hepatobiliary transport using SCHH
model and developed a whole-body PBPK model to de-
scribe the human oral pharmacokinetics and predict the
DDIs, thought to be associated with the transporter-
mediated hepatobiliary disposition.

Based on the intrinsic transport parameters obtained
using SCHH studies, active sinusoidal uptake and canalicu-
lar efflux, inhibitable by rifamycin SV, appears to be the
predominant processes determining the hepatobiliary dispo-
sition of pravastatin in humans. Furthermore, the passive
diffusion across the sinusoidal membrane is lower than the
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canalicular efflux intrinsic clearance, suggesting that the
pravastatin overall hepatobiliary transport is uptake rate-
limited (56). Therefore, permeability-limiting model was
used to capture the hepatobiliary disposition of pravastatin.

PBPK model directly using these i vitro transport param-
cters resulted in overprediction of pravastatin plasma con-
centrations, suggesting differences between i vitro and in vivo
transport kinetics. Therefore, empirical scaling factors for
the intrinsic clearances of active uptake (SFpre=31) and
the canalicular efflux (SF.;.=0.17), estimated based on
fitting to human intravenous pharmacokinetics, were incor-
porated in the PBPK model (Fig. 1). Previous PBPK
approaches incorporating five-compartment liver dispersion
model also suggest the need for empirical scaling factors for
hepatobiliary transport rates to predict human plasma
concentration-time profiles of several OATP substrates, in-
cluding pravastatin (22,23).

The apparent discrepancy in the m vitro - in vivo extrapola-
tion of active transport kinetics, and the compulsion for scaling
factors, could be due to (1) differences in transporter abun-
dance in the @ vitro (SCHH) experimental and the i viwo
systems, as exemplified by about 5-fold up-regulation of
MRP?2 protein in SCHH (26); (2) possible functional activity
differences between the two systems; and (3) potential active
uptake of pravastatin into other tissues, which was not consid-
ered in the current model. For example, it is believed that
OATP2B1 mediate uptake of statins into skeletal muscles (57),
and may contribute to the drug distribution. With the current
modelling approach, several possible combinations of sinusoi-
dal passive diffusion and active transport rates may recover
the pravastatin pharmacokinetic parameters observed in the
clinic (22). However, passive diffusion is generally believed to
be scaled accurately from i vitro to in vivo, presumably due to
the lack of dependence on processes that could be influenced
by culturing. Enterohepatic circulation may possibly influence
the systemic exposure of pravastatin, however, the current
model did not capture the processes due to the lack of defin-
itive information on the input parameters (eg. % reabsorbed).
Furthermore, a larger SFpaie is required to recover the
plasma-time profiles of pravastatin when enetrohepatic recir-
culation is considered. Overall, further understanding in these
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Fig. 4 (a) Cyclosporine blood concentration-time profiles, (b) Gemfibro-
zil plasma concentration-time profiles and (c¢) Rifampin plasma
concentration-time profiles, following oral administration of 600 mg dose.
Mean profile (solid line) of five trials (dashed lines) were simulated using
models build. Mean observed values were taken from separate studies and
normalized to 600 mg dose, assuming linear pharmacokinetics (49-52,66).
Open and closed points represent data from separate studies.

areas is needed to justfy the scaling factors and further vali-
date or refine the current model. Nonetheless, the current
PBPK model adequately described the mean pravastatin plas-
ma concentration-time profiles following oral administration,
within 20% error, at different dose levels (Fig. 2; Table II).

We examined the sensitivity of systemic exposure to the
changes in hepatic uptake and efflux intrinsic clearances and
the sinusoidal passive diffusion (Fig. 3). Simulations indicat-
ed that the systemic Cmax and AUC are most sensitive to
changes in hepatic uptake kinetics, suggesting significant
contribution of uptake transporters to the distribution and
clearance of pravastatin. However, changes in efflux trans-
port clearance has a minor effect on the systemic Cmax,
while the systemic AUC seems to be influenced; although to
a lesser degree than that noted with the change in uptake
clearance. This relatively less sensitivity on systemic Cmax
indicate minimal role of biliary efflux transport on the initial
distribution. In contrary, increase in passive diffusion across
the sinusoidal membrane increased both AUC and Cmax.
Collectively, the significant effect of active uptake and passive
diffusion suggest that transport across sinusoidal membrane is
rate-limiting for pravastatin disposition (16,36).

Multiple drug therapy increases the risk of DDI. For
example, patients with an organ transplant taking statins
and cyclosporine are at increased risk for rhabdomyoly-
sis, due to altered systemic and tissue exposure of statins
(58). Gemfibrozil and rifampin also markedly raised the
plasma concentrations of several OATPIBI1 substrate
drugs, such as atorvastatin, cerivastatin, lovastatin, pra-
vastatin, rosuvastatin, repaglinide and simvastatin acid
(59). Although inhibition of CYP3A4, CYP2C8 and
transporters other than OATPs may explain some inter-
actions with cyclosporine and gemfibrozil, it is now be-
yond doubt that inhibition of OATPs-mediated hepatic
uptake, at least in part, contributes to the clinically
observed DDIs (59). In order to predict the DDIs, it is
important to build pharmacokinetic models for the per-
petrator drugs that are co-dosed (3,7). Here, we estab-
lished models for cyclosporine, gemfibrozil and rifampin,
which adequately described their plasma concentration-
time profiles following oral dosing (Fig. 4, Table III).

The average magnitude of interaction between pravastatin
and cyclosporine was underpredicted, although most potent
value (0.014 pM (34)) for OATPI1BI inhibition was used for
modelling the DDI. Furthermore, at geometric mean
(0.17 pM) of the reported n vitro Ki, the AUC ratio predicted
by PBPK modelling was only about 2-fold. The underpredic-
tion may suggest that cyclosporine is a more potent inhibitor i
viwo than i vitro. However, further decrease in the cyclosporine
Ki (below 0.014 uM) did not recover the AUC ratio observed
in the clinic (Fig. 5a). One plausible explanation for the DDI
underprediction is the potential inhibition of the intestinal
MRP2-mediated efflux by cyclosporine, leading to increased
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Fig. 5 Sensitivity analysis of cyclosporine, gemfibrozil and rifampin inhibition constant on the magnitude of drug-drug interaction of pravastatin, by PBPK and
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represent mean observed AUC ratio in clinical studies (28,29,31,54).

oral exposure of pravastatin. Alternatively, cyclosporine may
have reduced pravastatin renal clearance, which accounts for
almost 50% of its total systemic clearance. However, no i vitro
evidence of renal secretory transport inhibition or clinical
evidence of renal clearance reduction of pravastatin, by cyclo-
sporine, was reported. Pharmacogenomic studies demonstrat-
ed that increased expression or activity in ABCC2 (MRP?2)
could lead to about 70% decrease in pravastatin oral bioavail-
ability, suggesting the role of MPR2 in the intestinal absorp-
tion of pravastatin (60). Analogously, the ABCG2 (BCRP)
polymorphism significantly affected the pharmacokinetics of
atorvastatin and rosuvastatin, presumably due to altered intes-
tinal BCRP efflux activity (61). Although speculative, a possible
2-fold increase in Fa due to intestinal MRP2 inhibition by
cyclosporine (IC50 2.7 pM (39)), could bridge the differences

@ Springer

between the PBPK model predicted and the clinically observed
AUC ratios (Fig. 7).

The significant contribution of increased intestinal absorp-
tion to the observed pravastatin-cyclosporine DDI is further
substantiated by the clinical pharmacokinetic pattern of the
changes in pravastatin Cmax and AUC (increase), but no
change in the elimination half-life (28,31). As depicted with
the simulated profiles (Fig. 6a), inhibition of only hepatobiliary
transport by cyclosporine not only increases Cmax and AUC,
but also considerably shorten the half-life, due to reduced
volume of distribution. While cyclosporine inhibits a wide
variety of efflux transporters along with MRP2; at the clini-
cally relevant concentrations (39), the current PBPK model
only captured MRP2-mediated hepatic efflux but not the
intestinal efflux. In addition, it is believed that OATP2BI-
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Fig. 6 Simulation of pravastatin drug-drug interaction with cyclosporine and
gemfibrozil 600 mg dose. Pravastatin oral mean plasma time-concentration
curves when dosed alone or in combination with (@) cyclosporine 600 mg
and with (b) gemfibrozil 600 mg. The Ki of cyclosporine and gemfibrozil for
OATPIBI inhibition used for simulations were 0.014 uM and 2.5 uM,
respectively. Data points represent mean observed plasma time-
concentration profiles of pravastatin when dosed alone (circles) and in the
presence of perpetrator (diamonds). Observed data were taken from
(28,29,31). Open and dosed points represent data from separate studies.

mediated uptake is responsible for the intestinal absorption of
several statins, including pravastatin (62). Potential inhibition

of both OATP2B1 and MRP2 by cyclosporine may cause
differential absorption kinetics, and obscure the DDI findings.
Additional mechanistic studies using specific transporter inhib-
itors are required to delineate the contribution of intestine and
liver transporters to pravastatin disposition, in order to im-
prove the DDI predictions. Alternatively, intravenous dosing
of cyclosporine in DDI studies may result in interactions asso-
ciated only with liver transporters, and thus can provide quan-
titative information on the functional involvement of intestine
and liver. Eventually, complex models will be required to
integrate these additional transporter kinetics in the intestine.
Overall, our PBPK modelling suggest that the clinically ob-
served magnitude of pravastatin-cyclosporine interaction is
only partially associated with the inhibition of OATP1BI.

The average magnitude of interaction between pravastatin
and gemfibrozil was well predicted, with the observed and
predicted Cmax and AUC values within 20%, suggesting
vwo Ki of 2.5 pM for OATPIBI inhibition by gemfibrozil.
However, mean plasma concentrations at the later time points
were underpredicted by the PBPK model, especially in the
gemfibrozil treatment cohort. Similar to observed pravastatin-
cyclosporine DDI| the half-life of pravastatin did not change
in healthy volunteers co-dosed with gemfibrozil (29), suggest-
ing contribution of non-OATPIBI disposition processes, at
least in part, to the pravastatin-gemfibrozil DDI. Notably,
renal clearance of pravastatin was found to be reduced by
about 40% when dosed with gemfibrozil (29). While, pravas-
tatin 1s thought to be renally secreted via OAT3, gemfibrozil
and its major metabolite gemfibrozil-1-O-B-glucuronide in-
hibit OAT3-mediated pravastatin transport i viro with inhi-
bition potency in the clinically relevant concentration range
(63). Gemfibrozil-1-O--glucuronide also inhibit OATP1B1
(41) and therefore, persistent inhibition of OATPI1BI1, as well
as OATS3, by the metabolite may account partially for the
DDI. Extrapolation of the metabolite exposures and incorpo-
ration of complex model components for renal secretion may
be needed to recover the later part of the plasma
concentration-time profile. Nevertheless, the current PBPK
model provided good quantitative predictions of the
pravastatin-gemfibrozil DDL

Table Il Observed and Predicted Pharmacokinetic Parameters of Cyclosporine, Gemfibrozil and Rifampin Following Oral Dosing

Inhibitor (oral dose) Mean AUC (ng/mL.h) Mean Cmax (ng/mL) inmax (UM) A
Observed Predicted PPE(%)* Observed Predicted PPE(%)*

Cyclosporine (600 mg) “* | 1874+ 13593 14 3885* 3463 I 7.8

Gemifibrozil (600 mg)® 105000 99234 5 39500 37249 6 148.1

Rifampin (600 mg)* 52260 57405 10 10390 9694 7 12.4

2(49,51); ®(52); ©(66). * Dose normalized to 600 mg. *Percentage prediction error = 100x| (predicted-observed)/observed|
A max represent the PBPK model predicted inhibitor maximum portal vein concentration
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Fig. 7 Simulation of pravastatin drug-drug interaction with cyclosporine
600 mg dose, assuming a 2-fold increase in pravastatin Fa in the presence
of cyclosporine. Pravastatin oral mean plasma time-concentration profiles
when dosed alone (solid line) or in combination with cyclosporine 600 mg
(dashed line). The Ki of cyclosporine for OATPIBI inhibition used for
simulations was 0.014 uM. Open and closed points represent mean
observed plasma time-concentration profiles of pravastatin taken from
Hedman et al. (28) and Park et al. (3 1).

A wide range of in vitro Ki values, for OATP1B1 inhibition,
by cyclosporine (0.014-1.0 uM) and gemfibrozil (2.5—
35.8 uM) are reported (34—38,40—43). Based on the sensitivity
analysis, we estimated the i vwo Ki for the cyclosporine and
gemfibrozil, because prediction of AUC changes using mean
i vitro Ki values resulted in underprediction of DDIs with both
the PBPK and static models. The current PBPK model sug-
gested the i viwo Ki of cyclosporine, gemfibrozil and rifampin
as 0.014 uM, 2.5 pM and 0.41-0.6 pM, respectively, which
are essentially the most potent  vitro Ki values reported.
Although, with cyclosporine the PBPK model underpredicted
the pravastatin DDI, we note that this estimated i viwo Ki
reasonably predicted DDI of other drugs with predominant
hepatobiliary disposition (manuscript under preparation).
The discrepancies between i vitro and in vivo Ki demand for
careful considerations, not only for quantitative DDI assess-
ment, but also to avoid false negative predictions.

Notably, reported geometric mean m vitro Ki values were
about 12-fold and 4.5-fold greater than the estimated i viwo Ki
for cyclosporine and gemfibrozil, respectively. This trend is
consistent with the CYP-mediated DDIs, where relatively
large differences were noted between the  vitro and i viwvo
Ki values for lipophilic inhibitors (cLogP >1) (53). The wide
spread of reported i vitro Ki values and the disparity from the
i vivo Ki might be due to different experimental conditions
used and the extensive binding of these inhibitor drugs to the
i vitro cell systems. The current PBPK approach may be used
for estimating the 2 viwo Ki values for the inhibitors, when the
clinical DDI data is available. However, challenges arise when
attempting predictions for development candidate - to be
tested as perpetrator. The unbound inhibition constant value
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(Kiunbouna = m vitro Ki . fuy,,) provides an estimate of inhibition
potency that is independent of non-specific binding to the
vitro system. Thus, the correction of the i wviro Ki for the
fraction unbound in the incubations (fuy,.) may improve the
DDI predictions. Apparent quantitative relationship between
the microsomal or hepatocyte binding and the drug lipophi-
licity has been demonstrated (64,65), which may be useful to
correct the i vitro Ki (53). It 1s likely that lipophilic drugs such
as cyclosporine and gemfibrozil show fu;,. much smaller than
unity in the cell-based experimental systems, resulting in a
Kiupouna lower than the i vitro Ki. However, additional
studies are necessary to evaluate if the i vitro Ki corrected
for the fuy,. yield values similar to the i vwo Ki, estimated
utilizing PBPK approach.

Prediction of transporter-mediated DDI based on static (R-
value) model has been often used; and has been recommended
by US FDA (7,14,47). Using the i vivo Ki values and L, max,
we noted that the R-value predicted higher magnitude of DDI
compared to the AUC ratio predicted by the PBPK modeling
(Fig. 6). This is not surprising given the fact that static model
only captures the maximum plasma concentration of the
perpetrator, while the PBPK modeling accounts for temporal
change in the perpetrator plasma concentration. Static model
may be useful to avoid false negative predictions, but often
yield false positive predictions. Overall, this study accentuates
the need for adopting PBPK approaches over conventional
methods for quantitative prediction of the transporter-
mediated DDIs.

CONCLUSIONS

In conclusion, a PBPK model for predicting transporter-
mediated disposition and DDIs of pravastatin was developed
using i vitro transport kinetics and the scaling factors obtained
by fitting to intravenous plasma concentration-time profile.
While intravenous pharmacokinetic data was used in the
current model to estimate transport scaling factors, we note
that similar values for the scaling factors may also be obtained
from the oral pharmacokinetic profiles (not shown). DDI
prediction using i vitro Ki values for OATPI1BI inhibition
resulted in misprediction with both the static and PBPK
models, suggesting apparent discrepancies between i vitro
and m vwo Ki. The use of i viwo Ki values and the current
PBPK model yielded improved DDI predictions compared to
the static model. Based on this study, we infer that inhibition
of transporter-mediated hepatobiliary disposition do not com-
pletely explain the pravastatin AUC change observed with
cyclosporine concomitant dosing. However, it is apparent that
the DDIs with gemfibrozil and rifampin are predominantly
associated with hepatic active uptake inhibition. While this
study point towards certain limitations and knowledge gaps,
the approach described can help establish reliable dynamic
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models for pharmacokinetic and DDI predictions of drugs

undergoing transporter-mediated hepatobiliary disposition.
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