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ABSTRACT
Purpose Quantitative prediction of complex drug-drug interac-
tions (DDIs) is challenging. Repaglinide is mainly metabolized by
cytochrome-P-450 (CYP)2C8 and CYP3A4, and is also a substrate
of organic anion transporting polypeptide (OATP)1B1. The pur-
pose is to develop a physiologically based pharmacokinetic (PBPK)
model to predict the pharmacokinetics and DDIs of repaglinide.
Methods In vitro hepatic transport of repaglinide, gemfibrozil
and gemfibrozil 1-O-β-glucuronide was characterized using
sandwich-culture human hepatocytes. A PBPK model, imple-
mented in Simcyp (Sheffield, UK), was developed utilizing in
vitro transport and metabolic clearance data.
Results In vitro studies suggested significant active hepatic up-
take of repaglinide. Mechanistic model adequately described
repaglinide pharmacokinetics, and successfully predicted DDIs
with several OATP1B1 and CYP3A4 inhibitors (<10% error).
Furthermore, repaglinide-gemfibrozil interaction at therapeutic
dose was closely predicted using in vitro fraction metabolism for
CYP2C8 (0.71), when primarily considering reversible inhibi-
tion of OATP1B1 and mechanism-based inactivation of
CYP2C8 by gemfibrozil and gemfibrozil 1-O-β-glucuronide.
Conclusions This study demonstrated that hepatic uptake is
rate-determining in the systemic clearance of repaglinide. The
model quantitatively predicted several repaglinide DDIs, includ-
ing the complex interactions with gemfibrozil. Both OATP1B1
and CYP2C8 inhibition contribute significantly to repaglinide-
gemfibrozil interaction, and need to be considered for quanti-
tative rationalization of DDIs with either drug.
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INTRODUCTION

Serious side-effects caused by drug-drug interactions (DDIs)
could be unmanageable in clinic and may lead to market
withdrawals. For example, cerivastatin was withdrawn be-
cause of higher incidences of rhabdomyolysis in the patients
concomitantly dosed with gemfibrozil (1). Consequently, the
ability to predict DDIs early in drug development is essential
to minimize the clinical risks associated with drug interac-
tions. Confidence in the prediction of DDIs for drugs
cleared via cytochrome-P-450 (CYP) enzymes is generally
high (2,3). However, approaches for the quantitative predic-
tion of transporter-based DDIs are not well established. In
addition, significant challenges arise in the evaluation and/
or prediction of complex drug interactions caused by inhib-
itor drugs that affect both transporter- and enzyme-
mediated disposition (4,5). The US Food and Drug
Administration (USFDA) and European Medicines Agency
(EMA) recently issued draft guidance for pharmaceutical
industry, which provided recommendations for the in vitro
and in vivo evaluation of transporter- and enzyme-based
DDI (6–8). Furthermore, regulators suggest use of mecha-
nistic physiologically-based pharmacokinetic (PBPK) mod-
eling to quantitatively predict the magnitude of DDIs in
various clinical situations (7,9).

Repaglinide, an oral anti-diabetic agent (10), is majorly
metabolized by CYP2C8 and CYP3A4, and is also a sub-
strate to hepatic uptake transporter, organic anion trans-
porter polypeptide (OATP)1B1 (5,11–13). Oxidative
biotransformation of repaglinide by both CYP2C8 and
CYP3A4 has been reported in vitro (11–13), but their relative
contribution in vivo is unclear. On the basis of recent clinical
DDIs studies, an apparent in vitro-in vivo disconnect in the
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fraction metabolism of the two CYPs has been suggested
(14,15). Pharmacogenomic studies demonstrated an associ-
ation between repaglinide exposure and genetic polymor-
phisms in SLCO1B1 and CYP2C8 (16,17), indicating the
significance of both mechanisms in determining the systemic
clearance of repaglinide. However, the relative importance
of hepatic uptake and metabolism in its hepatic elimination
in vivo is not well understood.

Repaglinide show significant DDIs with several inhibito-
ry drugs (18). Notably, gemfibrozil caused up to 8.3-fold
increase in the area under the plasma concentration-time
curve (AUC) of repaglinide (14). Gemfibrozil dosing leads to
CYP2C8 inhibition in vivo, which is thought to be mainly
due to mechanism-based inactivation of CYP2C8 by its
major circulating metabolite, gemfibrozil 1-O-β-glucuronide
(19). In vitro, both parent and metabolite also inhibit
OATP1B1, and weakly inhibit CYP3A4 (20,21). In general,
the phenomena observed in vivo suggest the repaglinide-
gemfibrozil interaction could be a complex DDI involving
inhibition of multiple processes caused by both gemfibrozil
and gemfibrozil 1-O-β-glucuronide; and would be challeng-
ing to quantitatively predict using static models (4,5,14,15).
The aim of this work was to develop a comprehensive
mechanistic (whole-body PBPK) model of repaglinide, uti-
lizing the hepatic transport (sinusoidal active uptake, passive
diffusion and canalicular efflux) and metabolic intrinsic
clearance values obtained from in vitro studies. The mecha-
nistic model was used to simulate the plasma concentration-
time profiles and further assess the transporter- and/or
enzyme-mediated clinical DDIs of repaglinide.

MATERIALS AND METHODS

Materials

Cryopreserved human hepatocytes lot BD310 was pur-
chased from BD Biosciences (Woburn, MA, USA).
Gemfibrozil and rifamycin SV were purchased from
Sigma (St. Louis, MO). Gemfibrozil 1-O-β-glucuronide
was purchased from Toronto Research Chemicals Inc.
(Ontario, Canada). Media for hepatocyte culture including
In VitroGro-HT (thawing), In VitroGro-CP (plating) and In
VitroGro-HI (incubation) supplemented with Torpedo
Antibiotic Mix were from Celsis In Vitro Technologies
(Baltimore, MD). BioCoat 24-well plates and Matrigel were
procured from BD Biosciences (Bedford, MA).

Transport Studies Using Sandwich Culture Human
Hepatocyte (SCHH) Model

Cryopreserved hepatocytes were thawed and plated with cell
density of 0.75×106 cells/mL as described previously (22). For

hepatic uptake study in SCHH, the hepatocytes were pre-
incubated for 10 min in the absence or presence of 100 μM
rifamycin SV in Hanks’ balanced salt solution (HBSS) or with
Ca2+/Mg2+ free HBSS, at 37°C. After aspirating the pre-
incubation buffer, the hepatic uptake was initiated by adding
0.5 mL of incubation buffer containing substrates (1 μmol/L)
with and without rifamycin SV. The uptake was terminated at
a designated time by adding 0.5 mL of ice cold HBSS buffer
after removal of the incubation buffer. The substrates were
extracted by methanol containing internal standard for LC-
MS/MS quantification. The hepatic uptake rates were calcu-
lated from the linear regression of the initial time points.

Analysis of samples were conducted by LC-MS/MS on
an API-4000 triple quadrupole mass spectrometer (Applied
Biosystem, Foster City, CA), with atmospheric pressure
electrospray ionization source (MDS-SCIEX, Concord,
Ontario, Canada). Samples (10 μL) were injected onto a
Aquasil-C18 column (2.1×30 mm, 3.0 μ; Thermo Fisher
Scientific) and eluted by a mobile phase with initial condi-
tions of 5% solvent B, followed by a linear gradient of 5%
solvent B to 30% solvent B over 5 min (solvent A: 100%
water with 0.1% formic acid; solvent B: 100% acetonitrile
with 0.1% formic acid) at a flow rate of 0.4 mL/min.

Pharmacokinetic Modeling and Simulations

Whole-body PBPK modeling and simulations of clinical
pharmacokinetics and drug-drug interactions were per-
formed using the population-based ADME simulator,
Simcyp (version 11.0, SimCYP Ltd, Sheffield, UK). Each
simulation was performed for 50 subjects (5 trials×10 sub-
jects). 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 du-
ration of repaglinide in control and treatment cohorts is
identical to that reported in individual clinical studies.

Repaglinide Model Development

Repaglinide model was built using the physicochemical prop-
erties, in vitro preclinical data such as human plasma fu, blood-
to-plasma ratio, metabolic intrinsic clearance values, etc.
(Table I). Full-PBPK model using Rodgers et al. method
(23,24) considering rapid equilibrium between blood and
tissues was adopted to obtain the distribution of repaglinide
into all organs, except liver. Permeability-limiting distribution
of repaglinide into liver was considered, for which, sinusoidal
active uptake intrinsic clearance and passive diffusion
obtained from SCHH studies, were incorporated to capture
hepatic disposition (Supplementary Material Figure S1). A
scaling factor for the active uptake intrinsic clearance, which
was initially assumed as one, was estimated by optimizing using
intravenous plasma concentration-time profile, while fixing the
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rest of the parameters (25,26). Absorption phase in the model
was captured by advanced dissolution, absorption and metab-
olism (ADAM) model using Caco-2 permeability data.

Inhibitor Drug Models

A perfusion-limited model of gemfibrozil was developed
using clinical first-order absorption rate, Fa, volume of
distribution and total clearance (Table II). About 79% of
the gemfibrozil is metabolized by UGTs to form gemfibrozil
1-O-β-glucuronide in vitro, while the rest undergoes oxidative
metabolism by CYP3A4 (27). Lag-time of 15 min was con-
sidered for oral absorption (25). A model for gemfibrozil 1-
O-β-glucuronide was build based on metabolite formation
rate from gemfibrozil (fm 0.79), fu and blood/plasma ratio.

Due to the lack of data, the Vss (0.1 L/h) and biliary
intrinsic clearance (3.8 μL/min/106cells) for the metabolite
were estimated (assuming complete elimination via bile), by
“retrograde” fitting to the observed plasma concentration-
time profile assuming perfusion-limited disposition. Input
parameters for cyclosporine were previously reported (25).
Models for clarithromycin, ketoconazole and itraconazole
are available in the Simcyp compound library, and were
directly adopted (input parameters, Table II).

RESULTS

In Vitro Hepatobiliary Transport

SCHH studies in the absence and presence of rifamycin SV or
calcium yielded intrinsic clearance (CLint) values for sinusoidal
active uptake (CLint,active), passive diffusion (CLpd) and cana-
licular efflux (CLint,efflux) of 37±8.1, 24±6.4 and 0.1±0
μl/min/106cells, respectively (Table I). The higher uptake
clearance (CLint,uptake0CLint,active+CLpd), as compared to
passive diffusion suggest need for a permeability-limited mod-
el to capture hepatic disposition of repaglinide (25,26,28).

Repaglinide Pharmacokinetics

Considering permeability-limited hepatic disposition, in vitro
intrinsic clearance values of hepatic transport and metabo-
lism along with other input parameters (listed in Table I),
were used to build the whole-body PBPK (Simcyp) model
for repaglinide (Supplementary Material Figure S1). The
human liver microsomal intrinsic clearance (CLint,met) and
the fraction metabolism contribution of CYP2C8 to the
total metabolic clearance (fmCYP2C8) used in the model are
131 μl/min/mg-microsomal protein and 0.71, respectively
(12,29). However, PBPK model with these initial parameters
overpredicted the intravenous plasma concentration-time
profile (Figure 1). Interestingly, repaglinide plasma exposure
was found to be relatively less sensitive to changes inmetabolic
clearance. Accordingly, alteration of the CLint,met by as much
as 100-fold did not recover the observed intravenous pharma-
cokinetic profile (Supplementary Material Figure S2).
Overall, the simulations with the initial parameters suggest
an apparent in vitro–in vivo disconnect in the hepatic uptake
rate. Therefore, an empirical scaling factor was applied for the
hepatic sinusoidal active uptake (SFactive – 16.9), which was
obtained by fitting the model to the intravenous data (25,26),
while fixing the other input parameters, (Figure 1). Depending
on the experimental systems applied, wide range of estimates
for the microsomal CLint were reported (11–13,29). In sensi-
tivity analysis of CLint,met, the estimated SFactive was found to be
about 12 and 32 when the CLint,met was altered to 393 (3X) and
39.3 μl/min/mg (0.3X), respectively.

Table I Summary of Input Parameters for Repaglinide PBPK Model

Parameters Repaglinide Source

Physicochemical properties

Molecular weight (g/mol) 452.6 ACD

log P 4.87 ACD

Compound type Ampholyte ACD

pKa 4.19 & 5.78 ACD

Fraction unbound 0.015 (53)

Blood/plasma ratio 0.62 (12)

Absorption

Absorption type ADAM

Fraction absorbed >0.95 (54)

Caco-2 permeability
(×10–6cm/s)

26.1 In-house data

Absorption Scalar 1.873 In-house data

fuGut 1 Assumed

Distribution

Distribution model Whole-body PBPK (Rodgers et al.)
(23,24)

Elimination

Clint, met (μL/min/mg) 131 (12,29)

fmCYP2C8 0.71 (12)

Urinary excretion <1% (50)

Hepatobiliary transport

Liver unbound fraction
(Intra-/extra-cellular)

0.143/0.028 Calculated

Passive diffusion
(μL/min/10–6cells)

24 SCHH data

CLint,active (μL/min/10–6cells) 37 SCHH data

Scaling factor (Active uptake) 16.9 Estimateda

CLint,efflux (μL/min/10–6cells) 0 SCHH data

a Estimated by fitting to intravenous pharmacokinetics data. See Methods

ACD Calculated using Advanced Chemistry Development (ACD/Labs)
Software V11.02. (SciFinder 2007.1)

ADAM Advanced dissolution, absorption and metabolism model; P parti-
tion coefficient; pKa acid dissociation constant
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The ADAM model was used to capture intestinal absorp-
tion and predict oral pharmacokinetics of repaglinide
(Figure 2). In general, the mechanistic model adequately
described repaglinide oral pharmacokinetics at three differ-
ent doses obtained from eight separate clinical studies
(30–38). However, the data from separate clinical studies
inherited considerable variability in the maximum plasma
concentration (Cmax) (32,39); and the model appeared to
underpredict Cmax, particularly at 0.25 mg dose (Figure 2a).
Sensitivity analysis was performed to assess the influence of

input parameters on the repaglinide systemic and hepatic
exposure after oral dosing (Supplementary Material
Figure S3). Notably, CLint,active showed prominent effect
on the systemic exposure, but did not have an effect on
the hepatic exposure. In contrast, CLint,CYP2C8 and
CLint,CYP3A4 showed a relatively small effect on the sys-
temic exposure, while significantly influencing the hepatic
exposure. Other input parameters such as intestinal perme-
ability, fu,gut and CLpd had minimum or no effect on both
systemic and hepatic exposure.

Table II Summary of Input Parameters for the Models of the Perpetrator Drugs.

Parameters Gemfibrozila Gemfibrozil
1-O-β-
glucuronideb

Cyclosporinea Ketoconazolec Itraconazolec Clarithromycinc

Physicochemical properties

Molecular weight (g/mol) 250.3 426.5 1202.6 531.4 705.6 748

log P/Log D7.4 4.3 3.3 2.78 4.04 5.66 1.7

Compound type Monoprotic acid Monoprotic acid Neutral Diprotic base Monoprotic base Monoprotic base

pKa 4.75 2.68 - 2.9 & 6.5 3.7 8.99

Fraction unbound 0.03 0.115 (20) 0.068 0.029 0.036 0.18

Blood/plasma ratio 0.825 0.825 1.36 0.62 0.58 1.0

Absorption

Absorption type First-order First-order First-order First-order First-order

Fraction absorbed 1.0 0.86 1.0 1.0 1.0

Absorption rate
constant (1/h)

3.0 1.50 1.9 0.62 2.37

fuGut 1.0 1.0 0.06 0.016 1.0

Distribution

Distribution model Minimal PBPK Minimal PBPK Full PBPK (Polin
and Theil)

Minimal PBPK Minimal PBPK Minimal PBPK

Vss (L/kg) 0.13 0.1d 0.345 10.7 1.75

Elimination

Total Clearance
IV/PO (L/h)

7.12 (PO) 27.7 (IV) 13.8 (PO) 22.9 (IV) 31.14 (IV)

fmUGT 0.79 (others)

fmCYP3A4 0.21 (CYP3A4)

CLint Biliary (μL/min/106 cells) 3.8d

Renal Clearance (L/h) 0.13 8.05

Inhibition potency

fu,mic 0.74 0.78 0.89 0.97 1.0 1.0

CYP2C8 Ki (μmol/l) 9.3 (10.1 & 12.6)e 2.5

CYP3A4 Ki (μmol/l)
(2.47 & 2.94)f

92 133 0.34 0.015 0.0013 2.43

OATP1B1 Ki (μmol/l) 2.52 7.9 0.014

When only IC50 value was reported, Ki was assumed to be IC50/2
a Input parameters taken from references (25)
b Physicochemical properties were calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02. Blood/plasma ratio was assumed to
be similar to that gemfibrozil
c Input parameters were directly adopted from compound files of Simcyp compound library (42)
d Value was selected based on best fit to the pharmacokinetic profiles
e Values represent mechanism-based inactivation parameters (KI μmol/l and Kinact 1/h) of gemfibrozil 1-O-β-glucuronide (19,40)
f Values represent mechanism-based inactivation parameters (KI μmol/l and Kinact 1/h) of clarithromycin (55,56)
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Drug-Drug Interaction Predictions

Models for gemfibrozil and its major circulating metabolite,
gemfibrozil 1-O-β-glucuronide, were developed using in vitro
and in vivo input parameters (Table II). Simulated plasma
concentration-time profiles for both gemfibrozil and gemfi-
brozil 1-O-β-glucuronide were similar to that observed in vivo
(Figure 3). For DDI predictions, gemfibrozil was considered to
reversibly inhibitOATP1B1 (Ki – 2.52 μmol/l) (25), CYP2C8
(Ki – 9.3 μmol/l) (40) and CYP3A4 (Ki – 92 μmol/l) (21)
metabolism, while its major circulating metabolite, gemfibro-
zil 1-O-β-glucuronide, also exerted inhibition on OATP1B1
(Ki – 7.9 μmol/l) (41) and CYP3A4 (Ki – 133 μmol/l) (20),
along with mechanism-based inactivation of CYP2C8 (KI –
10.1 μmol/l; Kinact – 12.6 1/h) (19,40).

Repaglinide-gemfibrozil interactions were initially simulat-
ed considering in vitro fmCYP2C8 (0.71) and CLint,met (131
μl/min/mg) (12,29). Using the reported in vitro interaction
parameters, model well predicted the complex repaglinide-
gemfibrozil interaction following single and multiple
therapeutic doses of gemfibrozil (600-900 mg) (Figure 4a).
Further delineation of interaction, by assuming only
OATP1B1 or CYPs inhibition, suggested that inhibition of
both transporter- and enzyme-mediated disposition contrib-
uted equally to the predicted interaction at the gemfibrozil
therapeutic dose. CYP2C8 inhibition recovered only <3-fold
AUC ratio, which appeared to be the maximum at 300 mg
gemfibrozil. Despite accurate predictions at therapeutic dose,
the model slightly underpredicted gemfibrozil dose- and time-
dependent interactions (Figure 4a and b). For instance, model

underpredicted DDI with single gemfibrozil subtherapeutic
(100 mg and 300 mg) dose administered 1 h before the
repaglinide oral dosing (14). Also, the model predictions were
lower than the observed values when repaglinide was admin-
istered ≥3 h after the gemfibrozil (600 mg) dose (34).

Further sensitivity analyses were conducted to evaluate
model performace for repaglinide-gemfibrozil interactions.
First, sensitivity analysis of the in vitro mechanism-based
inactivation parameters (Kinact and KI) (19,40) or the
CYP2C8 degradation half-life (8-41 h) (3) did not recover
the differences in the model predicted and the observed
AUC ratios. Second, a wide range of values for repaglinide
intrinsic metabolic clearance are reported (11–13), and the
model showed increase in AUC ratio with the decrease in
CLint,met value, while fixing the fmCYP2C8 to 0.71 (Figure 4).
Interestingly, model using 0.3X CLint,met well predicted
DDIs with gemfibrozil at its sub-therapeutic doses and also
the later part of time-dependent interaction, however, over-
predicting interaction with concomitant dosing of therapeu-
tic dose (Figure 4b and d). Similar trend was noted for the
prediction of repaglinide exposure when the drug is ingested
after the last dose of multiple gemfibrozil doses (15,35) (data
not shown).

Established models for inhibitor drugs, including cy-
closporine, ketoconazole, clarithromycin and itraconazole
were used to predict repaglinide DDIs (Table II) (25,42).
Repaglinide DDIs with CYP3A4 inhibitor drugs (clarithro-
mycin, ketoconazole and itraconazole) and OATP1B1
inhibitor drug (cyclosporine) are well predicted by the
final model of repaglinide (Figure 5). Furthermore, the
model predicted the AUC increase (predicted ~17-fold
Vs observed ~19-fold), as well as the plasma concentration-
time profile of repaglinide when dosed in combination
with gemfibrozil and itraconazole (Figures 5 and 6) (39).
Based on the average percentage prediction error
(PPE0100x|(predicted-observed)/observed|) of all the
above noted DDI predictions (Figure 5), the final
PBPK model of repaglinide yielded very close predic-
tions (average PPE~7%).

Active Hepatic Uptake of Gemfibrozil
and Gemfibrozil 1-O-β-glucuronide

SCHH studies showed significantly (p<0.05) reduced
uptake of both the gemfibrozil and gemfibrozil 1-O-β-
glucuronide in the presence of rifamycin SV, suggesting
active hepatic uptake (Figure 7). The uptake clearance
was ~1.5- and 3-fold higher than passive diffusion for
the parent and metabolite, respectively. Furthermore,
hepatocyte accumulation of metabolite is ~10-fold
higher following incubation with gemfibrozil, as com-
pared to incubation with metabolite in the presence of
rifamycin SV (absence of active transport).

Fig. 1 Model simulations of repaglinide plasma concentration-time pro-
files after intravenous infusion of 2.0 mg dose, without and with scaling
factor for active hepatic uptake intrinsic clearance. Data points represent
mean observed values (30). Average percentage prediction error (PPE0
100x|(predicted-observed)/observed|) of AUC is >300% and 8% with
SFactive of 1 and 16.9, respectively.
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DISCUSSION

Repaglinide is mainly metabolized by CYP2C8 and
CYP3A4 to its major oxidative metabolites, and to a minor
extent by direct glucuronidation (11–13). Several preclinical
and clinical studies also suggested that OATP1B1-mediated
sinusoidal uptake plays a major role in the disposition of
repaglinide (17,32). Consequently, complex DDIs are antic-
ipated when repaglinide is dosed in combination with drugs
affecting these multiple processes. In this study, we charac-
terized the hepatic transport of repaglinide using SCHH
model, and developed a mechanistic model to predict its
pharmacokinetics and DDIs.

In vitro estimates of hepatic transport and metabolic in-
trinsic clearances indicate that uptake rate is higher than the
passive diffusion, and also passive diffusion is lower than the
total metabolic intrinsic clearance, suggesting that hepatic
uptake is the rate-determining step in the overall clearance
of repaglinide. This is further reflected in the PBPK model
simulations, where the intravenous as well as oral plasma
concentration-time profiles of repaglinide are in good agree-
ment with the observed data when considering significant
hepatic active uptake clearance (Figures 1 and 2). Our
findings are consistent with a previous PBPK model, which
also suggested permeability-limited hepatic disposition of
repaglinide (43). Collectively, the systemic clearance of repa-
glinide is determined mainly by the hepatic uptake process.

The initial model, which directly used in vitro transport
parameters underpredicted repaglinide systemic clearance,
and therefore, an empirical scaling factor for CLint,active–
estimated by a “top-down” fitting to human intravenous
plasma concentration-time profile (25,26)–was incorporat-
ed in the model (Figure 1). Previous PBPK approaches also
suggest the need for empirical scaling factors applied to
hepatic active uptake to recover human pharmacokinetics
of several OATP substrates (25,26,44). The apparent dis-
crepancy in the in vitro-in vivo extrapolation of active uptake
and the compulsion for a scaling factor can be explained in
part by the differences in transporter abundance in the in
vitro (SCHH) and in vivo systems. Emerging proteomics data
from our laboratory indicated that the OATP1B1 protein
content of the human hepatocyte membrane is about two-
fold higher than that quantified in SCHH (45). However,
based on our previous and present studies, the SFactive
derived by the “top-down” approach seems to be
compound-specific (25,26), suggesting the differences in
transporter expression levels may only partially bridge the
gap. Additionally, the estimated SFactive for repaglinide was
found to be partly dependent on the metabolic clearance
input values – when evaluated within the reported range
(12,13,29). On the other hand, potential active uptake into
other tissues may also contribute to repaglinide disposition
(46,47). Further understanding in these areas is necessary to

Fig. 2 Model simulations of repaglinide plasma concentration-time
profiles following oral administration of (a) 0.25 mg, (b) 0.5 mg,
and (c) 2.0 mg dose. Solid and dotted lines represent mean and 2-
fold boundary of model simulations, respectively. Different data sym-
bols represent mean observed values from separate clinical studies
(30–38).
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rationalize the assumptions and further validate or refine the
current model.

The mechanistic model closely predicted the complex-DDI
with gemfibrozil, at therapeutic dose (600 mg), when primar-
ily considering reversible inhibition of OATP1B1 by both
gemfibrozil and gemfibrozil 1-O-β-glucuronide, and
mechanism-based inactivation of CYP2C8 by gemfibrozil 1-
O-β-glucuronide. The interaction of repaglinide with
CYP3A4 inhibitors is rather small, which was noted in the
drug interaction studies with clarithromycin, itraconazole and
ketoconazole (Figures 5 and 6). Nevertheless, concomitant use
of repaglinide with drug-combinations inhibiting OATP1B1,
CYP2C8 and CYP3A4 could lead to hazardous interactions.
This is particularly evident with about 19-fold increase in
repaglinide AUC when dosed in combination with itracona-
zole and gemfibrozil (39). Simulations showed a similar mag-
nitude of interaction, thereby corroborating the involvement
of complex drug interaction combining reversible and
mechanism-based inactivation of CYP2C8 and reversible in-
hibition of CYP3A4 and OATP1B1.

Despite predicting the complex DDI of repaglinide with
gemfibrozil–at its therapeutic dose and above (600–900mg)—
the mechanistic model, slightly underpredicted dose-
dependent interactions at subtherapeutic doses (Figure 4a).
We hypothesized that gemfibrozil and/or 1-O-β-glucuronide
may accumulate in the hepatocytes to high concentrations,
required for complete inhibition or inactivation of CYP2C8
activity even at subtherapeutic doses. Our in vitro SCHH
studies suggested that the concentrations of gemfibrozil and
1-O-β-glucuronide in the liver would be much higher than
predicted by the current inhibitor (and metabolite) model,
which assumed perfusion-limited distribution (Figure 7).
Recent studies also demonstrated non-linear systemic exposure
for both gemfibrozil and gemfibrozil 1-O-β-glucuronide, with

increased AUC at high doses (14,15). Collectively, this suggests
involvement of saturable transporter-mediated hepatic dispo-
sition for the drug andmetabolite. Based on the current model,
CYP2C8 activity is not completely inhibited at lower doses
(SupplementaryMaterial Figure S4). Thus, underprediction of
the interaction at subtherapeutic doses of gemfibrozil may be
partially attributable to underestimation of hepatic concentra-
tions of gemfibrozil 1-O-β-glucuronide, in particular. Further
extrapolation of the metabolite hepatic exposure and incorpo-
ration of model components to capture active hepatic accu-
mulation may be needed to evaluate the possible role of higher
hepatic concentrations on AUC changes at subtherapeutic
doses of gemfibrozil.

Similarly, the mechanistic model also slightly underpre-
dicted in vivo time-dependent inhibition by gemfibrozil, when
it was separated from repaglinide dosing by 3 or more hours
(Figure 4c). Sensitivity analysis of CYP2C8 mechanism-based
inactivation parameters (KI, Kinact andKdeg) did not show any
improvement in predictions. The potential reasons for under-
prediction of dose- and time-dependent interactions include
one or a combination of the following: (i) high and sustained
concentrations of gemfibrozil 1-O-β-glucuronide in the liver
relative to the plasma may cause prolonged inhibition of
CYP2C8 and possibly CYP3A4, (ii) possible lower intrinsic
metabolic clearance of repaglinide than used in the current
model (Figure 4b and d), and (iii) potent and prolonged
OATP1B1 inhibition by gemfibrozil and its metabolites in
vivo. For reasons that are not clearly known, cyclosporine
shows a long-lasting inhibitory effect on OATP1B1 and
OATP1B3, and with relatively potent inhibition (low Ki) on
co-incubation following a pre-incubation phase (48,49).
Further understanding in these areas is warranted.

One of the distinct observations is the change in pre-
dicted AUC ratios as a function of metabolic intrinsic

Fig. 3 Plasma concentration-time profiles of (a) gemfibrozil and (b) gemfibrozil 1-O-β-glucuronide, after oral administration of 600 mg dose. Solid lines
represent mean simulation profiles. Data points represent mean observed values taken from literature (35). Insert shows the OATP1B1 reversible inhibitory
potency-time profiles of gemfibrozil and its metabolite.
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Fig. 5 Observed and model
predicted AUC ratios
of repaglinide drug-drug
interactions. Observed AUC
ratios were taken from separate
clinical studies (14,32–34,36,39).
For simulations, dosage regimen
of the inhibitor drugs and
repaglinide is similar to the
original reported study design.
Average percentage prediction
error (PPE0100x|(predicted-
observed)/observed|) of AUC
ratio is 7%.
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Fig. 4 Model predictions of repaglinide-gemfibrozil dose- and time-dependent interactions. Effect of repaglinide CLint,met on the predictions of dose- (a and b)
and time-dependent (c and d) interactions after a single dose of gemfibrozil. In case of time-dependent studies gemfibrozil dose is 600 mg. Curves represent
model predicted mean AUC ratios assuming inhibition of only OATP1B1 (dotted), only CYPs (dashed) and both (solid). Filled data points represent mean AUC
ratios observed clinically (14,34). For simulations, dosage regimen of repaglinide and gemfibrozil was similar to the original reported study design.
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clearance, while keeping fmCYP2C8 constant (Figure 4). The
current mechanistic model considers permeability-limited
hepatic disposition and, therefore, the overall hepatic intrin-
sic clearance of repaglinide is expressed as: (28)

CLint;overall ¼ CLint;uptake � CLint;met

CLpd þ CLint;met

When the metabolic intrinsic clearance is greater than
passive diffusion, the overall hepatic clearance is primarily
determined by CLint,uptake, and thus a change in the CLint,

met would not significantly impact systemic exposure. On the
contrary, when passive diffusion is appreciable relative to
CLint,met, the overall hepatic clearance is affected by

changes in the CLint,met. Increased repaglinide AUC ratios
with decreased CLint,met is presumably due to gradual shift
in the dependence of overall hepatic clearance on uptake
clearance to a combination of uptake and metabolic clear-
ance. Collectively, for drugs with permeability-limited he-
patic disposition, both metabolic fraction and the intrinsic
clearances are critical input parameters for quantitative
DDI predictions.

While gemfibrozil and gemfibrozil 1-O-β-glucuronide exert
a reversible inhibitory effect on OATP1B1, their relative
contributions to the observed repaglinide-gemfibrozil DDI
can be estimated using the ratio of the unbound plasma
concentration [Iu] to in vitro unbound Ki values (Ki,u) (6).
Both gemfibrozil and its metabolite showed ratio much above

Fig. 7 Transport characteristics
of gemfibrozil (Gem) and gemfi-
brozil 1-O-β-glucuronide (GG) in
the sandwich culture human
hepatocyte model. Accumulation
of (a) gemfibrozil and (b)
glucuronide in the absence and
presence of rifamycin SV was
measured, following incubation
with each separately.

Fig. 6 Simulation of repaglinide drug-drug interactions with inhibitor drugs. Repaglinide oral mean plasma concentration-time curves when dosed alone or in
combination with (a) OATP inhibitor – 100 mg cyclosporine, and (b) CYP and/or OATP inhibitors – 100 mg itraconazole and 600 mg gemfibrozil. Data points
represent mean observed plasma concentration-time profiles of repaglinide when dosed alone (open) and in the presence of inhibitor drugs (filled) (32,35,36,39).
For simulations, dosage regimen of the inhibitor drugs and repaglinide is similar to the original reported study design. Curves represent model simulations of mean
plasma concentration-time profiles of repaglinide when dosed alone (solid lines) and in the presence of inhibitor drugs (dashed lines).
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0.1 for up to 6 h postdose, and generally both seem to be
equally responsible for the overall OATP1B1 inhibition
(Figure 3). On the other hand, simulations suggested more
than 95% of in vivo CYP2C8 inhibition is associated with
mechanism-based inactivation by gemfibrozil 1-O-β-
glucuronide.

The in vitro estimated repaglinide fmCYP2C8 (~0.45–0.71)
(11–13) was speculated to be lower than would be expected
(>0.85) on the basis of a collection of clinical repaglinide-
gemfibrozil DDI reports, wherein CYP2C8 inhibition was
assumed as the major DDI mechanism (14,15). However,
the current mechanistic model closely predicted repaglinide-
gemfibrozil interactions with in vitro fmCYP2C8. Therefore,
the CYP2C8 contribution to repaglinide metabolism in vivo
is likely similar to that consistently observed in vitro.
Furthermore, the in vitro data substantiate the clinical find-
ings that CYP3A4 also plays a key role in repaglinide
elimination. For example, in healthy volunteers, about
66% of repaglinide dose was excreted as metabolite M2
(50), which is predominantly formed by CYP3A4 (13).

Repaglinide has been recommended by the USFDA and
the EMA as the “sensitive” probe drug (AUC ratio >5) for
assessing CYP2C8 and OATP1B1 inhibitory activity of the
investigational drug (7,8). Similarly, gemfibrozil was suggested
as strong inhibitor to assess CYP2C8 enzyme activity in vivo.
Here we demonstrated lack of disconnect in the in vitro and in
vivo fmCYP2C8, which was previously thought (14,15).
Evidently, the observed high magnitude of DDIs with gemfi-
brozil is only partially associated with CYP2C8 inhibition
(Figure 4), suggesting repaglinide is not a sensitive probe
substrate for assessing CYP2C8 activity. On the other hand,
hepatic uptake is the rate-determining step in the systemic
clearance of repaglinide, which is thought to be driven by
OATP1B1 (17), and therefore, repaglinide can be used as
OATP1B1 probe substrate (Supplementary Material Figure
S3d). The current repaglinide and gemfibrozil models can be
applied for prospective prediction of DDIs with marketed and
investigational drugs. For example, cyclosporine 100 mg sin-
gle dose resulted in about 2.4-fold increase in repaglinide
systemic exposure, primarily due to OATP1B1 inhibition
(32). However, current model predicted that AUC ratio may
increase to ~5.5-fold with 600 mg cyclosporine, suggesting
that in patients receiving immunosuppression therapy with
cyclosporine (upto 600 mg continuous dosing) have a similar
magnitude of DDI as noted with single ormultiple gemfibrozil
therapeutic doses. A drug interaction study with high
dose of cyclosporine may provide further insight into
the role of hepatic uptake transporters in the disposition
of repaglinide and to further validate or refine the
current model.

Clinical DDI and pharmacogenomic studies demonstrat-
ed an increase in the plasma exposure and often markedly
enhanced and/or prolonged the blood glucose-lowering

effect of repaglinide (17,18,34,39). Repaglinide lowers blood
glucose levels by stimulating the release of insulin from the
pancreas while interfering with the ATP-dependent potassi-
um channels in the β-cell membrane. Due to non-hepatic
target site pharmacology, the pharmacodynamic activity of
repaglinide is increased by inhibitor drugs like cyclosporine
and gemfibrozil. On the contrary, for liver-target drugs like
statins with similar disposition features, these inhibitor drugs
may lead to reduced pharmacological effects and increased
adverse events such as rhabdomyolysis, due to decreased
hepatic and increased systemic concentrations, respectively.
This is exemplified by cerivastatin, which is transported by
OATP1B1 and metabolized by CYP2C8 and CYP3A4
(16,51). Cerivastatin was withdrawn from the market in
2001 after adverse events, including deaths, were reported;
and significant number of events directly correlated with the
coadministration of gemfibrozil (1). Cerivastatin systemic
exposure increased by about 5.6-fold when coadministered
with gemfibrozil (52), presumably due to similar quantita-
tive effects of gemfibrozil on cerivastatin disposition, as
noted here with repaglinide-gemfibrozil interaction.

CONCLUSIONS

In conclusion, a comprehensive PBPK model of repaglinide
was developed using in vitro transport and metabolic kinetics
and a hepatic active uptake scaling factor, obtained by
fitting to the intravenous plasma concentration-time profile.
Simulations demonstrated the ability of the current model
to predict repaglinide plasma concentration-time profiles
and the magnitude of exposure change under several drug
interaction situations, including the complex interactions
with gemfibrozil. The mechanistic evaluation suggests that
hepatic uptake is rate-determining in the systemic clearance
of repaglinide; and inhibition of both OATP1B1 and
CYP2C8 need to be considered for quantitative rationali-
zation of repaglinide-gemfibrozil DDIs. Furthermore, when
hepatic uptake is rate-determining in the disposition of
victim drug, the quantitative prediction of DDIs is influ-
enced both by the metabolic fraction and intrinsic clear-
ances. Finally, this work laid out a step-wise model
building process and demonstrated the utility of mecha-
nistic PBPK modeling and simulations in evaluating
and/or predicting complex transporter- and enzyme-
based drug interactions.
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