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Purpose. To assess the consequences of multiple inhibitors and differential inhibition mechanisms on the

prediction of 12 gemfibrozil drug–drug interactions (DDIs). In addition, qualitative zoning of

transporter-related gemfibrozil and cyclosporine DDIs was investigated.

Methods. The effect of gemfibrozil and its acyl-glucuronide on different enzymes was incorporated into

a metabolic prediction model. The impact of CYP2C8 time-dependent inhibition by gemfibrozil acyl-

glucuronide was assessed using repaglinide, cerivastatin, loperamide, rosiglitazone and pioglitazone

DDIs. Gemfibrozil and cyclosporine inhibition data obtained in human embryonic kidney cells

expressing OATP1B1 and hepatic input concentration ([I]in) were used for qualitative zoning of 14

transporter-mediated DDIs.

Results. Incorporation of time-dependent inhibition by gemfibrozil glucuronide showed no significant

improvement in the prediction, as CYP2C8 contributed <65% to the overall elimination of the victim

drugs investigated. Qualitative zoning of OATP1B1 DDIs resulted in no false negative predictions; yet

the magnitude of observed interactions was significantly over-predicted.

Conclusions. Time-dependent inhibition by gemfibrozil glucuronide is only important for victim drugs

eliminated predominantly (>80%) via CYP2C8. Qualitative zoning of OATP1B1 inhibitors based on

[I]in/Ki is valid in drug screening to avoid false negatives. Refinement of the transporter model by

incorporating the fraction of drug transported by a particular transporter is recommended.
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In vitro–in vivo prediction approaches for metabolic reversible
and irreversible drug–drug interactions (DDIs) have been
extensively evaluated in recent years (1–4). The metabolic
prediction models focus on inhibition of P450 enzymes and
have undergone several refinements to improve their accuracy,
including incorporation of parallel elimination pathways (de-
fined by fraction of drug metabolised, fmCYPi), use of various

plasma inhibitor concentrations as surrogates for inhibitor
concentration at the enzyme active site, use of Ki values
obtained under standardised in vitro conditions and incorpora-
tion of inhibition of intestinal metabolism (5–9). However,
these models have been largely restricted to considering one
inhibitory mechanism and one particular inhibitory drug.

DDIs involving the lipid-regulating agent gemfibrozil have
received much attention in recent years and provide a major
challenge to our current ability to predict from in vitro
systems. Both gemfibrozil and its major metabolite, gemfi-
brozil 1-O-b-glucuronide, are in vitro inhibitors of CYP2C8
and the hepatic uptake transporter OATP1B1 (10–12); in
both cases the acyl-glucuronide is the more potent inhibitor.
In addition, gemfibrozil shows greater inhibition potency
towards CYP2C9 in vitro in comparison to CYP2C8 (13) and
is a weak CYP3A4 inhibitor (14). An apparent discrepancy
between in vitro and in vivo inhibition exists as the major
DDIs observed in vivo have been with CYP2C8 or mutual
CYP2C8/CYP3A4 substrates rather than CYP2C9 (15–18).
The most pronounced gemfibrozil interactions were observed
with repaglinide (16) and cerivastatin (15) (mean increase in
AUC of 8.1 and 5.6, respectively), whereas gemfibrozil has
minimal effect on glimepiride (19) and atorvastatin AUC
(20). An additional characteristic of the gemfibrozil inter-
actions is the substantial inter-individual variability in the
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inhibitory response observed, as illustrated by the 1.4 to 10-
fold increase in the AUC in cerivastatin interaction.

In a recent study Ogilvie et al. (21) indicated that the acyl-
glucuronide of gemfibrozil is hydroxylated at a distal site to
the glucuronide moiety and the formation of this hydroxy-
glucuronide results in the inhibition of CYP2C8 in a time-
dependent, rather than a reversible manner. Therefore, one
aim of this work was to investigate whether the incorporation
of time-dependent inhibition (TDI) of CYP2C8 in a meta-
bolic prediction model would account for the discrepancy in
potency of gemfibrozil inhibition observed in vitro and in
vivo. The impact of multiple inhibitors and multiple inhibi-
tion mechanisms are addressed using gemfibrozil interactions
with victim drugs with a differential contribution of CYP2C8
to their elimination.

A number of recent studies (22–25) have indicated the
importance of the hepatic uptake transporter OATP1B1 on
the disposition and efficacy of the drugs investigated here for
interactions with gemfibrozil. The members of organic anion-
transporting polypeptides (OATP) mediate the uptake of a
number of compounds that vary in physico-chemical proper-
ties ranging from hydrophilic (pravastatin, rosuvastatin) to
lipophilic (e.g., repaglinide). Therefore, inhibition of the
hepatic uptake of the victim drugs may contribute towards
the observed extent of a DDI. Prediction of DDIs occurring
via hepatic transporter proteins is currently based on an
approach analogous to the basic metabolic model using the
ratio of the inhibitor concentration [I] and the inhibition
constant (Ki) (11). This approach assumes that transport
occurs exclusively via the particular transport protein subject
to inhibition and that no passive uptake occurs.

In the current study, inhibition data obtained for gemfi-
brozil and cyclosporine in human embryonic kidney cells
(HEK293) expressing OATP1B1 were used to evaluate [I]/Ki

ratio as a pragmatic way to qualitatively zone 14 transporter-
related gemfibrozil and cyclosporine drug–drug interactions.
The cyclosporine studies were included for comparative
purposes, as it is a well-known, potent inhibitor of
OATP1B1. Hepatic input concentration ([I]in) was selected
based on a previous study involving qualitative zoning of

potential reversible metabolic inhibitors (2) where [I]in was
most successful in eliminating false negative predictions. The
[I]in value combines the circulating systemic plasma concen-
tration and the concentration of an inhibitor occurring during
the absorption phase. In addition, to increase the quantitative
value of DDI predictions, we propose a refinement of the
basic transporter model and the incorporation of a substrate-
specific property. This additional term, the fraction of drug
transported by a particular transporter protein (ft), is
analogous to fmCYPi in the metabolic prediction model (see
Appendix). The impact of this victim drug-specific parameter
on the prediction of transporter-related DDIs is assessed
over a range of inhibitor potencies.

MATERIALS AND METHODS

Database of gemfibrozil interactions. A database of
gemfibrozil DDIs was collated and the impact of multiple
inhibitors (gemfibrozil and its glucuronide) and different
inhibition mechanisms of CYP2C8 (reversible and time-
dependent) were investigated for a range of victim drugs
with differential contributions from CYP3A4, CYP2C8 and
CYP2C9 to their elimination, as illustrated in Table I. The
area under the plasma concentration–time profile in the
presence relative to the absence of the inhibitor (AUCi/
AUC) was used as the metric to measure the extent of
interaction (1,2). In the case of replicate studies (same dosing
regimens) the average AUCi/AUC was calculated as a
weighted mean as described previously (6). In the DDI
studies included in the database, multiple oral doses of
inhibitors were administered (assuming steady-state was
reached) before the second administration of the substrate.

The role of metabolic, relative to hepatic uptake,
inhibition was investigated by comparing the changes in the
apparent volume of distribution (V/F) and oral clearance
(CL) of the substrates in the presence of gemfibrozil. The V/
F and CL of each of the substrates in the gemfibrozil
interactions were estimated in the absence and presence of
the inhibitor (except for lovastatin where the half-life was not

Table I. List of Observed In Vivo and Predicted AUCi/AUC Ratios for 12 Drug–Drug Interactions with Gemfibrozil using Reversible or

Combined Reversible and TDI Metabolic Models

Mean AUCi/AUC Predicted

Victim Drug

Mean Observed

AUCi/AUC

Estimated

fmCYP2C8

Estimated

fmCYP2C9

Estimated

fmCYP3A4

Reversible

Modela
Combined

Reversible and TDIb

Atorvastatin (20) 1.24 – – 0.97 1.36 –

Cerivastatin (15) 5.59 0.61 – 0.39 2.40 2.55

Lovastatin (26) 1.78 – – 0.99 1.37 –

Pioglitazone (27,28) 3.30 0.63 – 0.30 2.52 2.69

Pravastatin (29) 2.02 – – 0.31 1.09 –

Repaglinide (16) 8.12 0.49 – 0.49 1.89 1.97

Rosiglitazone (30) 2.29 0.50 0.49 – 2.93 3.12

Rosuvastatin (17) 1.88 – 0.36 – 1.20 –

Simvastatin (31) 2.09 – – 0.99 1.37 –

Glimepiride (19) 1.23 – 0.99 – 1.91 –

Loperamide (32) 2.20 0.38 0.53 1.58 1.62

Zopiclone (33) 0.99 0.95 1.35

a,b Gemfibrozil [I]av,u (3 mM) and the mean estimated unbound hepatic concentration of gemfibrozil-1-O-glucuronide (89 mM) were used in

metabolic prediction models (Eqs. 3 and 4).
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available in both study phases). The assumption was that the
inhibitor does not affect the oral bioavailability or plasma
protein binding of a victim drug. The percentage change from
the control to the inhibitor phase was then calculated. The
equations used to estimate volume and clearance are given
below.

CL ¼ D

AUC
ð1Þ

V=F ¼
D� t1=2

AUC� 0:693
ð2Þ

Metabolic prediction models. The AUCi/AUC ratios for
the DDIs involving reversible inhibition of different P450
enzymes (e.g., CYP2C8, CYP2C9 and CYP3A4) by multiple
inhibitors (gemfibrozil and its glucuronide) were estimated
using the following equation. The model assumes that
multiple inhibitors cause inhibition of the enzyme via the
same mechanism (3,7).

AUCi

AUC
¼ 1

Pn

i

fmCYPi

1þ
Pn

j

I½ �j=Ki;j

þ 1�
Pn

i

fmCYPi

� � ð3Þ

where fmCYPi represents the fraction of drug metabolised by
the particular P450 enzymes subject to inhibition,
(1j~fmCYPi) represents clearance via other P450 enzymes
and/or renal clearance, [I] is the estimated inhibitor concen-
tration ([I]av—average plasma concentration during the
dosing interval (2)) and Ki is the in vitro inhibition constant
for the inhibitor against the particular enzyme. The model
assumes no inhibition of any additional parallel elimination
pathways. Values for fmCYPi (metabolism via CYP3A4,
CYP2C8 or CYP2C9) were estimated by urinary recovery
of unchanged drug and in vitro phenotyping experiments as
described previously (5). For the drugs with CYP2C8 and
another isoform contributing to their metabolism, the indi-
vidual fmCYP values were based on in vitro studies where the
relative contributions were assessed (e.g., pioglitazone,
cerivastatin and loperamide (11,34,35)). In cases where these
data were unavailable, an equal contribution was assumed
(e.g., repaglinide, rosiglitazone). Depending on the differen-
tial enzyme contribution, in some instances (e.g., atorvasta-

tin, simvastatin and lovastatin) the equation was simplified
and inhibition of only CYP3A4 was considered.

In order to accommodate the effect of multiple inhibitors
(gemfibrozil and its glucuronide) via independent inhibition
mechanisms (reversible and time-dependent inhibition of
CYP2C8, respectively), a modified equation was used:

AUCi

AUC
¼ 1

fmCYPi

1þ kinact� I½ �1
kdeg� KIþ I½ �1ð Þ

� �
� 1þ I½ �2=Kið Þ

þ 1� fmCYPi
ð Þ

ð4Þ

where kdeg is the endogenous degradation rate constant of the
enzyme subject to inhibition, kinact is the maximal inactivation
rate constant and KI represents the inhibitor concentration at
50% of the kinact (4). In contrast to Eq. 3, time-dependent
inhibition of CYP2C8 by gemfibrozil glucuronide ([I]1) and
reversible inhibition of CYP2C8 (or CYP2C9 in the case of
rosiglitazone) by gemfibrozil ([I]2) are incorporated in Eq. 4.

Transporter prediction model. The model used for the
qualitative zoning of 14 transporter-mediated DDIs is shown
in Eq. 5 (11).

AUCi

AUC
¼ 1þ

Xn

i

I½ �=Ki ð5Þ

where Ki is obtained as IC50/2 assuming competitive inhibi-
tion of OATP1B1 hepatic uptake in the presence of
gemfibrozil (n = 8) and cyclosporine (n = 6). Hepatic input
concentration ([I]in) was used based on the previous success
in the qualitative zoning of reversible DDIs (2).

In vitro data. The in vitro Ki values for gemfibrozil and
its acyl-glucuronide for a range of P450 enzymes are shown in
Table II. Gemfibrozil Ki values were corrected using in-
house microsomal binding data (fumic = 0.53 at a protein
concentration of 1 mg/ml). The Ki values selected have been
determined in human liver microsomes with the only
exception of the gemfibrozil glucuronide data, where IC50

values were obtained using either human liver microsomes or
recombinantly expressed P450 enzymes. Gemfibrozil glucu-
ronide IC50 values were not corrected for non-specific
binding due to the lack of binding data and the assumed
hydrophilic nature of this conjugate. The reversible IC50

value for gemfibrozil glucuronide may be affected by time-
dependent inhibition in the incubation; however, as no pre-
incubation step was performed in the original study this
would be minimal. Gemfibrozil glucuronide shows a 9-fold

Table II. Gemfibrozil and Gemfibrozil Glucuronide In Vitro Data Used in the Metabolism Prediction Models

Inhibitor Target In Vitro System Ki (mM)a IC50 (mM) Reference

Gemfibrozil CYP2C8 Human liver microsomes 69 (36.4) – 10

CYP2C9 Human liver microsomes 5.8 (5.3) – 13

CYP3A4 Human liver microsomes – 800 (552) 14

Gemfibrozil-1-O-glucuronideb CYP2C8 Recombinant CYP2C8 – 4.1 11

CYP2C9 Human liver microsomes 300 21

CYP3A4 Recombinant CYP3A4 243 11

a Number in parenthesis refer to gemfibrozil Ki and IC50 values corrected for the microsomal binding, fumic = 0.53 at protein concentration of

1 mg/ml.
b CYP2C8 kdeg of 0.0005–0.00144 minj1 (36) and the kinact and KI values for gemfibrozil glucuronide of 0.21 minj1 and 20 mM, respectively

(21) were used for the time-dependent inhibition part of the prediction model (Eq. 4).
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greater inhibition potency towards CYP2C8 in vitro in
comparison to gemfibrozil, whereas gemfibrozil is a more
potent in vitro inhibitor of CYP2C9. Both gemfibrozil and its
glucuronide are weak inhibitors of CYP3A4 with IC50 values
>200 mM (Table II). The kdeg for CYP2C8 was calculated
from the mean half-life of CYP2C8 reported by Ghanbari et
al. (36), which was 23 h (range 8–41 h). The kinact and KI

values for gemfibrozil glucuronide of 0.21 minj1 and 20 mM
respectively were taken from Ogilvie et al. (21).

OATP1B1 inhibition assays. Cryopreserved HEK
MSRII cells were thawed then washed in Dulbecco_s
Modified Eagle_s Medium with Hams F12 nutrient mixture
supplemented with 10% foetal bovine serum and 0.35 mg/ml
geneticin and resuspended in the same media for plating out.
Cells were seeded onto 24-well, poly-D-lysine plates at a
density of 300,000 cells per well. Plates were then incubated
at 37-C in an atmosphere containing 5% CO2 for 4–6 h to
allow cell adhesion. After the initial incubation period, the
original media was removed and replaced with media
containing OATP1B1 BacMam (37), 0.35 mg/ml geneticin
and 2 mM sodium butyrate. The BacMam was added at a
multiplicity of infection of 250 pfu/cell. The transduced cells
were incubated for 48 h before use to allow OATP1B1
expression and a monolayer to form.

Inhibition assay. The incubation media was removed
and cells were washed with 1 ml per well of Dulbecco_s
phosphate buffered saline (DPBS) at 37-C. The wash buffer
was removed and replaced with DPBS containing test com-
pounds. Cells were then pre-incubated in the presence of the
test compound (0.01–3, 0.1–30, 0.1–100 and 0.1–100 mM for
cyclosporine, repaglinide, cerivastatin and gemfibrozil, re-
spectively) for 15–30 min. At the end of the pre-incubation
period, the test compound solutions were removed and DPBS
containing test compound (same concentrations as during
pre-incubation) and probe substrate, [3H]-estradiol
glucuronide (0.02 mM), was added to each well. The DMSO
concentration was constant at 0.5% throughout the
experiment. The cells were then incubated for 3 min before
removal of the incubation buffer and addition of 800 ml ice
cold DPBS to stop further uptake. Cells were washed a
further two times with ice cold DPBS. Incubations were
performed in triplicate per test compound concentration
(including DMSO only, 0 mM control) and triplicate
incubations were also performed with known control
inhibitor (rifamycin at 10 mM).

Sample preparation. The DPBS used for the final wash
step was removed and 400 ml of 1% Triton X-100 was added
to each well. The plates were then incubated for 30 min at
37-C to allow cell lysis. The entire content of each well was
transferred to liquid scintillation vials, 10 ml scintillated fluid
(Starscint) was added and the decays per minute were
counted on a liquid scintillation counter.

OATP1B1 inhibition data analysis. Probe substrate
uptake was expressed as fmoles/cm2/min in the presence of
the various test compound concentrations and the control
inhibitor. These data were then converted to a percentage of
control uptake (in the absence of test compound). Percent of
control values were entered into GraFit (Version 5.0.8,
Erithacus Software, UK) and IC50 curves generated using
either a full 4-parameter fit (Eq. 6) or a modified four
parameter fit with a background equal to the percent of

control activity in the presence of the control inhibitor,
rifamycin.

%control ¼ range

1þ I½ �
IC50

� �s þ background ð6Þ

where s is equal to the slope factor and the range is derived
from the fitted uninhibited value minus background.

In vitro–in vivo prediction of DDIs. The average un-
bound plasma concentration of gemfibrozil was calculated as
described by Ito et al. (2), using the unbound fraction in
plasma of 0.05. Gemfibrozil glucuronide has been shown to
accumulate 35 to 42-fold in isolated perfused rat liver by a
carrier-mediated mechanism (38) and our preliminary in
house studies suggest similar tendency in human hepatocytes
(data not shown). Therefore, the average estimated unbound
hepatic concentration of 89 mM (range of 81–97 mM) (11) was
used in the metabolic prediction models (Eqs. 3 and 4). The
estimated hepatic input concentrations for gemfibrozil and
cyclosporine were used for the qualitative zoning of trans-
porter DDIs. Absorption rate constants used to obtain the
[I]in values for gemfibrozil and cyclosporine were 0.015 and
0.0339 minj1, respectively. Predicted AUC ratios<2 for DDIs
observed to be >2 were classed as false negative and
predicted AUC ratios Q2 for observed ratios <2 were
classed as false positive interactions, on the basis of
previous consensus reports (1). Predictions were classed
successful if within twofold of the observed value.

RESULTS

In vivo data. The gemfibrozil in vivo interactions
collated included 12 victim drugs, each with differing
contributions from CYP3A4, CYP2C8 and CYP2C9 to their
elimination (Table I). The estimated fmCYP3A4 values ranged
from 0.3–0.99 for pravastatin and simvastatin, respectively. A
similar threefold range was observed for the estimated
contribution of CYP2C9, as exemplified by rosuvastatin and
glimepiride. However, the maximal contribution of CYP2C8
to the overall elimination was estimated to be 63% in the
case of pioglitazone. The statin drugs are known to undergo
interconversion between their acid and lactone forms which
confounds estimation of fmCYP. Classifying these studies
according to Bjornsson et al. (39) indicated that 42% of the
DDIs were moderate (increase in AUC twofold to fivefold),
17% within the range of potent inhibition (AUCi/AUC >5)
and the remaining 42% were weak (AUCi/AUC e2). The
mean fold increase in AUC in the presence of gemfibrozil
ranged from no change up to eightfold, in case of zopiclone
and repaglinide, respectively (Fig. 1A, Table I).

The relationship between the changes in volume of
distribution and clearance for 11 victim drugs in the presence
of gemfibrozil is shown in Fig. 1B. The decrease in clearance
ranged from 1–88%, in comparison to the 3–65% decrease in
volume, with zopiclone showing the smallest and repaglinide
the greatest decrease in both parameters. Most of the
substrates showed a greater decrease in clearance compared
to volume, with the exception of pravastatin and atorvastatin.
Pravastatin is mostly excreted unchanged (estimated fmCYP3A4
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0.31) (47); therefore, the gemfibrozil interaction is likely to be
only at the level of transporters, resulting in an equal decrease
in both parameters. Atorvastatin was the only substrate that
showed a greater decrease in volume than in clearance.
Although recent studies by Kameyama et al. (48) and Lau
et al. (25,49) have confirmed the importance of hepatic uptake
via OATP1B1, the effect on V/F might be a combined effect of
gemfibrozil inhibition of other transporters affecting atorvas-
tatin disposition in addition to OATP1B1. Also, any effect of
the inhibitor on the bioavailability will consequently affect the
volume of distribution, which may further complicate the
interpretation. No trend was observed between the estimated
fmCYPi or physicochemical properties (logP) of the victim
drugs and changes in these two pharmacokinetic paremeters
for this group of substrates. The rank order of changes in
volume did not necessarily reflect the reported affinity of
victim drugs for the OATP1B1 transporter (50,51). For some
of the substrates investigated, in vitro OATP1B1 data were not
available to establish any definitive link between changes in
volume and affinity towards OATP1B1.

Prediction based on the metabolic inhibition. The effect
of multiple inhibitors (gemfibrozil and its glucuronide) on
different metabolic enzymes (CYP2C8, CYP2C9 and
CYP3A4) was incorporated into the metabolic prediction
model (Eq. 3 or 4) using the corresponding in vitro data
(Table II). An estimated mean gemfibrozil glucuronide
unbound concentration in the hepatocytes of 89 mM was
used (11), assuming similar extensive accumulation of
gemfibrozil glucuronide in human hepatocytes to that
reported in rats (38). In the case of gemfibrozil, the
calculated average unbound plasma concentration was used.
For the victim drugs with fmCYP3A4 <0.5, inhibition of this

enzyme by gemfibrozil and its glucuronide was negligible and
its contribution was omitted from the prediction equation
(Eq. 3). Gemfibrozil-glucuronide inhibits CYP2C8 in a time-
dependent manner (21); therefore, only for gemfibrozil
interactions with CYP2C8 substrates (cerivastatin, pioglita-
zone, repaglinide, loperamide and rosiglitazone), the time-
dependent component of the model (Eq. 4) was relevant. The
metabolism inhibition model predicted 83% of the interac-
tion studies within twofold of the observed values. Cerivas-
tatin and repaglinide interactions with gemfibrozil were
under-predicted by 54–76%, as shown in Fig. 2. The use of
this prediction model resulted in 33% of the studies being
predicted as false negatives. In contrast to the general under-
prediction trend, the glimepiride interaction was over-predicted.
This is probably due the lack of data available to make an
accurate fmCYP2C9 estimate resulting in an over-estimation of
the contribution of CYP2C9 (Table I). This again highlights the
issue of the discrepancy in potency of gemfibrozil towards
CYP2C9 in vivo and in vitro (13,27,30).

Impact of the time-dependent inhibition of CYP2C8 on

the prediction of DDI. The impact of irreversible inhibition
of CYP2C8 by gemfibrozil glucuronide on the predicted
AUC ratio was investigated using a subset of five interactions
from the database, including cerivastatin, pioglitazone, repa-
glinide, loperamide and rosiglitazone as victim drugs (Table I).
The prediction model incorporated the effect of multiple
inhibitors (i.e., gemfibrozil and its glucuronide) via indepen-
dent inhibition mechanisms (Eq. 4). Estimated concentra-
tions of gemfibrozil and its glucuronide were the same as
described for the reversible prediction model using the
corresponding reversible and time-dependent in vitro data
(Table II).
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Fig. 1. A Assessment of gemfibrozil and cyclosporine inhibitory potential in vivo. Classification of 19 gemfibrozil (light grey bars) and

cyclosporine (dark grey bars) DDIs according to Bjornsson et al. (37) where AUCi/AUC > 5 indicate potent, 2 < AUCi/AUC < 5 moderate

and AUCi/AUCe 2 weak interactions. The order of victim drugs in gemfibrozil DDIs is glimepiride, atorvastatin, rosuvastatin, lovastatin,

pravastatin, pitavastatin, simvastatin, rosiglitazone, pioglitazone, cerivastatin, repaglinide, loperamide and zopiclone, the details are in Table I

(15–17,19,20,26–33,40). Pravastatin, atorvastatin, rosuvastatin, pitavastatin, cerivastatin and repaglinide were victim drugs in cyclosporine DDIs

(41–46). Error bars represent a range of the observed AUC ratios in vivo (when reported in the clinical study). B Changes in the V/F and CL for

11 substrates investigated after the multiple dosing of gemfibrozil. Different substrates are identified: filled squares represent cerivastatin, open

triangles simvastatin, filled circles rosuvastatin, open circles pravastatin, filled triangles repaglinide, open squares rosiglitazone, filled inverted

triangles pioglitazone, open diamonds glimepiride, open inverted triangles atorvastatin, filled diamonds loperamide and filled stars zopiclone.
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Application of the combined reversible and time-dependent
prediction model showed only a marginal effect on the
predicted magnitude of the DDIs (Fig. 2B). The extent of
under-prediction was comparable to the reversible metabolic
model as only a minor reduction in under-prediction (1–3%)
of repaglinide and cerivastatin interactions was observed.
Varying the CYP2C8 degradation half-life from 8 to 41 hours
(kdeg = 0.0005–0.00144 minj1 (36)) or the in vitro parameters
for the TDI model (e.g., KI from 20 to 52 mM as reported by
Ogilvie et al. (21)) had no significant effect on the predicted
AUC ratio.

The effect of increasing fmCYP2C8 (0.1–1) and inhibitor
(gemfibrozil glucuronide) concentration on the predicted
extent of interactions using either the reversible or the
combined reversible and TDI model is shown in Fig. 3A and
B, respectively. The simulation confirms the insensitivity of
predictions to the model applied for substrates with an
fmCYP2C8 <0.65 (as estimated for victim drugs investigated
here, Table I), when an estimated gemfibrozil glucuronide
concentration of 89 mM was used. However, the TDI model
showed greater sensitivity at lower concentrations of gemfi-
brozil glucuronide for substrates with a greater contribution
of CYP2C8 to the overall elimination. This is illustrated by
the 270%, 340% and 130% higher predicted AUC ratios with
the TDI model in comparison to the reversible model at
gemfibrozil glucuronide concentrations of 0.1, 10 and 100 mM,
respectively when the fmCYP2C8 = 0.9.

OATP1B1 in vitro inhibition data. Inhibition of OATP1B1
transporter expressed in HEK293 cells was assessed using

3H-estradiol glucuronide (0.02 mM) as the probe substrate.
The IC50 plots for cyclosporine, gemfibrozil, repaglinide and
cerivastatin are shown in Fig. 4. A 100-fold range in the
potency was observed, with the following rank order—
cyclosporine > repaglinide > cerivastatin > gemfibrozil and
the IC50 values of 0.05 T 0.005, 0.32 T 0.02, 1.7 T 0.5 and
7.4 T 1.3 mM, respectively. Gemfibrozil was found to be a
10-fold more potent inhibitor compared to the previously
reported estimate obtained in Madin Darby canine kidney
cells (IC50 = 72.4 mM, (11)).

Qualitative zoning of transporter DDIs. The in vitro

OATP1B1 inhibition data obtained in HEK293 cells were
used to evaluate [I]in/Ki ratio to qualitatively zone 14
potentially transporter-related gemfibrozil and cyclosporine
drug–drug interactions, as shown in Fig. 5. In the case of
pravastatin, atorvastatin, rosuvastatin and pitavastatin, DDIs
with cyclosporine were in the range of medium to potent (4.6
to 7.4-fold increase), whereas gemfibrozil caused only a minor
increase in the AUC for the same victim drugs (1.45 to 2-fold
for pitavastatin and pravastatin, respectively) (Fig. 1A).
However, the opposite was the case for DDIs with repagli-
nide and cerivastatin, where the magnitude of interaction was
far more pronounced in the presence of gemfibrozil, indicat-
ing the importance of a metabolic inhibition mechanism
as well.

The use of [I]in resulted in essentially no false negative
predictions, though 4/14 predictions were false positives. In
addition, most of the true positive interactions were significant-
ly over-predicted (3 to 17 and 20 to 39-fold for gemfibrozil and
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cyclosporine DDIs, respectively). DDIs with atorvastatin as a
victim drug were significantly over-predicted with both inhib-
itors (17 and 34-fold for gemfibrozil and cyclosporine DDIs,
respectively). In contrast to the metabolic models, where
repaglinide and cerivastatin interactions were under-predicted,
this approach over-predicted the extent of the observed DDIs
by 2.7 to 4-fold, respectively. Figure 5 illustrates the con-
sequences of the lack of a substrate specific term in the
transporter model, as the predicted [I]in/Ki ratios fall in a flat
line in case of gemfibrozil (same inhibitor dosing regimen,
same in vitro Ki).

In order to address the differential contribution of
OATP1B1 in the disposition of the various victim drugs,
the transporter model has been refined to incorporate
fraction of drug transported (ft) in the prediction equation
(Appendix, Eq. 12). Figure 6 illustrates that the addition of
the ft term has a marked impact on the predicted AUC ratio.
This would be of particular relevance for the assessment of
interaction potential of potent OATP1B1 inhibitors, e.g.,
cyclosporine (11), telmisartan and ritonavir (23). For exam-
ple, in the case of the pitavastatin–cyclosporine interaction,
the use of ft of 0.8 (estimated contribution of OATP1B1 to
pitavastatin hepatic uptake ranges from 75% to 86% (53))
predicts a 3.3-fold increase in pitavastatin AUC. The
predicted value is in a very good agreement with a 4.5-fold
AUC increase observed in vivo (44), whereas a value of 1
results in over-prediction of this DDI by fivefold.

DISCUSSION

In the assessment of DDIs, the contribution of multiple
inhibitors (or metabolites) and/or the consequence of multi-
ple inhibition mechanisms is rarely included (8,54). The
current study focuses on this issue and describes a systematic

analysis of metabolic interactions involving gemfibrozil and
its glucuronide as reversible and time-dependent inhibitors of
CYP2C8, respectively. In addition, inhibition of the hepatic
uptake transporter OATP1B1 and its significance to the
magnitude of several DDIs is assessed.

Importance of reversible and irreversible inhibition of
CYP2C8. Ogilvie et al. (21) demonstrated the TDI potential
of gemfibrozil glucuronide in vitro and suggested that incorpo-
rating the irreversible inhibition of CYP2C8 into a prediction
model would enable a more accurate prediction of gemfibrozil
DDIs. However, this situation would only be valid for victim
drugs eliminated predominantly via CYP2C8 (fmCYP2C8 > 0.8),
which is not the case for the drugs with the reported
interaction with gemfibrozil to date (Table I). The current
best estimates of the contribution of CYP2C8 to the overall
elimination of the victim drugs in the database do not exceed
65% (pioglitazone). Therefore, at these lower fmCYP2C8 values
the incorporation of the irreversible inhibition mechanism into
the model (Eq. 4) shows no significant improvement compared
to the simple reversible prediction model (Eq. 3). In addition,
gemfibrozil glucuronide is not an exceptionally potent time-
dependent inhibitor of CYP2C8 (20-fold less potent compared
to phenelzine (52)). Therefore, the use of the TDI model does
not result in very high predictions, unless a victim drug has a
high fmCYP2C8. The sensitivity of the metabolic model to
fmCYP2C8 for different inhibition mechanisms is illustrated in
Fig. 3 and is consistent with previous reports (7,8,55). Figure 3
also illustrates the importance of the inhibitor concentration to
the predicted outcome and this may be further complicated by
the pharmacokinetics of the inhibitor and the differential
dosing interval between inhibitor dose and victim drug
administration.

Importance of multiple inhibitors. When two inhibitors
act via the same mechanism, the effect of the less potent
inhibitor in the prediction model may be minor, in particular

Fig. 3. Utility of reversible and irreversible prediction model for substrates with differential contribution of CYP2C8 to the overall

elimination. The sensitivity of the predicted AUC ratios on fmCYP2C8 (0.1–1) over a range of inhibitor concentrations applying the reversible

(A) and combined reversible and time-dependent prediction model (B).
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if the relative ratio of I/Ki of two inhibitors is >100-fold, as in
the case of gemfibrozil and its glucuronide. Therefore, in
such cases it would be sufficient to include only the more
potent inhibitor in the prediction model. The non-additive
effect of multiple inhibitors is not exclusive to the reversible
inhibition mechanism and has been illustrated previously
with irreversible interactions (8). There is a perception that a
greater combined effect is expected for inhibitors that act via
different pathways (P450s) or independent mechanisms (e.g.,
reversible and irreversible as in case of gemfibrozil and its
acyl-glucuronide). However, the current study shows that in
cases when the contribution of the inhibited second enzyme
is less than 50% (e.g., CYP3A4 in case of repaglinide), its
contribution to the overall effect will be negligible. However,
inhibition of one P450 enzyme by a potent inhibitor (e.g.,
CYP2C8 by gemfibrozil glucuronide) may shift the fmCYPi

balance towards a different P450 (e.g., CYP3A4), which may
explain the magnitude of the effect observed in itraconazole–

gemfibrozil interaction with repaglinide (16) and loperamide
(32) and the smaller effect when itraconazole is administered
alone. The effect of multiple inhibitors on the fmCYPi balance
is dependent on the relative potency and concentration of
each of the inhibitor.

Importance of intestinal inhibition. Simvastatin, atorvas-
tatin and lovastatin represent the only victim drugs in the
database where CYP3A4 contributes more than 50% to
elimination and where an interaction in the gut wall may be
expected in the presence of an inhibitor. Although the estimated
intestinal extraction for these three statins varies from 34–76%
(8,56), the impact of gemfibrozil on their intestinal first-pass
metabolism can be considered negligible due to its weak
potency towards CYP3A4 (Table II). The same minimal
decrease in the intestinal clearance in the presence of gemfi-
brozil can be expected for the repaglinide interaction.

Importance of OATP1B1 interaction. The analysis of
changes in the volume and clearance in the presence of
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gemfibrozil indicated that for many of the victim drugs, the
interaction was partly transporter-mediated (Fig. 1B). The
metabolic models tested were unable to account for the extent
of interaction with some drugs (particularly repaglinide,
cerivastatin and pioglitazone) and indicated the need to
investigate the utility of a transporter model for prediction of
these DDIs. The [I]in/Ki ratio was evaluated for qualitative
zoning of 14 hepatic uptake transporter-mediated gemfibrozil
and cyclosporine DDIs using in vitro inhibition data obtained
in HEK293 cells (Figs. 4 and 5). The rationale for qualitative
zoning was the increasing concern over potential transporter-
related DDIs in the early stages of the drug development (57)
and the question whether this empirical approach can facilitate
the decision on the necessity of a follow up clinical study.

Qualitative zoning resulted in no false negative predic-
tions; however, the extent of observed gemfibrozil and
cyclosporine interactions was significantly over-predicted
(Fig. 5). A number of factors may contribute to this over-
estimation of the impact of OATP1B1 inhibition to the
overall DDI observed. Qualitative zoning is based entirely on
inhibitor-related data and does not take into account the
relative affinity of the substrate for the transporter(s) or the
degree of reliance of the substrate on the transporter for
entry into the hepatocytes, as this type of information would
not be available in the early stages of drug development. This
approach does not address the consequences of several
transporters (e.g., OATP1B1, OATP1B3) contributing to
the disposition of victim drugs, as is the case for most of the
statins (23,51). In order to address the differential contribu-
tion of OATP1B1 to the victim drug disposition we proposed
the use of the term fraction of drug transported (ft) in the
prediction equation (Appendix, Eq. 12). This would prevent
the occurrence of false positive predictions for victim drugs
that may be good OATP1B1 substrates in vitro, but do not
require major OATP1B1 involvement in vivo, as hepatic
uptake is not the critical step in the overall clearance. Figure 6
illustrates that even minor changes in ft (i.e., changes in

transporter contribution from 100% to 80%) have a signif-
icant effect on the predicted AUC ratio in a similar manner
to the effect of fmCYPi on the metabolic models (5,7,8).
However, assigning an ft value is not straightforward. One
approach is to estimate the contribution of each transporter
to the total hepatic uptake in vitro. This can be done by
comparing the hepatic uptake of a compound investigated to
the uptake of a selective reference compound (e.g., estrone 3-
sulfate for OATP1B1 (53)) in the transporter-expressing cell
lines (e.g., HEK293) to human hepatocytes, as suggested
recently (23,58). The relative activity factor obtained from
this comparison can then be used to estimate the contribution
of the specific transporter to total uptake. This approach
estimated 75% to 86% contribution of OATP1B1 to
pitavastatin hepatic uptake, which resulted in prediction of
gemfibrozil and cyclosporine DDIs within twofold of in vivo

values. Alternatively, ranking substrates for their affinity to
the transporter in comparison to a representative probe
substrate might prove to be useful. The OATP1B1 pharma-
cogenetic studies allowing comparison of transporter variants
may represent a potentially useful approach to estimate ft, in
an analogous manner to estimation of fmCYP2D6 from poor
and extensive metabolisers (7).

Conclusion. This study describes a systematic analysis of
effect of multiple inhibitors and different inhibition mecha-
nisms on the prediction of gemfibrozil and cyclosporine
interactions. Although gemfibrozil glucuronide is a time-
dependent inhibitor of CYP2C8 in vitro, a combined
reversible (gemfibrozil) and time-dependent (gemfibrozil
glucuronide) model was not necessary to predict the DDIs
observed. The improvement in the prediction was insignifi-
cant compared to the simpler reversible inhibition model, as
the estimated contribution of CYP2C8 to the overall
elimination of the substrates investigated here was e65%.
Large inter-individual variability in the observed increase in
the AUC in the presence of gemfibrozil (Fig. 1A) represents
an additional confounding factor. Part of this variability may

Fig. 6. Effect of ft on transporter model predictions. The sensitivity of

the predicted AUC ratios on the fraction of the drug transported (ft)

over a range of inhibitor potency defined by I/Ki (Appendix, Eq. 12).
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be related to differences in the extent of conversion to the
more potent inhibitor gemfibrozil glucuronide and the degree
of glucuronide accumulation in hepatocytes. In addition,
substantial variability can also be associated with some of the
victim drugs—for example Niemi et al. (22) have recently
shown the importance of SLCO1B1 polymorphisms on the
pharmacokinetics of repaglinide. This may contribute to the
different magnitude of DDI observed, not only in the case of
this victim drug, but also for other OATP1B1 substrates (e.g.,
pravastatin, pitavastatin, rosuvastatin) (23,24,50,59,60).

Analogous to the reversible metabolic interactions,
qualitative zoning of OATP1B1 inhibitors based on [I]in/Ki

can be valuable, particularly in drug screening where false
negative predictions are to be avoided. However, this
approach is not quantitative and false positives and over-
prediction of the magnitude of a DDI may result and
additional, more comprehensive studies would be required
in case of positive prediction. Incorporation of the relative
contribution of a particular transporter in the form of ft
refines the transporter prediction model. It is anticipated that
an expansion of the in vitro transporter database in subse-
quent years will allow further evaluation of this approach. A
combined physiologically-based model incorporating both
the inhibition of the hepatic uptake transporter and P450
metabolic pathways in a sequential manner would represent
the most comprehensive prediction tool and the need for
such refinement is becoming more obvious with the disposi-
tion characteristics of recently developed drugs.
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APPENDIX

Total hepatic clearance can be described by Eq. 7
(58,61,62):

CLint;all ¼ PSinf lux �
CLint

PSefflux þ CLint
ð7Þ

where PSinflux and PSefflux are the membrane permeability–
surface area products of a drug across the sinusoidal mem-
brane, for the influx and efflux processes, respectively, and
CLint is the intrinsic clearance representing both metabolic
and biliary excretion of the drug. When PSefflux << CLint,
CLint,all = PSinflux. PSinflux can also be described as the clear-
ance due to influx into the cell (CLinflux) (62).

When the uptake of a drug involves more than one
transporter, the total influx clearance can be defined as the
sum of the ratios of the Michaelis–Menten parameters for the

individual transporters, assuming linear kinetics (substrate
concentration <<Km), as shown in Eq. 8:

CLinflux ¼ Vmax1

Km1
þ Vmax2

Km2
¼ ftOATP1B1CLinflux

þ 1� ftOATP1B1ð ÞCLinflux

ð8Þ

where 1 and 2 refer to influx via a particular transporter (e.g.,
OATP1B1). The term ftOATP1B1 refers to the fraction of the
drug transported by way of the OATP1B1 transporter, whereas
the remaining fraction is transported by unspecified routes.

Influx clearance in the presence of a competitive
inhibitor of OATP1B1 (CLinflux i) or 2 inhibitors acting via
the same mechanism is shown in Eqs. 9 and 10, respectively:

CLinfluxi ¼ Vmax1

Km1 1þ I½ �=Kið Þ þ
Vmax2

Km2
ð9Þ

CLinfluxi ¼ Vmax1

Km1 1þ I½ �=Ki1 þ I½ �=Ki2ð Þ

þ 1� ftOATP1B1ð ÞCLinflux ð10Þ

Combining Eqs. 8 and 10 gives:

CLinfluxi ¼ ftOATP1B1 CLinflux

1þ
Pn

j

I½ �j=Ki; j

þ 1� ftOATP1B1ð ÞCLinflux ð11Þ

Assuming competitive inhibition and that the other
transport processes are unaffected by the inhibitor, the
AUC ratio is given by the following equation:

AUCi

AUC
¼ CLinflux

CLinfluxi
¼ 1

ftOATP1B1

1þ
Pn

j

I½ �j=Ki;j

þ 1� ftOATP1B1ð Þ
ð12Þ
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