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ABSTRACT
Purpose To evaluate 26 marketed oncology drugs for time-
dependent inhibition (TDI) of cytochrome P450 (CYP)
enzymes. Evaluate TDI-positive drugs for potential to generate
reactive intermediates. Assess clinical drug–drug interaction
(DDI) risk using static mechanistic models.
Methods Human liver microsomes and CYP-specific probes were
used to assess TDI in a dilution shift assay followed by generation of KI
and kinact. Reactive metabolite trapping studies were performed with
stable label probes. Static mechanistic model was used to predict
DDI risk using a 1.25-fold AUC increase as a cut-off for positive DDI.
Results Negative TDI across CYPs was observed for 13/26 drugs;
the rest were time-dependent inhibitors of, predominantly, CYP3A.
The kinact/KI ratios for 11 kinase inhibitors ranged from 0.7 to
42.2 ml/min/μmol. Stable label trapping agent–drug conjugates
were observed for ten kinase inhibitors. DDI predictions gave no
false negatives, one true negative, four false positives and three true
positives. The magnitude of DDI was overestimated irrespective of
the inhibitor concentration selected.
Conclusions 13/26 oncology drugs investigated showed TDI
potential towards CYP3A, formation of reactive metabolites
was also observed. An industry standard static mechanistic
model gave no false negative predictions but did not capture
the modest clinical DDI potential of kinase inhibitors.

KEY WORDS drug-drug interaction . kinase inhibitors .
prediction . reactive metabolites . time-dependent CYP inhibition

ABBREVIATIONS
AUC area under the curve
Cav average plasma concentration
Cmax maximum plasma concentration
CYP cytochrome P450
DDI drug–drug interaction
HLM human liver microsomes
LC liquid chromatography
MS/MS tandem mass spectrometry
NME new molecular entity
PBPK physiologically based pharmacokinetic modeling
TDI time-dependent inhibition

INTRODUCTION

Drug interactions in the field of oncology are commonplace
and may lead to serious adverse events in the clinic (1). The
current treatment for oncology is divided into two broad
classes: cytotoxic chemotherapeutic agents whose efficacy is
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limited by their toxicity, and targeted therapies/protein
kinase inhibitors (2). Generally, cytotoxic chemotherapeutic
agents are administered at doses close to the maximum that
can be tolerated (3), and historically, for these agents drug–
drug interactions (DDIs) have been largely ignored (4).
Conversely, targeted therapies or kinase inhibitors are better
tolerated and are potentially administered for long periods
of time (until disease progression) and in most cases, contin-
uously (5). Nevertheless many of these therapies are consid-
ered narrow therapeutic index drugs. These drugs exhibit
extensive inter-individual variability in their pharmacokinet-
ics (3), and greater than 90 % of cancer patients are treated
with more than two different drugs concurrently. These
factors present a DDI risk to patients, and the role of
oncology therapies as either victim or perpetrator of DDI
needs to be carefully evaluated and balanced with relative
risk:benefit ratios for patients. As such, it is apparent that
DDIs need to be more widely considered in the oncology
field (4,6,7).

Pharmacokinetic DDI may result in elevated exposure
which may exacerbate the adverse events, such as skin
toxicities, nausea and hematological effects, associated with
kinase inhibitors (8). Reports of cytochrome P450 (CYP)-
mediated DDI for kinase inhibitors have predominantly
focused on the inhibitors’ role as victim drugs (9–12). Clin-
ical reports on the kinase inhibitors as perpetrators of DDI
suggest that the magnitude of inhibition is modest, typically
resulting in a less than 2-fold change in exposure of the
victim drug (13). However, dasatinib, erlotinib, gefitinib
and lapatinib have been shown to cause modest time-
dependent inhibition (TDI) in vitro (14–17), and the transla-
tion of this in vitro TDI into a clinically significant DDI risk is
still being assessed. For new therapies still in the discovery or
development phases, an evaluation of the in vitro TDI liabil-
ities for current marketed drugs is a valuable aid when
considering the risk:benefit profile of a new molecular entity
(NME).

The industry standard is to screen for CYP inhibition,
including TDI, early in the drug discovery process. This is a
regulatory requirement as a compound progresses to the
clinic. With increased understanding of the complexity of
TDI and advances in in vitro methodologies, it is now possi-
ble to identify compounds with even weak interaction po-
tential (18). The time- and concentration-dependent nature
of this inhibition, alongside its irreversible nature, make
assessment of DDI risk important. Various models exist to
evaluate DDI potential, ranging from mechanistic static to
physiologically based pharmacokinetic (PBPK) models (such
as implemented in the Simcyp simulator® software). These
models have been demonstrated to accurately predict the
magnitude of DDI due to TDI when the right input param-
eters are given (19–23). However, these models can in some
instances result in overprediction of DDI magnitude

depending on the initial model assumptions, parameter
estimates used and model complexity (20,24). PBPK mod-
els, although capable of simulating changing drug concen-
tration in a dynamic way, require rich input data for the
most accurate simulations. These data are often not avail-
able for compounds early in drug discovery and this, in
addition to recommendations from regulatory authorities
(www.fda.gov//downloads/Drugs/DevelopmentApproval
Process/DevelopmentResources/DrugInteractionsLabeling/
UCM269209.pdf), make the mechanistic static models at-
tractive when either focusing on TDI in isolation
(19,20,25) or expanded to account for multiple interaction
mechanisms (26).

The aim of the work presented here was to comprehen-
sively evaluate the in vitro time-dependent CYP inhibition of
26 marketed oncology drugs, 12 of which were kinase inhib-
itors, (Fig. 1) using standard CYP probe substrates. Addi-
tionally, we assessed formation of reactive metabolites of
these kinase inhibitors in vitro using common trapping
agents. Finally, we attempted to extrapolate in vitro inhibi-
tion to eight reported clinical DDI studies with midazolam,
simvastatin, everolimus and atorvastatin using a mechanistic
static model accounting for both TDI and reversible inhibi-
tion (where applicable). The impact of inhibitor and enzyme
related parameters in the mechanistic static model on the
prediction accuracy of DDIs was investigated. In particular,
different surrogates for inhibitor concentration, variability
in plasma protein binding and CYP3A4 turnover rate con-
stants in liver relative to intestine. Implications of the find-
ings and ability of the mechanistic static model to assess DDI
potential of kinase inhibitors are discussed.

MATERIALS AND METHODS

Materials

1′-Hydroxymidazolam was purchased from Cerilliant
(Round Rock, TX). 1′-Hydroxymidazolam-d3 was pur-
chased from High Standard Products (Westminster, CA).
1′-Hydroxymidazolam-13C3, mifepristone and (S)-warfarin
were purchased from US Biological (Swampscott, MA). 3,4-
Methylenedioxymethamphetamine, 7,8-benzoflavone, dex-
tromethorphan, dimethylsulfoxide (DMSO), everolimus,
furafylline, glutathione, hydrobromide, ketoconazole, meth-
otrexate, methoxylamine, phenacetin, phenyl-d5-7-hydrox-
ywarfarin, potassium cyanide, propranolol, quinidine,
sulfaphenazole, temozolomide, ticlopidine, troleandomycin
and testosterone were purchased from Sigma Aldrich (St.
Louis, MO). 5′-Flurouracil, cisplatin and docetaxel were
purchased from LKT Laboratories (St. Paul, MN). (±)-4′-
Hydroxymephenytoin-d3, 6-β-hydroxytestosterone-d3,
acetaminophen-d4, dextrorphan-d3, capecitabine,
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dasatinib, doxorubicin, gestodene, paclitaxel, pemetrexed,
(S)-(+)-N-3-benylnirvanol, sunitinib and vorinostat were pur-
chased from Toronto Research Chemicals (North York,
ON, Canada). Cyclophosphamide was purchased from
Acros Organics (Geel, Belgium). Erlotinib, gefitinib, imati-
nib, irinotecan, lapatinib, pazopanib, sirolimus (rapamycin),
sorafenib and sunitinib were purchased from LC Laborato-
ries (Woburn, MA). Etoposide was purchased from Tocris
Bioscience (Ellisville, MO). Midazolam was purchased from
Spectrum Chemicals (Gardena, CA). β-Nicotinamide ade-
nine dinucleotide phosphate, (reduced form; NADPH) was
purchased from Calbiochem (San Diego, CA) or Sigma
Aldrich (St. Louis, MO). Nilotinib and temsirolimus were
purchased from LC Laboratories (Woburn, MA) or VWR
International (West Chester, PA). (S)-Mephenytoin was pur-
chased from Enzo Life Sciences International (Plymouth
Meeting, PA). Stable labeled glutathione (13C, 15N on gly-
cine) and methoxylamine-d3 were purchased from Cam-
bridge Isotope Laboratories, Inc. (Andover, MA). Stable
labeled potassium cyanide -13C-15N was purchased from
Isotec Inc (Des Plaines, IL). Topotecan was purchased from
Tecoland Corp (Edison, NJ). Vorinostat was purchased
from Selleck Chemicals LLC (Houston, TX). All chemicals

were of the highest qualities available and provided in solid
form (with the exception of 1′-hydroxymidazolam, which
was provided as 100 μg/ml stock in methanol and stored
at−20 °C). HPLC grade acetonitrile, formic acid, glacial
acetic acid and water were purchased from VWR Interna-
tional (West Chester, PA).

Pooled male and female human liver microsomes
(HLMs) were purchased from BD Biosciences (50 donor
pool, 86 % Caucasian; CYP3A4 86 pmol/mg and CYP3A5
13 pmol/mg by Western blot; San Jose, CA) and CellzDirect
(20 donor pool; 86%Caucasian, Durham, NC). Male human
plasma (treated with potassium EDTA) was purchased from
Bioreclamation LLC (Westbury, NY). Potassium phosphate
buffer (100 mM; pH 7.4) and phosphate buffered saline (PBS,
pH 7.4) were prepared by the Media Preparation Facility at
Genentech, Inc.

Assessment of TDI Liability of Five Major CYP
Isoforms

TDI of CYP1A2, CYP2C9, CYP2C19, CYP2D6 and
CYP3A were evaluated using an automated AUC shift
dilution assay adapted from methodology described by
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Obach et al. (2007)(20). In brief, the test compound in
DMSO (0, 1, 10, 50 and 100 μM) was incubated with
pooled HLMs (0.3 mg/ml) in potassium phosphate buffer
(100 mM; pH 7.4) in the presence and absence of NADPH
(1 mM) for 30 min at 37 °C. The final solvent concentration
was 1 % DMSO (v/v), and the incubation volume was
150 μl. After this initial incubation, a 10-fold dilution was
performed into six separate secondary incubations contain-
ing NADPH (1 mM) and a CYP probe in potassium phos-
phate buffer (100 mM; pH 7.4); the secondary incubations
were allowed to proceed for 10–40 min depending on the
enzyme being assessed. The probe substrates, probe con-
centrations and incubation times for the five CYPs were as
reported for reversible CYP inhibition (27) and were as
follows: CYP1A2, phenacetin (100 μM; 30 min); CYP2C9,
S-warfarin (4 μM; 30 min); CYP2C19, (S)-mephenytoin
(120 μM; 40 min); CYP2D6, dextromethorphan (10 μM;
10 min); CYP3A, testosterone (100 μM; 10 min) and mid-
azolam (4 μM; 10 min). Under these conditions, the forma-
tion rate of CYP-specific metabolites was within the linear
range. The final solvent concentration in the secondary
incubation was 0.1 % v/v and the incubation volume was
70 μl. The secondary incubations were quenched with ad-
dition of formic acid (6 %) in acetonitrile (35 μl) containing
the deuterated metabolite internal standard specific for each
CYP probe. Following quenching, the samples were pooled
for analysis by LC-MS/MS as described below. The assay was
conducted using a 384-well plate format and fully automated
protocol on a BioCel 1200 from Agilent Technologies (Santa
Clara, CA).

Aliquots (25 μl) were analyzed by LC-MS/MS for CYP-
specific metabolites of probe substrates. The equipment
consisted of an Agilent 1200 series HPLC system (Palo Alto,
CA), an HTS PAL autosampler from CTC Analytics (Carr-
boro, NC) equipped with a Cohesive LX-2 Multiplexing
system from Thermo Scientific (Franklin, MA) coupled to
a Triple Quad 5500™mass spectrometer, equipped with an
electrospray ionization (ESI) source from AB Sciex (Foster
City, CA). The mass spectrometer was operated under
multiple reaction monitoring (MRM) conditions in posi-
tive/negative switching mode. A Hypersil Gold column
(1.9 micron, 50×2.1 mm) from Thermo Scientific and mo-
bile phases containing 0.01 % formic acid in water (A) and
0.01 % formic acid in acetonitrile (B) were used for chro-
matographic separation. The stepwise linear gradient was
1 % B (0–0.4 min), 10–40 % B (0.42–2.7 min), 40–95 % B
(2.7–2.95 min), and 1 % B (2.96–4.4 min). The total run
time was 4.4 min using a flow rate of 0.55 ml/min.

The CYP-specific metabolites of probe substrates were
quantified by LC-MS/MS using the ratio of metabolite
peak area to that of the internal standard. The amount of
metabolite formed at each concentration relative to the
vehicle control (or percent remaining activity) was

calculated and plotted against inhibitor concentration. The
areas under the curve (AUCs) were calculated and IC50

values were estimated by nonlinear regression using XLfit
4.0 from IDBS (Guildford, Surrey, UK). The difference
between the AUCs in the presence and absence of NADPH
in the pre-incubation was compared, and an AUC shift (%)
was determined as described in Eq. 1 so that increasing TDI
resulted in increasing AUC shift values between 0 and 100.
Any compounds with a greater than nominal 15 % shift in
AUC were flagged as exhibiting potential TDI.

AUCShift ð%Þ ¼ 1� AUC withNADPHpre �incubation
AUC without NADPHpre �incubation

� �
� 100

ð1Þ

Determination of CYP3A KI & Kinact

The inhibitor concentration that supports half the maximal
rate of inactivation (KI) and the maximal rate of enzyme
inactivation (kinact) for CYP3A were determined manually in
HLMs. The test compound (0, 0.1, 0.62 1.9 5.6, 16.7, 50,
and 100 μM) was incubated at 37 °C with pooled HLMs
(0.6 mg/ml) and NADPH (1.3 mM) in potassium phosphate
buffer (100 mM; pH 7.4) for 0.5, 2.5, 9, 16, and 25 min with
midazolam as a probe substrate and for 0.5, 3, 8, 17 and
30 min with testosterone as a probe substrate. The final
incubation volume was 100 μl. The final solvent content in
the incubation was 0.05 % DMSO and 0.95 % acetonitrile.
After this initial incubation, a 20-fold dilution was per-
formed into a secondary incubation containing midazolam
(16 μM) or testosterone (250 μM) and NADPH (1.3 mM) in
potassium phosphate buffer (100 mM; pH 7.4). The second-
ary incubation (200 μl final volume) was allowed to proceed
at 37 °C for 4 (midazolam) or 10 min (testosterone) before
the reaction was quenched with formic acid (3 %) in aceto-
nitrile (50 μl) containing internal standard (1′-hydroxymida-
zolam-d3 [0.1 μM] or 6-β-hydroxytestosterone-d3 [1 μM]).
The samples were then centrifuged (2000 × g for 5 min) and
analyzed by LC-MS/MS as described below.

Aliquots (10 μl) were analyzed by LC-MS/MS for either
1′-hydroxymidazolam or 6-β-hydroxytestosterone. The
equipment consisted of an Agilent 1200 series HPLC sys-
tem, an HTS PAL autosampler from CTC Analytics
equipped with a Cohesive LX-2 Multiplexing system from
Thermo Scientific coupled to an API4000™mass spectrom-
eter, equipped with an ESI source from AB Sciex. The mass
spectrometer was operated under MRM conditions in the
positive ion mode. A C-18 Hypersil Gold column (1.9 μm,
50×2.1 mm) from Thermo Scientific and mobile phases of
0.1 % formic acid in water (A) and 0.1 % formic acid in
acetonitrile (B) were used for chromatographic separation.
For midazolam, the stepwise linear gradient was 5 % B (0–
0.1 min), 30 % B (0.1–1.2 min), and 95 % B (1.2–1.9 min).
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The total run time was 3 min using a flow rate of
0.4 ml/min. For testosterone, the stepwise linear gradient
was 5 % B (0–0.1 min), 30 % B (0.1–1.2 min), 95 % B (1.2–
1.9 min), and 5 % B (1.91–4.0 min). The total run time was
4 min using a flow rate of 0.4 ml/min.

CYP-specific metabolites of probe substrates were quan-
tified by LC-MS/MS using the ratio of metabolite peak area
to that of the internal standard. The amount of metabolite
formed at each concentration relative to a vehicle control (or
percent remaining activity) was calculated, and kobs (ob-
served first-order inactivation rate constant) was determined
by linear fit of the natural logarithm of percent remaining
activity versus time for each concentration of test compound
([I]). Apparent KI and kinact were estimated using nonlinear
regression in Prism 5 from GraphPad Software Inc. (La
Jolla, USA) using the following equation:

kobs ¼ I½ � � kinact
I½ � þKI

ð2Þ

Assessment of Reactive Metabolite Formation

The formation of reactive metabolites was evaluated in
HLMs using stable labeled trapping agents (glutathione,
potassium cyanide and methoxylamine) to aid detection.
The use of the stable labels for trapping studies allows for
enhanced selectivity of mass spectrometry detection, and the
concentration of trapping agents was staged to minimize
CYP inhibition (23,28,29).

Briefly, the test compound (20 μM) was incubated (37 °C;
60 min) with pooled HLMs (1 mg/ml), NADPH (1 mM) and a
1:1 ratio of unlabeled and labeled trapping agent, namely,
glutathione (1 mM), methoxylamine (0.5 mM) or potassium
cyanide (1 mM) in potassium phosphate buffer (100 mM, pH
7.4). The final incubation volume was 200 μl with a solvent
concentration of 0.02 % DMSO and 0.38 % acetonitrile for
glutathione and methoxylamine and 0.38 % methanol for
potassium cyanide. The reaction was quenched by addition
of acetone (500 μl), samples were centrifuged (2000×g for
10 min), the supernatant removed and evaporated to dryness
using an Evaporex EVX-192 from Apricot Designs (Monrovia,
CA). Sample was reconstituted in methanol:water (1:1 v/v;
200 μl) for analysis by LC-MS/MS.

Aliquots (17 μl) were analyzed for conjugate formation
using accurate mass and isotope pattern filtering software
MsXelerator from MsMetrix (Maarssen, The Netherlands)
focused on stable labeled fingerprints of two (potassium
cyanide trapping assay) or three (glutathione and methoxyl-
amine trapping assays) mass units difference with equal
intensity. The equipment consisted of an LTQ-Orbitrap
mass spectrometer coupled to an Accela uHPLC from
Thermo Scientific. A Hypersil Gold C18 Column (1.9 μm,

2.1×100 mm) from Thermo Scientific with mobile phases
of 0.1 % formic acid in water (A) and 0.1 % formic acid in
acetonitrile (B) were used. The stepwise linear gradient was
5 % B (0.0–1.0 min), 5–70 % B (1.0–10.0 min), 70–95 % B
(10.0–11.0 min), and 95 % B (11.0–13.0 min). The total run
time was 15 min using a flow rate of 0.35 ml/min. Capillary
temperature was 270 °C with various source, capillary and
tube lens voltages in positive ion mode. MS2 was performed
on the two most intense peaks that had a mass difference of
3 or 2 Da (both high and low masses of mass tag) with a
relative ratio of 80–100 % in the glutathione/methoxyl-
amine and potassium cyanide trapping assays, respectively.
MS3 was triggered for neutral loss of m/z 129/75/78 in the
glutathione trapping assay, m/z 27/29 in the potassium
cyanide trapping assay and m/z 32/35 in the methoxyl-
amine trapping assay. Post-acquisition analysis to make the
initial yes/no answer was performed with MsXelerator soft-
ware to specifically look for isotopic patterns described
above. Product ion scan and data interpretation were fol-
lowed for further confirmation using Xcalibur software
(Thermo Scientific, San Jose, CA).

Microsomal and Plasma Protein Binding

The fraction unbound in human plasma (fup) and in HLMs
(fumic) were determined by equilibrium dialysis using the 96-
Well Rapid Equilibrium Dialysis (RED) device from
Thermo Scientific (Rockford, IL). Briefly, human plasma
(200 μl; pH 7.4) or HLMs (200 μl; 0.6 mg/ml) in PBS (pH
7.4) were spiked with a test article (5 μM final concentration)
so that the final solvent concentration was 0.05 % DMSO
and 0.95 % acetonitrile. Plasma or microsomes (200 μl)
were placed in the donor side of the RED device sample
chamber and PBS (350 μl; pH 7.4) was placed on the
receiver side; all incubations were performed in triplicate.
The plates were sealed with a self-adhesive tape and incu-
bated on an orbital shaker (150 rpm; 37 °C; 4 h). Following
incubation, aliquots (30 μl) were taken from the donor and
receiver chambers and quenched in acetonitrile (200 μl)
containing propranolol (0.1 μM) as internal standard. Blank
plasma, HLMs or PBS (30 μl) were added to the appropri-
ate wells to create analytically identical sample matrices to
eliminate any matrix effect. Samples were centrifuged
(2000×g for 10 min) and aliquots (100 μl) of supernatant
were diluted in water (1:1 v/v) prior to LC-MS/MS analysis.

Aliquots (10 μl) were analyzed by LC-MS/MS equipment
as described earlier for kinact and KI determination. The mass
spectrometer was operated in the positive ion mode and
MRM was used to quantify test compound. A Hypersil Gold
C18 Column (1.9 μm, 2.1×50 mm) from Thermo Scientific
andmobile phases of 0.1% formic acid in water (A) and 0.1%
formic acid in acetonitrile (B) were used for chromatographic
separation using a stepwise linear gradient of 0 % B for (0.0–
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0.1 min), 0–98 % B (0.1–1.0 min), 98 % (1.0–2.83 min), and
0 % B (2.84–4.0 min). The total run time was 4 min using a
flow rate of 0.4 ml/min.

The compound was quantified using the ratio of test
compound peak area to internal standard peak area. Values
of fup and fumic were calculated from the ratio of the test
compound in buffer (receiver chamber) to the test com-
pound in plasma or microsomes (donor chamber).

Literature Resources for Clinical PK and DDI Risk

TheU.S. National Library ofMedicine (http://www.ncbi.nlm.
nih.gov/pubmed) and the Drug Approval Packages (http://
www.accessdata.fda.gov/scripts/cder/drugsatfda/index.cfm)
were the sources of clinical pharmacokinetic and DDI data of
drugs confirmed as CYP3A time-dependent inhibitors in these
studies. All clinical data were considered, and information on
the maximum plasma concentration (Cmax) and AUC from the
reported DDI study corresponding to the perpetrator dose
were selected and collated along with that at steady state for
approved doses (Table I). References associated with clinical
data are listed in the Supplementary Material.

Static Mechanistic Prediction of Drug–Drug
Interaction Potential

The potential extent of DDI was predicted according to the
method described by Fahmi et al. (2008) (26), in which the
effects of competitive inhibition and mechanism-based inhi-
bition in both the intestine and liver are incorporated in the
model, as illustrated in Eq. 3:

AUCpo;i

AUCpo
¼ 1

A � B½ � � f mCYP3A4 þ 1� f mCYP3A4ð Þ

� 1
Y � Z½ � � 1� FGð Þ þ FG

ð3Þ

where AUCpo,i and AUCpo are the areas under the curve of
an affected substrate in the presence and absence of an
inhibitor, respectively, FG is the fraction of the substrate
that escapes intestinal metabolism, and fmCYP3A4 is the frac-
tion of the substrate clearance metabolized by CYP3A4.

The FG values were taken from Gertz et al. (2010) (30)
and, whenever possible, were based on estimates obtained
from iv and po data (FG is 0.51 for midazolam and 0.38 for
atorvastatin); otherwise, estimates obtained from grapefruit
juice studies were used (as in the case of simvastatin, for
which FG is 0.14). Considering intestinal extraction of most
of the victim drugs in the dataset (>60%), interaction at the
intestine was expected to contribute to the overall DDI
magnitude and was therefore considered as physiologically
relevant in the mechanistic static model. No data were
available for everolimus, so FG was assumed to be 0.5.

The values of fmCYP3A for victim drugs involved in these
DDIs were 0.94 for midazolam (19), 0.91 for simvastatin,
0.77 for atorvastatin (31) and 0.93 for everolimus. In the
cases of simvastatin and everolimus, fmCYP3A4 was estimated
from the reported increase in victim drug AUC in the
presence of itraconazole (32) and ketoconazole (33), respec-
tively, as 1 - AUCcontrol/AUC+inhibitor.

A and Y are the mechanism-based inhibition components
in the liver and intestine, respectively; B and Z are the
competitive inhibition components in the liver and intestine,
respectively. They can be expressed as illustrated in Eqs. 4
and 5:

A;Y ¼ kdeg

kdeg þ I½ �u�kinact
I½ �uþKI

ð4Þ

B;Z ¼ 1

1þ I½ �u
KI

ð5Þ

where kdeg is the rate constant of enzyme degradation. The
mean kdeg value of 0.03 h−1 was used for intestinal CYP3A4
(34,35). In contrast to intestine, there is no consensus on the
value of hepatic CYP3A4 kdeg, and predictions were per-
formed assuming the same kdeg in both liver and intestine. In
addition, the impact of variability of hepatic kdeg (0.0193–
0.03 h−1, corresponding to a hepatic CYP3A4 turnover half
life of 23–36 h; (35)) on the prediction accuracy was also
investigated. The inhibitor concentration in the liver was
assumed to be either the Cmax or the average concentration
(Cav) from published clinical studies; the unbound plasma
concentration was used for all compounds except gefitinib
and sirolimus, for which the unbound blood concentration
was reported. The fraction unbound in blood (fub) was
estimated from the in-house measured plasma protein bind-
ing, and blood-to-plasma ratios were taken from literature
resources (Table I). All the inhibition data were corrected
for nonspecific microsomal binding based on measurements
performed in the current study. The inhibitor concentration
in the intestine (IG) was calculated as shown in Eq. 6 assum-
ing no binding of the inhibitor to enterocytic proteins,
making fu,gut01 (21):

IG ¼ Dose � ka � f a
QG � Freq ð6Þ

where Dose is total daily dose of an inhibitor given orally, ka
represents the first-order absorption rate constant, fa repre-
sents the fraction of the dose absorbed, QG is the intestinal
(villous) blood flow (18 l/h; (36)), and Freq is the frequency
of daily dose. Under fasted conditions, fa was assumed to be
0.8, with the exception of erlotinib and nilotinib (0.6 and
0.3, respectively, (37)), and a standard value of 1.8 h−1 was
used as ka for all inhibitors (20,26).
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Prediction accuracy of the hepatic model in isolation or
combined with the intestinal interaction was assessed using
either Cmax,u or Cav,u. When possible, these data were taken
from the actual DDI study; alternatively, when only victim drug
exposures were reported, data from clinically corresponding
doses reported elsewhere were used. In addition, the impact of
variability in perpetrator pharmacokinetics was assessed by
propagating a 30 % coefficient of variation on AUC and blood
binding. The predictive utility of different scenarios was
assessed as percent predicted within acceptable limits as pro-
posed recently by Guest et al. (2011) (38). The upper and lower
prediction limits were more stringent than the commonly used
2-fold in cases in which a minor shift in AUC was expected,
approaching the traditional 2-fold limits as the AUC ratio
became larger. The limits also accounted for the estimated
baseline inter-individual variability in victim drug exposure
based on the 20 % variability data observed for midazolam.

RESULTS

Assessment of TDI Liability for 5 Major CYP Isoforms

Twenty-six oncology drugs were assessed for TDI. CYP3A
was by far themost commonly inhibited isoformwith 13 of the
drugs exhibiting TDI of CYP3A to some extent (Table II). In
all, 12 of the 13 drugs that exhibited TDI were kinase inhib-
itors. No evidence of TDI was observed for the other 13 drugs
evaluated. All of the kinase inhibitors tested were identified as
time-dependent inhibitors in this assay, along with the cyto-
toxic agent docetaxel, although sorafenib was borderline

positive on the basis of our criteria (a 15 % AUC shift).
CYP3A TDI was assessed using both midazolam and testos-
terone as probe substrates, and the findings were consistent in
both assays, although midazolam tended towards a lower
magnitude of inhibition as described by shift in AUC of the
IC50 curves (shown in Supplementary Material).

Of the 26 drugs evaluated, only three were found to have
TDI of isoforms other than CYP3A. This TDI was also
confined to the kinase inhibitors, namely gefitinib, nilotinib
and sorafenib. Gefitinib inhibited CYP2D6 with a TDI IC50

of 2.1±0.7 μM and a shift in AUC of 33±8 %. Nilotinib
inhibited CYP2C9 with a TDI IC50 of 1.3±1.2 μM and a
shift in AUC of 27±7 %. Sorafenib inhibited CYP2C9 and
CYP2C19 with TDI IC50 values of 1.2±1.0 and 0.9±
0.6 μM, respectively, and a shift in AUC of 30±17 and
39±19 %, respectively. However, no further evaluation was
performed to investigate this apparent TDI, and confirma-
tion would be required in detailed kinetic assays of the
individual isoforms.

Confirmation and Kinetic Evaluation of CYP3A
Time-Dependent Inhibition

Kinetic parameters of CYP3A TDI were determined for
12 kinase inhibitors (Table III). The inhibition observed in
the AUC shif t assay was conf irmed to be both
concentration- and time-dependent in this more-detailed
assessment of TDI. Close inspection of the kinetic data
revealed that the kinase inhibitors fell into three general
groups in terms of their inhibition: those whose TDI was
simple: dasatinib, erlotinib, imatinib and pazopanib

Table I Clinical Dosing Regimen, Steady State Exposure and In Vitro Binding Data for 12 Kinase Inhibitors. Clinical Information and B:P Ratio Collated from
Literature Sources as Described in Materials and Methods. The Values of fup and fumic were Measured In-House (Data are Means, n03). References for Clinical
Data are Listed in the Supplementary Material

Kinase inhibitor Clinical dose/frequency Steady state Cmax (ng/ml) Steady state AUC (ng.h/ml) B:P ratio fup
a fumic

a

Dasatinib 70 mg BID 70.5 236 1.8 0.051 0.334

Erlotinib 150 mg QD 1050 18700 1.0–1.3 0.083 0.650

Everolimus 10 mg QD 76.7 729 0.17–0.73 0.010 0.140

Gefitinib 250 mg QD 130 2970 0.76 0.059 0.165

Imatinib 400 mg QD 2596 40100 0.42 0.118 0.433

Lapatinib 1250 mg QD 2430 36200 0.84 0.002 0.003

Nilotinib 400 mg BID 2210 16400 0.68–0.84 0.001 0.013

Pazopanib 800 mg QD 58000 1040000 0.59–0.93 0.001 0.286

Sirolimus 5 mg QD 37.4 396 36.5 0.005 0.086

Sorafenib 400 mg BID 7700 64300 1.33 0.116 0.701

Sunitinib 50 mg QD 23.2 1020 1.4 0.117 0.284

Temsirolimus 25 mg QW 443 1350 3.4 0.003 0.219

AUC Area under the curve, BID Twice daily, B:P Blood-to-plasma partitioning, Cmax maximum plasma concentration, fup Fraction unbound in human plasma,
fumic Fraction unbound in human liver microsomes, QD Once daily, QW Once weekly
a In vitro measurement
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(Fig. 2); those for which there was clear evidence of revers-
ible inhibition as well as TDI: everolimus, nilotinib, tem-
sirolimus and sirolimus (Fig. 3), and those for which
defining TDI was complicated by apparent activation of
metabolism as well as reversible inhibition: gefitinib, lapa-
tinib, sorafenib and sunitinib (Fig. 4).

In the first group the interpretation of kinetic fits was
uncomplicated, and maximum inactivation rates were ob-
served at the concentrations tested (Fig. 2). A limiting factor
may be solubility for these kinase inhibitors particularly at
high concentrations (50 and 100 μM), as no additional
inactivation was observed as concentrations increased; this
was most apparent for erlotinib for which aqueous solubility
is poor (39). By visual inspection, all kinase inhibitors
appeared to be in solution up to at least 16 μM. In the

second group, a downwards shift in the initial percent
remaining control activity at the 0.5 min time point was
evidence of a reversible inhibition component, this was
particularly clear for sirolimus (Fig. 3). Indeed, for ever-
olimus, nilotinib and sirolimus, reversible inhibition was
the predominant mechanism at 50 and 100 μM, and, as
such, these data were excluded from the non-linear regres-
sion analysis. In the third group, defining TDI was compli-
cated by apparent activation of metabolism as well as
reversible inhibition (Fig. 4). These effects were modest for
lapatinib and sunitinib, although the reversible inhibition
component for lapatinib at 50 and 100 μM was sufficient to
overcome the modest activation observed at lower concen-
trations. Apparent activation was marked for gefitinib and
sorafenib, and it was deemed not appropriate to fit kinetic
parameters to these compounds despite the fact that inhibition
was observed to increase with time.

To evaluate the impact of CYP3A probe selection on the
activation of CYP3A metabolism by gefitinib, lapatinib,
sorafenib and sunitinib, the kinetic TDI experiments were
repeated using testosterone as a probe substrate (Fig. 5). In
contrast to the midazolam data, no activation of testosterone
metabolism was observed. Thus, it was possible to generate
kinetic parameters for gefitinib, and it was now apparent
that sorafenib showed no evidence of TDI (although appar-
ent reversible inhibition was observed). Table III shows the
kinetic parameters of TDI for the 12 kinase inhibitors, and
these values were used in the prediction of clinical DDI risk.

Table II In Vitro Time-Dependent CYP3A Inhibition of 26 Oncology
Drugs as Assessed by the IC50 Shift Assay. Evidence of TDI is Determined
by a >15 % Shift in AUC of the IC50 Curves Following a 30 min Pre-
incubation in the Presence or Absence of NADPH. Data are Means ± SD
(n03). Testosterone Was Used as a Probe Unless Otherwise Indicated

Drug Evidence of
CYP3A TDI?

% Shift
in AUC

TDI IC50

(μM)

cytotoxic
agent

5′-Fluorouracil No

Capecitabine No

Cisplatin No

Cyclophosphamide No

Docetaxela Yes 45.3±21.2 0.1±0.0

Doxorubicin No

Etoposide No

Irinotecan No

Methotrexate No

Paclitaxel No

Pemetrexed No

Temozolomide No

Topotecan No

Vorinostat No

kinase
inhibitor

Dasatinib Yes 60.2±8.8 0.6±0.6

Erlotinib Yes 60.4±12.5 1.5±1.8

Everolimus Yes 53.2±11.4 0.2±0.1

Gefitinib Yes 33.8±14.0 4.8±4.6

Imatinib Yes 58.6±20.6 1.0±0.8

Lapatinib Yes 62.1±9.1 0.4±0.5

Nilotinib Yes 51.6±13.2 0.4±0.4

Pazopanib Yes 59.6±3.2 0.3±0.1

Sirolimus Yes 54.8±6.4 0.3±0.1

Sorafenib borderline 15.0±9.9 1.3±0.1

Sunitinib Yes 33.8±7.4 4.9±3.2

Temsirolimus Yes 56.7±5.5 0.8±0.8

AUC Area under the curve, CYP Cytochrome P450, IC50 Half maximal
inhibitory concentration, TDI Time-dependent inhibition
a Midazolam was used as a probe

Table III Kinetic Parameters of Time-Dependent CYP3A Inhibition for
Kinase Inhibitors and Positive Control Troleandomycin. Midazolam was
Used as a Probe Substrate Unless Otherwise Stated. Data are Means ±
SD (n03)

Drug KI (μM) kinact (min−1) kinact/KI (ml/min/μmol)

Troleandomycin 0.62±0.22 0.093±0.006 160±47

0.18±0.06a 0.075±0.002a 424±25a

Dasatinib 2.6±1.5 0.024±0.002 13.6±11.2

Erlotinib 8.2±1.5 0.057±0.004 7.1±0.8

Everolimus 0.9±0.5 0.022±0.001 34.2±24.6

Gefitiniba 14.1±10.7 0.019±0.007 2.0±1.1

Imatinib 4.4±1.5 0.028±0.002 6.8±2.0

Lapatiniba 4.6±2.8 0.029±0.005 9.1±7.0

Nilotinib 1.5±0.9 0.033±0.005 25.7±9.5

Pazopanib 2.9±0.9 0.021±0.003 7.4±1.8

Sirolimus 0.9±0.2 0.027±0.008 39.6±18.1

Sorafeniba na na na

Sunitinib 31.5±5.4 0.020±0.002 0.7±0.2

Temsirolimus 0.6±0.3 0.021±0.000 42.2±17.6

CYP Cytochrome P450, kI Inhibitor concentration that supports half the
maximal rate of inactivation, kinact Maximal rate of enzyme inactivation, na
Not appropriate to fit data
a Testosterone was used as a probe
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The kinetic parameters generated for erlotinib, imatinib,
sunitinib and troleandomycin using midazolam and testos-
terone as probes were within 2- to 3-fold for both KI and
kinact with no particular trend observed with either probe.

When inspecting the two methodologies used to investi-
gate CYP3A TDI, a good relationship was observed be-
tween data generated in the shift assay and the kinetic
assay; both the percent shift in AUC and the TDI IC50 of
the inhibition curves correlated reasonably well with the
kinact/KI ratio (data in Supplementary Material). This is
consistent with previous reports of these assays (18,20,40)
and demonstrates the utility of a high throughput screening
assay for the initial assessment.

Evidence of Reactive Metabolite Formation for Kinase
Inhibitors

Trapping studies were performed using stable labeled glu-
tathione, methoxylamine and potassium cyanide to further
investigate the role of bioactivation for these kinase inhib-
itors, and the results are summarized in Table IV. In order
to simplify the data, the ion intensities from the mass spec-
trometer in full scan mode were binned into four classes,

and when several conjugates were present, the conjugate
with the highest intensity was reported. These studies
showed that all but two of the 12 kinases inhibitors under-
went bioactivation to reactive intermediates that were
trapped by at least one of the trapping agents. The excep-
tions were sirolimus and temsirolimus. Gefitinib was positive
in all the trapping assays, forming considerable levels of
cyanide conjugates. Imatinib was the only other kinase
inhibitor to form a cyanide conjugate.

Prediction of DDI Risk for Kinase Inhibitors
Using a Static Mechanistic Model

Eight clinical DDI studies on these kinase inhibitors have been
reported, and the magnitude of change in the victim drug AUC
was less than 2-fold in all, with the exception of imatinib inter-
action with simvastatin (3-fold; Table V). To assess the transla-
tion of CYP3A TDI in vitro to a clinical DDI risk, a static
mechanistic model accounting for both TDI and reversible
inhibition (where applicable) was applied; use of this model has
been well documented in the literature and recommended by
the regulatory authorities (www.fda.gov//downloads/Drugs/
DevelopmentApprovalProcess/DevelopmentResources/
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Fig. 2 Kinetic evaluation of CYP3A time-dependent inhibition for dasatinib (a), erlotinib (b), imatinib (c) and pazopanib (d) using midazolam as a probe.
Plots of natural log percent remaining control activity verses time show simple time-dependent inhibition with the kobs verses inhibitor concentration fit by
non-linear regression inset. Data are means ± SD (n03).
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DrugInteractionsLabeling/UCM269209.pdf) (20,26,41,42).
For the purpose of DDI predictions, the in vitro TDI data were
assumed to reflect CYP3A4 inhibition only. Both Cmax,u and
Cav,u were assessed as inhibitor concentration in the model
(Table V; Fig. 6), as they are both commonly used in static
predictive tools. Use of the model based solely on the hepatic
interaction resulted in no false negative predictions and compa-
rable prediction success between Cav,u and Cmax,u, with median
predicted : observed AUC ratios of 156–204 % (individual
values shown in Table V). However, even ignoring the intestinal
component led to 38–50 % of DDIs outside the prediction
limits; overprediction was more associated with Cmax,u as the
inhibitor concentration choice. Incorporation of intestinal con-
tribution resulted in no false negatives yet DDI overprediction
(median predicted : observed AUC ratio of 5.4) (Fig. 6). In the
case of imatinib, the magnitude of its DDI with simvastatin was
overestimated by more than 10-fold. The analysis was per-
formed assuming the hepatic CYP3A4 recovery half life
(t½deg) to be either the same (23 h) or longer (36 h) than the
intestine; the latter representing the ‘worst case’ scenario for
hepatic t½deg and also encompassing the CYP3A5 degradation
half-life (average 36 h, ranging from 15 to 70 h; (43)). Use of a
differential and longer hepatic t½deg compared to intestinal

t½deg resulted in an increase in the extent of overprediction, as
illustrated in Fig. 7; consistent with previous analyses, erlotinib,
imatinib, nilotinib and pazopanib were the most pronounced
outliers. It was difficult to assess the statistical significance of
these overpredictions considering limited availability of the stan-
dard deviation data in the clinical studies; nevertheless, the
magnitude of clinical DDI is low.

In order to investigate the ability of the static mechanistic
model to assess DDI potential of kinase inhibitors, fold-change
in the exposure of the standard CYP3A probe midazolam was
predicted for four kinase inhibitors, for which no clinical DDI
studies were reported. In addition, the same analysis was
performed for kinase inhibitors for which an alternative probe
to midazolam was used in the actual DDI study. Using the
liver-only model and a 1.25-fold change in victim drug AUC
as a cut-off indicated that DDIs would be expected with
gefitinib, imatinib and lapatinib. Introducing the combined
model, weak interactions (<2-fold change in midazolam
AUC) were also predicted for sirolimus, sunitinib and temsir-
olimus with everolimus on the borderline (Fig. 8). Prediction
of an erythromycin–midazolam DDI based on in-house gen-
erated in vitro data was used as a control. Predicted fold-change
on the basis of the mechanistic static model and assuming the
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Fig. 3 Kinetic evaluation of CYP3A time-dependent inhibition for everolimus (a), nilotinib (b), temsirolimus (c) and sirolimus (d) using midazolam as a
probe. Plots of natural log percent remaining control activity verses time show mixed time-dependent inhibition and reversible inhibition with the kobs verses
inhibitor concentration fit by non-linear regression inset. Data are means ± SD (n03).
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same CYP3A4 turnover of 23 h in both liver and intestine
resulted in a good agreement with the observed erythromycin
DDI, with up to 2-fold overprediction depending on the fup
used in the model (data not shown).

DISCUSSION

Protein kinases have emerged as key regulators for all
aspects of neoplasia, including proliferation, invasion, an-
giogenesis and metastasis. Not surprisingly, the development
of potent and selective kinase inhibitors for molecularly
targeted cancer treatment is considered imperative, and
treatment with kinase inhibitors has resulted in significant
survival benefit for patients (2). Many oncology therapies are
considered narrow therapeutic index drugs and are often
used in combination, presenting a risk for potential DDI.
This DDI concern is magnified when developing two
NME’s in combination. Careful consideration of the risk:
benefit profile for patients is required and an evaluation
of DDI caused by TDI for current marketed drugs is a
valuable aid.

In the current study, we evaluated the in vitro time-
dependent CYP inhibition potential of marketed protein
kinase inhibitors alongside other cytotoxic chemotherapeu-
tic agents with a total of 26 marketed oncology drugs in the
study. A total of 13 of these drugs were negative for TDI of
all CYP isoforms; the other 13 were flagged for potential
CYP3A TDI. In the latter subset, three drugs had additional
potential for TDI of other CYPs. Of the 12 kinase inhibitors
tested, only sorafenib resulted in no TDI of CYP3A. It is
perhaps not surprising that the kinase inhibitors featured
more prominently with TDI in the group of 26 drugs since
they undergo extensive CYP metabolism (Hartmann et al.,
2009); docetaxel was the only non-kinase inhibitor tested
that exhibited any TDI (CYP3A). An additional point to
consider is that many of the cytotoxic agents are actually
prodrugs or have high levels of circulating metabolites, so an
in vitro evaluation of the parent drug alone may not accu-
rately reflect the DDI risks from either a competitive or
time-dependent CYP inhibition standpoint (44).

The overall magnitude of TDI for the kinase inhibitors
was weak (Table III) in comparison to known clinical time-
dependent CYP3A inhibitors such as troleandomycin and
mifepristone (in our laboratory, KI01.3 μM and kinact0
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Fig. 4 Kinetic evaluation of CYP3A time-dependent inhibition for gefitinib (a), lapatinib (b), sorafenib (c) and sunitinib (d) using midazolam as a probe. Plots
of natural log percent remaining control activity verses time show mixed time-dependent inhibition, reversible inhibition and activation with the kobs verses
inhibitor concentration fit by non-linear regression inset where fits were possible. Data are means ± SD (n03).
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0.08 min−1). Inhibition data presented here are within 2- to
3-fold of published values for dasatinib, erlotinib and lapa-
tinib (14,15,17). It must be noted that no attempt was made
to differentiate between inhibition of CYP3A4 or CYP3A5
in the present investigation. Human liver donor demo-
graphics for the pooled microsomes used in this study were
predominantly Caucasian (86 %); low expression levels rel-
ative to CYP3A4 and higher prevalence of less ‘functional’
CYP3A5*3/*3 are consistent for this population (45,46).
Therefore, we have assumed that the TDI parameters de-
termined were reflective of CYP3A4 inhibition. However,
this has implications for subsequent clinical DDI risk assess-
ment if the role of CYP3A5 inhibition is not accurately
represented or CYP3A4 is over accounted for (45,46).

The correct experimental conditions for in vitro TDI
assays are critical (18) and kinetic interpretation of data
can be complex even under optimal experimental setup
(e.g., when protein concentration is as low as possible, the
dilution step is maximized and the probe substrate is incu-
bated in excess of Km for a short period of time). Reversible
inhibition may complicate the initial inactivation phase as
for the kinase inhibitors grouped in Fig. 3. It is possible that

a dilution step in excess of the 20-fold used in this study is
necessary. However, in the typical drug discovery screening
paradigm, the reversible inhibition component would be
known prior to detailed kinetic analysis and so TDI dilution
factors could be adjusted accordingly. To further complicate
the kinetic analysis, there was evidence that the formation of
1′-hydroxymidazolam was activated by gefitinib and sorafe-
nib and to a lesser extent by lapatinib and sunitinib. The
heteroactivation phenomena has previously been reported
predominantly, but not exclusively, for CYP3A4 (41,47).
Consistent with previous studies, heteroactivation in this
study was substrate dependent and observed with midazo-
lam but not testosterone. Heteroactivation of midazolam 1′-
hydroxylation has been previously reported in vitro in the
presence of gefitinib and to a lesser extent erlotinib (48); the
authors did not delineate between the effect on CYP3A4 and
CYP3A5. By contrast, heteroactivation of midazolam 1′-hy-
droxylation via CYP3A5 but not CYP3A4 was reported for
sorafenib and sunitinib (49). In the current study, no appre-
ciable heteroactivation was detected by erlotinib, but it was
observed for sorafenib, sunitinib and lapatinib. The role of
CYP3A5 in the apparent activation of midazolam 1′-

c 

d 

0.1µM

0.6µM

1.9µM

5.6µM

17µM

50µM

100µM

b 

a 
Gefitinib

2

2.5

3

3.5

4

4.5

5

0 10 20 30 40
Time (min)

L
N

(%
 r

em
ai

ni
ng

 c
on

tr
ol

 a
ct

iv
it

y)

0 20 40 60 80 100
0.00

0.01

0.02

[I] (µM)

ko
bs

  (
m

in
-1

)

Sorafenib

2

2.5

3

3.5

4

4.5

5

0 10 20 30 40
Time (min)

L
N

(%
 r

em
ai

ni
ng

 c
on

tr
ol

 a
ct

iv
it

y)

Lapatinib

2

2.5

3

3.5

4

4.5

5

0 10 20 30 40

Time (min)

L
N

(%
 r

em
ai

ni
ng

 c
on

tr
ol

 a
ct

iv
it

y)

0 20 40 60 80 100
0.00

0.01

0.02

0.03

0.04

[I] (µM)

ko
bs

  (
m

in
-1

)

Sunitinib

2

2.5

3

3.5

4

4.5

5

0 10 20 30 40

Time (min)

L
N

(%
 r

em
ai

ni
ng

 c
on

tr
ol

 a
ct

iv
it

y)

0 20 40 60 80 100
0.00

0.01

0.02

0.03

0.04

[I] (µM)

ko
bs

  (
m

in
-1

)

Fig. 5 Kinetic evaluation of CYP3A time-dependent inhibition for gefitinib (a), lapatinib (b), sorafenib (c) and sunitinib (d) using testosterone as a probe. Plots of
natural log percent remaining control activity verses time show mixed time-dependent inhibition and reversible inhibition with the kobs verses inhibitor
concentration fit by non-linear regression inset where fits were possible. Data are means ± SD (n03).
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hydroxylation in these studies is unknown and would need to
be explored further considering the differential heteroactiva-
tion and inhibition potential reported for CYP3A4 and
CYP3A5 (50,51). Comparison of the kinetic parameters gen-
erated with either midazolam or testosterone as probe sub-
strates resulted in parameter estimates within 2- to 3-fold for
each probe, suggesting that the magnitude of time-dependent
CYP inhibition may be independent of the probe used.

Studies were performed to assess bioactivation to reactive
intermediates that could be trapped by either glutathione,

potassium cyanide or methoxylamine. These agents can trap
various types of electrophiles: glutathione traps soft electro-
philes such as quinoneimines, nitrenium ions, arene oxides,
quinones, imine methides and Michael acceptors (52); cya-
nide traps iminium ions (28); and methoxylamine traps
aldehydes (53). All but two (sirolimus and temsirolimus) of
the 12 kinase inhibitors underwent bioactivation to form
reactive intermediates that were trapped by at least one of
the trapping agents. The trapping data presented here are
consistent with previously reported data for dasatinib,

Table IV Reactive Metabolite Trapping for 12 Kinase Inhibitors in Human Liver Microsomes Using Stable Label Trapping Agents. Relative Intensity is Based
on the Ion Intensity from Full Scan Mass Spectrometry in Positive ion Mode. Intensity is Designated as + for 10,000–100,000 cps, ++ for 100,000–
500,000 cps, +++ for 500,000–1,000,000 cps and ++++ for >1,000,000 cps. When Several Conjugates Were Present, the Conjugate with the
Highest Intensity Was Reported

Kinase inhibitor TDI (Yes/No) Glutathione conjugate
intensity (number of conjugates)

Cyanide conjugate intensity
(number of conjugates)

Methoxylamine conjugate
intensity (number of conjugates)

Dasatinib Yes ++++ (1) – ++++ (2)

Erlotinib Yes ++ (2) – ++++ (2)

Everolimus Yes – – ++

Gefitinib Yes +++ (2) ++++ (8) +++ (4)

Imatinib Yes – ++ (7) ++ (1)

Lapatinib Yes +++ (1) – ++ (2)

Nilotinib Yes ++ (1) – ++ (2)

Pazopanib Yes + (1) – ++ (2)

Sirolimus Yes – – –

Sorafenib No ++ (1) – –

Sunitinib Yes + (2) – –

Temsirolimus Yes – – –

cps Counts per second, TDI Time-dependent inhibition

Table V Observed and Predicted DDI for Eight of the 12 Kinase Inhibitors for Which Clinical DDI Data was Available. Predictions are Based on Unbound
Concentrations Using the Hepatic Model, as Described in the “Materials and Methods” Section, and a CYP3A4 kdeg Value of 0.03 h−1. References for
Clinical Data are Shown in the Supplementary Material

Kinase inhibitor
(perpetrator)

Perpetrator
dose/frequency

Perpetrator
Cmax (ng/ml)

Perpetrator
AUC (ng.h/ml)

Victim drug Observed
AUC ratio

Predicted
AUC ratioa, b,

Predicted
AUC ratioa, c

Dasatinib 100 mg SD 119 408 Simvastatin 1.23 1.1 (6.2) 1.1 (6.5)

Erlotinib 150 mg QD nr nr Midazolam 0.9 3.8 (7.1)

Everolimus 2 mg SD 16.4 118 Atorvastatin 1.02 1.0 (1.8) 1.1 (2.5)

Gefitinib 250 mg QD 444 3027 Everolimus 1.11 1.3 (2.5) 1.3 (2.5)

Imatinib 400 mg QD nr nr Simvastatin 3.0 5.8 (35.8)

Nilotinib 600 mg, SD 511 14512 Midazolam 1.30 3.8 (7.4) 6.0 (11.6)

Pazopanib 800 mg QD 58000 1040000 Midazolam 1.35 4.3 (8.4)

Sorafenib 400 mg BID 4860 38130 Midazolam 0.85 1.0 (1.1) 1.0 (1.1)

AUC Area under the curve, BID Twice daily, Cmax Maximum plasma concentration, DDI Drug–drug interaction, nr Not reported in the clinical DDI study, SD
Single dose, QD Once daily
a Number in brackets represents the predicted value based on the combined hepatic and intestinal model
b Concentrations reported in the clinical DDI study were used in the predictions
c Steady state concentrations shown in Table I were used in the predictions
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erlotinib, lapatinib and gefitinib (14–16,54). Interestingly,
sorafenib, which was borderline for CYP3A TDI in the
IC50 shift assay (and flagged for CYP2C9 and CYP2C19
TDI) but negative in the detailed kinetic assays with
CYP3A, did form a glutathione conjugate, suggesting that
bioactivation does indeed occur. While no direct link exists
between these trapping studies and TDI, both pieces of data

point towards generation of reactive intermediates capable
of covalently modifying protein. However, there is no evi-
dence that the reactive species that is trapped is also respon-
sible for TDI, indeed TDI could be the result of formation
of a metabolic intermediate complex as opposed to covalent
modification of a heme or CYP apoprotein. Nevertheless,
both the TDI and trapping data presented here provide
evidence that these kinase inhibitors undergo bioactivation,
which has implications in the generation of idiosyncratic
adverse drug reactions (55). Relating reactive metabolite
formation to clinically significant risk is challenging. One
important factor in risk assessment is dose, and it is note-
worthy that, with the exception of everolimus, the kinase
inhibitor doses (ranging from 100 to 800 mg/day) are on the
side of higher risk when considering adverse drug reactions
(56). Indeed the link between bioactivation and observed
idiosyncratic adverse drug reactions has been drawn in the
literature for several kinase inhibitors (14–17).

Static mechanistic kinact/KI model was used to assess clinical
impact of in vitro TDI data reported here, using different surro-
gates for inhibitor concentration (18–20,26,42). Use of the
average unbound concentration without considering the intes-
tinal contribution and 1.25-fold as a cut-off for positive DDI,
resulted in four true negative predictions (dasatinib, everolimus,
gefitinib and sorafenib), one false positive (erlotinib) and three
true positive predictions (imatinib, nilotinib and pazopanib)
(Table V). Incorporating the intestinal component lead to no
false negative predictions, but at the same time resulted in a
higher incidence of false positives (Fig. 7). The combined static
model correctly assigned 50 % of DDIs: one true negative
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(sorafenib) and three true positive predictions (imatinib, niloti-
nib and pazopanib). The eight DDI studies collated indicate
weak in vivoDDI for these kinase inhibitors as perpetrators, with
the caveat that dasatinib, everolimus and nilotinib DDI data
were reported after single dose administration, which would not
capture any impact of TDI. Only imatinib results in a victim
AUC change of more than 2-fold, and only imatinib, nilotinib
and pazopanib have victim AUC ratios greater than 1.25-fold.
Considering the high pharmacokinetic variability for oncology
drugs (Sparreboom & Verweij (2009) (3) report 25–80 % inter-
subject variability in clearance for these kinase inhibitors), de-
fining DDI where AUC change is between 1.25-fold and 2-fold
may be statistically challenging. Propagation of 30% variability
in the perpetrator AUC and Cav in the current analysis had a
marginal impact on the prediction success. In addition, such
extensive variability in oral clearance might involve non-linear
kinetics, food effects or solubility limited absorption. These
factors can certainly contribute to the variability in the inhibitor
concentrations available in the liver or intestine and therefore
magnitude of DDI and may not be well described by a simple
30 % propagation of variability. Use of a dynamic
physiologically-based modeling approach could allow the im-
pact of these factors on DDI to be explored more mechanisti-
cally (providing data are available to support it).

An additional area of concern is the fact that all the drugs
in the dataset showed extensive plasma protein binding
(>90 %) with the exception of imatinib, sorafenib and
sunitinib (Table I). Consequently, all the perpetrators had
extremely low fup; in some instances as low as 0.001 (a level
for which accurate determination of the free fraction is
difficult). Nilotinib and pazopanib were the most highly
bound to plasma proteins, and these two compounds had
the greatest degree of DDI overprediction. For most kinase
inhibitors, IG was more than 100-fold higher than Cav,u,
with the exception of imatinib (5-fold difference) and erloti-
nib, gefitinib and pazopanib (15- to 50-fold). Considering
extensive binding of these drugs to plasma proteins (>99 %
in a number of cases), binding to enterocytic proteins during
absorption cannot be ruled out. However, correction of the
IG estimates for fup had a marginal effect on the extent of
overprediction of all kinase inhibitors, with the exception of
imatinib. An attempt was made to rationalize the extent of
overprediction from the perspective of the victim drugs as
well. Despite general confidence in midazolam parameter
inputs (fmCYP and in particular FG), it was surprising to see
that DDIs with this victim drug were generally overpre-
dicted, in particular the interactions with erlotinib, nilotinib
and pazopanib. In contrast, overestimation of atorvastatin
and simvastatin DDIs was consistent with previous inhibi-
tion and induction DDI database analyses (24), highlighting
the need for better understanding of these victim drugs from
the mechanistic modeling perspective. For most kinase
inhibitors, reversible inhibition does not represent a

significant contribution to DDI, and lack of incorporation
of this interaction mechanism makes a marginal difference
to the prediction success.

The current study critically evaluates the ability of the
recommended static mechanistic model to assess DDI po-
tential of oncology drugs; the overall lack of quantitative
predictive success with this well-established static model is
surprising. The clinical risk of DDI is very modest for kinase
inhibitors investigated (as is the in vitro TDI in general), and
while the model does not result in any false positives, the
degree of overestimation is disconcerting and could not be
accounted for. Better understanding of the variability asso-
ciated with the pharmacokinetics of these drugs and eluci-
dation of potential contributing role of CYP3A5 is required.
Existing inconsistencies in parameter inputs in TDI static
models (e.g., hepatic CYP3A recovery) were supported by
the current findings, emphasizing the need for further re-
finement and consensus on these parameters. These findings
do not devalue the utility of this model but suggest addi-
tional consideration when inhibition is weak as there is
potential for overestimation. Findings of the current study
highlight further the necessity for dynamic physiologically-
based modeling of DDIs with these kinase inhibitors; work is
ongoing to evaluate these models and define whether a more
accurate representation of hepatic drug concentrations would
improve current predictions.

CONCLUSION

Many oncology therapies are considered narrow therapeutic
index drugs and are often used in combination, presenting a
risk for DDI. Careful consideration of the risk:benefit profile
for patients is required and an evaluation DDI caused by
TDI for current marketed drugs is a valuable aid. Twenty-
six oncology drugs were evaluated for TDI, and 13 of the 26
drugs showed no evidence of TDI of any CYP isoform
investigated. Overall, 11 of the 12 kinase inhibitors tested
were identified as time-dependent inhibitors of CYP3A.
The majority of these kinase inhibitors also formed conju-
gates in assays designed to trap reactive intermediates, thus
confirming bioactivation. Using static mechanistic models to
predict the clinical DDI potential of these kinase inhibitors
as perpetrators resulted in no false negative predictions, but
led to overestimation of the DDI magnitude and several
false positives, emphasizing the need for more dynamic
modeling approaches.
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