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Abstract

Background and Objectives Two phase I drug interaction

studies were performed with oral enzalutamide, which is

approved for the treatment of metastatic castration-resistant

prostate cancer (mCRPC).

Methods A parallel-treatment design (n = 41) was used

to evaluate the effects of a strong cytochrome P450 (CYP)

2C8 inhibitor (oral gemfibrozil 600 mg twice daily) or

strong CYP3A4 inhibitor (oral itraconazole 200 mg once

daily) on the pharmacokinetics of enzalutamide and its

active metabolite N-desmethyl enzalutamide after a single

dose of enzalutamide (160 mg). A single-sequence cross-

over design (n = 14) was used to determine the effects of

enzalutamide 160 mg/day on the pharmacokinetics of a

single oral dose of sensitive substrates for CYP2C8 (pi-

oglitazone 30 mg), CYP2C9 (warfarin 10 mg), CYP2C19

(omeprazole 20 mg), or CYP3A4 (midazolam 2 mg).

Results Coadministration of gemfibrozil increased the

composite area under the plasma concentration–time curve

from time zero to infinity (AUC?) of enzalutamide plus

active metabolite by 2.2-fold, and coadministration of

itraconazole increased the composite AUC? by 1.3-fold.

Enzalutamide did not affect exposure to oral pioglitazone.

Enzalutamide reduced the AUC? of oral S-warfarin,

omeprazole, and midazolam by 56, 70, and 86 %, respec-

tively; therefore, enzalutamide is a moderate inducer of

CYP2C9 and CYP2C19 and a strong inducer of CYP3A4.

Conclusions If a patient requires coadministration of a

strong CYP2C8 inhibitor with enzalutamide, then the enzalu-

tamide dose should be reduced to 80 mg/day. It is recom-

mended to avoid concomitant use of enzalutamidewith narrow

therapeutic index drugs metabolized by CYP2C9, CYP2C19,

or CYP3A4, as enzalutamide may decrease their exposure.

Key Points

Oral enzalutamide is approved for the treatment of

patients with metastatic castration-resistant prostate

cancer (mCRPC). As mCRPCmost commonly occurs

in older men, and polypharmacy is prevalent among

elderly patients, drug interactions are an important

consideration for clinical use of enzalutamide.

This article describes two phase I drug interaction

studies: one investigating the effects of coadministered

drugs on the pharmacokinetics of enzalutamide, and

one investigating the effects of enzalutamide on the

pharmacokinetics of coadministered drugs.

The results showed that strong cytochrome P450

(CYP) 2C8 inhibitors can increase the composite area

under the plasma concentration–time curve from time

zero to infinity (AUC?) of enzalutamide plus its

active metabolite by 2.2-fold, and enzalutamide is a

moderate inducer of CYP2C9 and CYP2C19 and a

strong inducer of CYP3A4. Precautionary measures

for mitigating the risks of clinical drug interactions

are described within the article.
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1 Introduction

Enzalutamide has been shown to competitively inhibit

androgen binding to androgen receptors and inhibit an-

drogen receptor nuclear translocation and interaction with

DNA [1]. The efficacy and safety of enzalutamide in pa-

tients with metastatic castration-resistant prostate cancer

(mCRPC) was assessed in two randomized, placebo-con-

trolled, multicenter phase III clinical trials (AFFIRM and

PREVAIL) [2, 3]. The pharmacokinetics of enzalutamide

have been studied in patients with mCRPC and in healthy

male subjects [4].

Clinical studies have shown that enzalutamide has two

major metabolites: N-desmethyl enzalutamide and a car-

boxylic acid metabolite. N-desmethyl enzalutamide is an

active metabolite that is thought to contribute to the clinical

effects of enzalutamide because it demonstrates primary

and secondary pharmacodynamics of similar potency to

enzalutamide and circulates at approximately the same

plasma concentrations as enzalutamide. The carboxylic

acid metabolite is pharmacologically inactive and circu-

lates at approximately 25 % lower plasma concentrations

than enzalutamide [4].

This article summarizes the findings of two clinical drug

interaction studies, both of which were informed by the

results of prior in vitro experiments (Sect. 4). One of the

clinical studies assessed the effects of strong inhibitors of

cytochrome P450 (CYP) 2C8 and CYP3A4 on the phar-

macokinetics of enzalutamide and its active metabolite.

The other study assessed the potential for enzalutamide to

affect the pharmacokinetics of orally administered drugs

that are sensitive substrates of CYP2C8, CYP2C9,

CYP2C19, or CYP3A4. The overall goal of these studies

was to determine if potential interactions exist between

enzalutamide and other drugs and, if so, to describe mea-

sures to mitigate the risk to patients.

2 Methods

2.1 Subjects and Study Drug

Informed consent was obtained from all subjects before

study entry. The study with CYP2C8 and CYP3A4 in-

hibitors was assigned ClinicalTrials.gov registry number

NCT01913379 [28], and the study with CYP substrates was

assigned NCT01911728 [29]. Both studies were conducted

in accordance with the Declaration of Helsinki and with the

approval of the appropriate local ethics committees.

To be eligible for the study with CYP2C8 and CYP3A4

inhibitors, subjects were required to be healthy males aged

18–55 years, inclusive. Homozygous carriers for the

CYP2C8*3 allele were categorized as poor metabolizers

and deemed ineligible.

To be eligible for the study with CYP substrates, indi-

viduals were required to be males aged C18 years and to

have histologically or cytologically confirmed adenocar-

cinoma of the prostate without neuroendocrine differen-

tiation or small cell features, with ongoing androgen

deprivation therapy with a gonadotropin-releasing hormone

analogue or orchiectomy. Homozygous carriers of

CYP2C8*3, CYP2C9*2, or CYP2C19*2, or heterozygous

carriers of CYP2C9*2/CYP2C9*3 or CYP2C19*2/

CYP2C19*3 were categorized as poor metabolizers and

deemed ineligible. Patients were excluded for any of the

following reasons: severe concurrent disease, infection, or

co-morbidities; known metastases in the liver or any hep-

atic disorder that would affect drug metabolism; gastroin-

testinal disorders that would potentially alter absorption;

history of another malignancy within the previous 5 years

other than curatively treated non-melanoma skin cancer;

and any clinically significant cardiovascular disease.

In both studies, the enzalutamide dose and drug product

presentation were the same as the commercial product

(XTANDI�, Astellas Pharma US, Inc., Northbrook, IL,

USA, and Medivation Inc., San Francisco, CA, USA):

160 mg as four liquid-filled capsules of enzalutamide 40 mg

fully dissolved in caprylocaproyl polyoxylglycerides.

2.2 Pharmacokinetic and Analytical Methods

Pharmacokinetic blood samples were collected with the

anticoagulants named in Table 1. To determine the con-

centrations of the test compounds and their major

metabolites (Table 1), plasma samples were analyzed by

high-performance liquid chromatography (LC) with de-

tection by tandem mass spectrometry. These methods were

validated in accordance with US Food and Drug Admin-

istration (FDA) guidance [5]. In all cases, the accuracy and

precision were within 15 % over the quantitative ranges

shown in Table 1, except at the respective lower limits of

quantification, where accuracy and precision were within

20 %. Selectivity tests were performed for coadministered

drugs and corresponding major metabolites at clinically

relevant concentrations, which were based on the dosing

schedule in the clinical protocol. Deuterium-labeled ana-

logs were used as internal standards (IS), and concentra-

tions of the analytes in calibration standards, quality

control samples, and study samples were calculated using

peak area ratios (analyte/IS). Additionally, the stability of

the analytes in frozen human plasma was demonstrated for

periods exceeding the storage periods of the samples prior

to analysis, as well as under all conditions to which study

samples or working solutions were subjected. Details on
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the bioanalytical methods for enzalutamide and its two

metabolites are described elsewhere [6]. Details on the

bioanalytical methods for the other test compounds and

their respective metabolites are provided below.

To measure pioglitazone and hydroxy-pioglitazone (M-

IV), 0.1 mL of plasma was mixed with 20 lL of IS

working solution, which contained pioglitazone-d4 and

hydroxy-pioglitazone-d4, and an automated solid-phase

extraction procedure was used to isolate the analytes. The

extracted sample was injected onto a Pursuit XRS 3

diphenyl column (30 9 3 mm; 3 lm) (Agilent Technolo-

gies, Santa Clara, CA, USA), and mass spectral (MS) de-

tection was performed with an API 4000 (Applied

Biosystems/MDS Sciex, Foster City, CA, USA).

To measure midazolam and 1-hydroxy-midazolam,

0.2 mL of plasma was mixed with 25 lL of IS working

solution, which contained midazolam-d4 and 1-hydroxy-

midazolam-d4, and a liquid–liquid extraction procedure

was used to isolate the analytes. The organic layer was

transferred to a clean tube and evaporated under a nitrogen

stream at approximately 40 �C. The residue was reconsti-

tuted with 250 lL of reconstitution solution. The extracted

sample was injected onto a Zorbax Eclipse Plus C18, Rapid

Resolution HT column (2.1 9 50 mm; 1.8 lm) (Agilent

Technologies), and MS detection was performed with an

API 4000.

To measure omeprazole and 5-hydroxy-omeprazole,

0.05 mL of plasma was mixed with 25 lL of IS working

solution, which contained omeprazole-d3 and omeprazole

sulfone-d3, and the analytes were isolated with protein

precipitation extraction using 300 lL of acetoni-

trile:methanol (65:35). The supernatant was diluted with

200 lL of 0.25 % ammonium hydroxide in water. The final

extract was injected into an LC instrument that was con-

figured for column switching between an Aquasil C18

column (100 9 2.1 mm; 5 lm) (Thermo Electron Corp.,

Madison, WI, USA) and a Javelin Betasil C18 column

(20 9 2.1 mm; 5 lm) (Thermo Electron Corp.). MS de-

tection was performed with a Quattro Ultima (Waters

Corp., Milford, MA, USA).

To measure R-warfarin, 0.2 mL of plasma was mixed

with 20 lL of IS working solution that contained warfarin-

d6. Analytes were isolated through liquid–liquid extraction

using an organic solvent of methyl tertiary butyl ether and

dichloromethane. The extracted organic solvent was

evaporated under a nitrogen stream at approximately

45 �C, and the residue was reconstituted with 300 lL of

reconstitution solution. The final extract was injected onto

a Chiralcel� OD-R column (250 9 4.6 mm; 10 lm)

(Daicel Chemical Industries, Inc., Osaka, Japan), and MS

detection was performed with an API 3000 (Applied

Biosystems/MDS Sciex).

To measure S-warfarin and 7-hydroxy-S-warfarin,

0.2 mL of plasma was mixed with 20 lL of IS working

solution that contained warfarin-d6 and 7-hydroxy-war-

farin-phenyl-d5. Hydrochloric acid and extraction solvent

were added, and the solution was vortexed and centrifuged.

The organic layer was transferred to a clean tube, the so-

lution was evaporated, and the residue was reconstituted

with 200 lL of reconstitution solution. The final extract

was injected into an LC instrument that was configured for

column switching between an Eclipse XDB C18 column

(150 9 4.6 mm; 5 lm) (Agilent Technologies) and a

Chiralcel� OD-R column (250 9 4.6 mm; 10 lm). MS

detection was performed with an API 3000.

Pharmacokinetic analyses were based on plasma con-

centration–time data for the test compounds and metabo-

lites. For enzalutamide, an additional pharmacokinetic

analysis was based on the sum of enzalutamide plus N-

desmethyl enzalutamide (i.e., composite of enzalutamide

active moieties). Pharmacokinetic parameters were esti-

mated by non-compartmental analysis (NCA) methods in

Table 1 Summary of bioanalytical methods based on liquid chromatography with tandem mass spectrometry

Analyte(s)a Concentration

range (ng/mL)

Anticoagulant Test facility

Enzalutamide, N-desmethyl enzalutamide,

and enzalutamide carboxylic acid metabolite

20–50,000 K2EDTA inVentiv Health, Princeton, NJ, USA

Pioglitazone 10–3000 K2EDTA inVentiv Health, Quebec, QC, Canada

Hydroxy-pioglitazone (M-IV) 10–1500 K2EDTA inVentiv Health, Quebec, QC, Canada

Midazolam and 1-hydroxy-midazolam 0.1–100 Sodium heparin PPD, Middleton, WI, USA

Omeprazole and 5-hydroxy-omeprazole 1–1000 Sodium heparin PPD, Middleton, WI, USA

R-warfarin 5–1500 Sodium heparin PPD, Middleton, WI, USA

S-warfarin and 7-hydroxy-S-warfarin 5–1500 Sodium citrate PPD, Middleton, WI, USA

K2EDTA dipotassium ethylenediaminetetraacetate
a All analytes were measured using bioanalytical methods that were validated in accordance with US Food and Drug Administration (FDA)

guidance [5]; during analysis of the study samples, acceptance criteria for analytical runs (including measures of accuracy of precision) were also

based on this guidance
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WinNonlin� (Pharsight Corp., Palo Alto, CA, USA) and

applicable complimentary software such as SAS� (SAS

Institute, Cary, NC, USA). The parameters included area

under the plasma concentration–time curve (AUC) from

time zero to the last quantifiable concentration, AUC for

one 24-h dosing interval at steady state, AUC from time

zero to infinity (AUC?), maximum plasma concentration

(Cmax), time to Cmax, minimum (pre-dose) plasma con-

centration (Ctrough), terminal elimination half-life (t�), and

apparent oral clearance (parent only).

For the study with CYP2C8 and CYP3A4 inhibitors, an

additional exposure term was calculated, AUC from time

zero to 18 days post-dose (AUC18 d), which corresponded

to the AUC from day 4 (day of enzalutamide dosing) to day

22 (day of inhibitor discontinuation) (Sect. 2.3.1). Addi-

tionally, a pharmacokinetic analysis based on population

pharmacokinetic modeling and simulation was performed

to provide more accurate estimates of t� and AUC?. This

was necessary because gemfibrozil or itraconazole admin-

istration was stopped before complete concentration–time

profiles for enzalutamide and metabolites were obtained

under inhibitory conditions (Sect. 3.2.1). Pharmacokinetic

parameters were estimated using the first-order condition

estimation method with interaction in the non-linear

mixed-effects modeling software NONMEM� (versions

7.1 and 7.2, ICON Development Solutions, Ellicott City,

MD, USA). Simulated concentration–time profiles were

generated for each of the 41 subjects in the drug interaction

study, and the resulting data were analyzed by NCA

methods in WinNonlin�. Further details are provided in

Electronic Supplementary Material 1 and 2.

2.3 Study Design

2.3.1 Study with Cytochrome P450 (CYP) 2C8

and CYP3A4 Inhibitors

An open-label, randomized, three-arm parallel-treatment

study design was used to determine the effect of multiple-

dose gemfibrozil (a strong CYP2C8 inhibitor) or itra-

conazole (a strong CYP3A4 inhibitor) on the pharma-

cokinetics of a single oral dose of enzalutamide 160 mg. In

arm 1, subjects received enzalutamide on day 1. In arm 2,

subjects received gemfibrozil 600 mg orally twice daily on

days 1–21; on day 4, enzalutamide was administered with

the morning dose of gemfibrozil. Arm 3 was similar to arm

2, except that itraconazole 200 mg orally once daily was

used instead of gemfibrozil. In arms 2 and 3, the inhibitor

(gemfibrozil or itraconazole) was discontinued on day 22,

which was 18 days after the single dose of enzalutamide.

Enzalutamide was administered under fasting conditions

(no caloric intake for at least 10 h before dosing) when

given alone (arm 1; day 1) or in combination with

gemfibrozil (arm 2; day 4) or itraconazole (arm 3; day 4).

In arms 2 and 3, the inhibitor was administered first, and

enzalutamide was administered within 2 min. On all oc-

casions other than day 4, gemfibrozil was administered at

least 30 min prior to intake of food and itraconazole was

administered under fed conditions to maximize absorption

[7, 8].

The time of enzalutamide dose administration was t = 0

for purposes of pharmacokinetic sample collection times.

Due to the long t� of enzalutamide, N-desmethyl enzalu-

tamide, and the carboxylic acid metabolite in healthy

subjects (approximately 4, 8, and 10 days, respectively

[4]), pharmacokinetic samples were collected for 49 days.

The sampling schedule was as follows: pre-dose and at 0.5,

0.75, 1, 1.5, 2, 3, 4, 6, 8, and 12 h (day 1), 24 and 36 h (day

2), 48 h (day 3), 72 h (day 4), 120 h (day 6), 168 h (day 8),

264 h (day 12), 336 h (day 15), 432 h (day 19), 504 h (day

22), 600 h (day 26), 672 h (day 29), 768 h (day 33), 840 h

(day 36), 936 h (day 40), 1008 h (day 43), 1104 h (day

47), and 1176 h (day 50) post-dose.

2.3.2 Study with CYP2C8, CYP2C9, CYP2C19,

and CYP3A4 Substrates

A single-sequence crossover study design was used to de-

termine the effect of enzalutamide on the pharmacokinetics

of a single oral dose of pioglitazone (CYP2C8 substrate),

S-warfarin (CYP2C9 substrate), omeprazole (CYP2C19

substrate), or midazolam (CYP3A4 substrate). The design

was based on validated cocktails and drug interaction trials

reported in the literature, with special attention to

minimizing undesirable side effects [9–17].

As summarized in Fig. 1, a single oral dose of piogli-

tazone 30 mg was given on day 1, followed by a 4-day

washout. On day 5, a single oral cocktail of warfarin 10 mg

(racemic mixture of R- and S-warfarin), omeprazole

20 mg, and midazolam 2 mg was administered, followed

by a washout period of 8 days. On days 1 and 5, patients

received a single oral dose of enzalutamide placebo-to-

match, which was identical to the enzalutamide drug pro-

duct presentation except that it lacked the drug substance.

The purpose of the placebo-to-match was to control for

possible effects of excipients (caprylocaproyl polyoxyl-

glycerides) on the absorption of the substrate drugs. Pa-

tients received oral doses of enzalutamide 160 mg once

daily (i.e., the recommended dose for mCRPC) from

days 13 to 97. On day 55, a single oral dose of pioglitazone

30 mg was given. After a 7-day washout (i.e., on day 62),

patients received a single oral cocktail of warfarin 10 mg,

omeprazole 20 mg, and midazolam 2 mg. Patients experi-

encing clinical benefit at day 97 were permitted to enroll

into an extension study in which they could continue re-

ceiving enzalutamide 160 mg once daily.
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Patients were instructed to take enzalutamide as close as

possible to the same time each day. Enzalutamide was

permitted to be taken with or without food, except on days

55 and 62, when it was required to be taken under fasting

conditions. Administration of the substrate drugs, in com-

bination with enzalutamide placebo-to-match (on days 1

and 5) or in combination with enzalutamide 160 mg (on

days 55 and 62) occurred under fasting conditions. Enza-

lutamide or placebo-to-match was always administered

first and the substrates were administered within 2 min.

For pioglitazone, time of dosing was t = 0 for the

purposes of sample collection times, and pharmacokinetic

samples were collected on days 1 and 55 at the following

times: pre-dose and post-dose at 0.5, 1, 1.5, 2, 2.5, 3, 4, 6,

8, 14, 24, 32, 40, 48, 72, and 96 h. For warfarin, omepra-

zole, and midazolam, time of administration of the drug

cocktail was t = 0 for purposes of sample collection times,

and pharmacokinetic samples were collected proximal to

the day 5 and day 62 doses. Pharmacokinetic samples for

warfarin were collected at the following times: pre-dose

and post-dose at 1, 2, 3, 4, 6, 12, 24, 36, 48, 72, 96, 120,

144, 168, 192, and 240 h. Pharmacokinetic samples for

midazolam were collected at the following times: pre-dose

and post-dose at 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 16, 24, 36, and

48 h. Pharmacokinetic samples for omeprazole were col-

lected at the following times: pre-dose and post-dose at 0.5,

1, 1.5, 2, 3, 4, 6, 8, 12, and 16 h. For all substrate drugs, the

sampling interval was slightly longer with the second dose

(i.e., when administered in combination with enzalutamide)

because prior in vitro data suggested that enzalutamide

might have possible enzyme inhibitory effects.

2.4 Statistical Analysis

Analysis of variance (ANOVA) tests of natural logarithm-

transformed AUC? values and Cmax were performed in

SAS� (version 9.1). Point estimates and 90 % confidence

intervals (CIs) for the difference in means (test minus

reference) from ANOVA were back-transformed using

antilogarithms to obtain point estimates and 90 % CI for

the ratio (test divided by reference) of the mean AUC? and

Cmax values. In the study with CYP2C8 and CYP3A4 in-

hibitors, ANOVA tests evaluated the effect of gemfibrozil

and itraconazole on the AUC? and Cmax of enzalutamide

and its active metabolite. Treatment arm was a fixed effect,

and linear contrast was applied to compare each of the two

test treatments (arms 2 and 3) to the reference treatment

(arm 1). In the study with CYP substrates, ANOVA tests

evaluated the effect of enzalutamide on the AUC? and

Cmax of the substrate drugs and their major metabolites. In

each comparison, the test treatment corresponded to the

combination with enzalutamide, and the reference treat-

ment corresponded to the combination with enzalutamide

placebo-to-match.

3 Results

3.1 Participants

The study with strong CYP2C8 and CYP3A4 inhibitors

enrolled 41 healthy male subjects, and the study with CYP

substrates enrolled 14 male patients with mCRPC.

Enzalutamide placebo dosinga

Enzalutamide 160 mg dosingb

Pioglitazone dosingc

Drug cocktail dosingd

Pharmacokinetic sampling for pioglitazone

Pharmacokinetic sampling for midazolam

Pharmacokinetic sampling for warfarin

Pharmacokinetic sampling for omeprazole

Pharmacokinetic sampling for enzalutamide 

Activity
1 2–4 5 6 7–

12
13–
53

54 55 56–
60

61 62 63 64 65–
72

73–
97

Study day

Fig. 1 Schematic of the phase I fixed-sequence crossover drug

interaction study with CYP2C8, CYP2C9, CYP2C19, and CYP3A4

substrates in patients with metastatic castration-resistant prostate

cancer. CYP cytochrome P450. aEnzalutamide placebo-to-match

capsules were filled with caprylocaproyl polyoxylglycerides and

administered under fasting conditions on days 1 and 5. bPatients were

instructed to take enzalutamide (160 mg) on days 13–97 as close to

the same time each day as possible; enzalutamide could be taken with

or without food, except on days 55 and 62, when it was administered

under fasting conditions. cPioglitazone (30 mg) was administered

under fasting conditions on days 1 and 55. dThe oral drug cocktail,

which consisted of warfarin (10 mg), omeprazole (20 mg), and

midazolam (2 mg), was administered under fasting conditions on days

5 and 62
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Demographics and baseline characteristics for both studies

are summarized in Table 2.

3.2 Pharmacokinetics

3.2.1 Study with Strong CYP2C8 and CYP3A4 Inhibitors

As evidenced in Fig. 2, gemfibrozil decreased the rates of

elimination of enzalutamide and formation of N-desmethyl

enzalutamide while increasing the rate of formation of the

carboxylic acid metabolite; these rates changed suddenly

when gemfibrozil was discontinued on day 22. Given the

apparent changes in pharmacokinetics of N-desmethyl en-

zalutamide after discontinuation of gemfibrozil, ex-

trapolation of the observed concentration–time data in the

terminal phase could not be used to estimate the magnitude

of the effect of gemfibrozil on AUC?. To address this

issue, pharmacokinetic models were used to simulate

concentration–time profiles for enzalutamide and metabo-

lites for enzalutamide administered alone and enzalutamide

coadministered with continuous gemfibrozil (i.e., no dis-

continuation on day 22) (Electronic Supplementary Mate-

rial 1) [18]. Simulated concentration–time data for each of

the 41 subjects in the study were then analyzed by NCA

methods to estimate AUC? values. As AUC18 d and Cmax

were defined by plasma concentration–time data prior to

gemfibrozil discontinuation on day 22, these parameters

were estimated by NCA analysis of observed data.

As indicated by the geometric mean ratios (GMRs;

Table 3), gemfibrozil had the following effects on enza-

lutamide and the active metabolite: for enzalutamide,

AUC18 d and AUC? increased by 2.53-fold and 4.26-fold,

respectively, while Cmax decreased by 18 %; for N-des-

methyl enzalutamide, AUC18 d, AUC?, and Cmax de-

creased by 67, 25, and 44 %, respectively; and for the

composite sum of enzalutamide plus N-desmethyl enzalu-

tamide, AUC18 d and AUC? increased by 1.39-fold and

2.17-fold, respectively, while Cmax decreased by 16 %.

Notably, the estimated magnitude of the effect of gemfi-

brozil on the sum of exposure to active moieties (enzalu-

tamide plus N-desmethyl enzalutamide) was smaller for the

AUC term based on observed data (AUC18 d) than for the

AUC term based on modeling and simulation (AUC?).

Itraconazole appeared to have only a small impact on

the elimination of enzalutamide and the rates of formation

of N-desmethyl enzalutamide and the carboxylic acid

metabolite (Fig. 2); therefore, all pharmacokinetic pa-

rameters for assessing the itraconazole drug interaction

were based on observed data. As indicated by the GMR

values (Table 3), itraconazole had the following effects on

enzalutamide and the active metabolite: for enzalutamide,

AUC18 d and AUC? increased 1.34-fold and 1.41-fold,

respectively, while Cmax decreased by 2 %; for N-des-

methyl enzalutamide, AUC18 d decreased by 4 %, AUC?

increased 1.21-fold, and Cmax decreased by 14 %; and for

the sum of enzalutamide plus N-desmethyl enzalutamide,

AUC18 d and AUC? increased 1.14-fold and 1.28-fold,

respectively, while Cmax decreased by 3 %.

3.2.2 Study with CYP2C8, CYP2C9, CYP2C19,

and CYP3A4 Substrates

The pharmacokinetic parameters for enzalutamide and its

major metabolites (Table 4) confirmed that plasma

Table 2 Demographic and baseline characteristics of study subjects

Characteristic Category/statistic Study with CYP2C8 and CYP3A4 inhibitorsa Study with CYP substrates

Arm 1 Arm 2 Arm 3 Total

Sex [n (%)] Male 13 (100) 14 (100) 14 (100) 41 (100) 14 (100)

Race [n (%)] White 13 (100) 14 (100) 14 (100) 41 (100) 11 (79)

Other: mixed race 0 (0) 0 (0) 0 (0) 0 (0) 3 (21)

Ethnicity [n (%)] Not Hispanic or Latino 12 (92) 14 (100) 13 (93) 39 (95) 14 (100)

Hispanic or Latino 1 (8) 0 (0) 1 (7) 2 (5) 0 (0)

Age (years) Median 28 27 36 29 71

Range 20–51 19–52 19–52 19–52 54–83

Body weight (kg) Median 73.4 74.5 75.9 73.9 82.9

Range 65.7–82.8 64.0–81.6 60.7–85.0 60.7–85.0 58.1–107.5

BMI (kg/m2)b Median 23.6 23.6 23.9 23.6 28.1

Range 25.1–20.7 19.1–26.9 21.3–29.4 19.1–29.4 20.5–31.0

BMI body mass index, CYP cytochrome P450
a Arm 1 = enzalutamide alone; arm 2 = enzalutamide plus gemfibrozil; arm 3 = enzalutamide plus itraconazole
b BMI = weight (kg)/height (m)2
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exposures in this study were similar to those observed in

other studies in which enzalutamide was administered at

160 mg once daily to steady state [4]. The mean Ctrough

values for enzalutamide, N-desmethyl enzalutamide, the

carboxylic acid metabolite, and the sum of enzalutamide

plus N-desmethyl enzalutamide were 12.0, 10.6, 6.32, and

23.0 lg/mL, respectively.

The mean plasma concentration–time profiles of the

orally administered CYP substrates before and after enza-

lutamide at steady state are shown in Fig. 3. The pharma-

cokinetic parameters and comparative statistics for the

CYP substrates and their major metabolites are shown in

Tables 5 and 6, respectively. A forest plot showing the

effects of multiple doses of enzalutamide on exposure pa-

rameters for the orally administered CYP substrates pi-

oglitazone, S-warfarin, omeprazole, and midazolam is

presented in Fig. 4.

Enzalutamide increased the AUC? for pioglitazone

(CYP2C8 substrate) by 20 %and decreased theAUC? for S-

warfarin (CYP2C9 substrate), omeprazole (CYP2C19 sub-

strate), and midazolam (CYP3A4 substrate) by 56, 70, and

86 %, respectively. Enzalutamide also reduced the AUC?

for hydroxy-pioglitazone (M-IV) by 37 %, 7-hydroxy-S-

warfarin by 53 %, R-warfarin by 45 %, 5-hydroxy-

omeprazole by 54 %, and 1-hydroxy-midazolam by 76 %.

3.3 Safety

No deaths, serious adverse events, or adverse events re-

sulting in discontinuation occurred during the healthy

subject study with CYP2C8 and CYP3A4 inhibitors.

Thirteen subjects (three in arm 1, six in arm 2, and four in

arm 3) experienced at least one treatment-emergent adverse

event (TEAE). All events were categorized as National

Cancer Institute Common Terminology Criteria for Ad-

verse Events (NCI-CTCAE) grade 1, with the exception of

grade 2 flatulence in one subject (arm 2) that was attributed

to a possible relationship to gemfibrozil. Four additional

subjects experienced at least one TEAE that was attributed

a possible relationship to the study drug. All TEAEs re-

solved by the end of the study.

bFig. 2 Mean concentration–time profiles for a enzalutamide, b N-

desmethyl enzalutamide, and c carboxylic acid metabolite after a

single oral dose of enzalutamide in healthy male subjects. Subjects

received enzalutamide alone (n = 13), enzalutamide plus gemfibrozil

(strong CYP2C8 inhibitor) (n = 13), and enzalutamide plus itracona-

zole (strong CYP3A4 inhibitor) (n = 14). Enzalutamide (160 mg)

was administered under fasted conditions on day 4. Gemfibrozil

(600 mg twice daily) was administered at least 30 min prior to food

intake on days 1–21. Itraconazole (200 mg once daily) was admin-

istered under fed conditions on days 1–21. CYP cytochrome P450
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In the patient study with CYP substrates, the most fre-

quent TEAEs (i.e., in at least three of 14 patients, C21.4 %)

were nausea, constipation, dizziness, arthropod bite, fatigue,

and hot flush. The majority of reported TEAEs were NCI-

CTCAE grade 1 or 2. One patient experienced a single and

transient episode of generalized tonic–clonic seizure that

was assessed as probably related to enzalutamide and led to

discontinuation of study treatment with enzalutamide. No

clinically significant changes were noted for safety labora-

tory tests or electrocardiograms.

Table 3 Statistical summary of drug interactions with strong CYP2C8 and CYP3A4 inhibitors in healthy male subjects

Molecule and exposure parametera Geometric mean ratio for test/reference (90 % CI)

Strong CYP2C8 inhibitor (gemfibrozil)b Strong CYP3A4 inhibitor (itraconazole)c

Enzalutamide

AUC18 d
d 2.53 (2.19–2.91) 1.34 (1.16–1.54)

AUC? 4.26 (3.59–5.05)e,f 1.41 (1.20–1.65)

Cmax 0.82 (0.72–0.93) 0.98 (0.86–1.11)

N-desmethyl enzalutamide

AUC18 d 0.33 (0.28–0.38) 0.96 (0.83–1.11)

AUC? 0.75 (0.64–0.87)e,g 1.21 (1.08–1.36)

Cmax 0.56 (0.49–0.65) 0.86 (0.75–0.99)

N-desmethyl enzalutamide ? enzalutamide

AUC18 d 1.39 (1.26–1.53) 1.14 (1.03–1.26)

AUC? 2.17 (1.91–2.47)e,f,g 1.28 (1.17–1.41)

Cmax 0.84 (0.75–0.95) 0.97 (0.87–1.09)

AUC? area under the plasma concentration–time curve from time zero to infinity, AUC18 d area under the plasma concentration–time curve from

time zero to 18 days post-dose, CI confidence interval, Cmax maximum plasma concentration, CYP cytochrome P450
a Exposure parameters were estimated by non-compartmental analysis of observed data except where noted
b Based on a comparison of n = 13 subjects receiving a single oral dose of enzalutamide 160 mg in combination with twice-daily gemfibrozil

(test) versus n = 13 subjects receiving a single oral dose of enzalutamide 160 mg alone (reference)
c Based on a comparison of n = 14 subjects receiving a single oral dose of enzalutamide 160 mg in combination with once-daily itraconazole

(test) versus n = 13 subjects receiving a single oral dose of enzalutamide 160 mg alone (reference)
d Corresponds to exposure from day 4 (day of enzalutamide dosing) to day 22 (day of inhibitor discontinuation) (Sect. 2.3.1)
e Least squares mean ratio (90 % CI) reported
f Estimated based on non-compartmental analysis of simulated data for n = 41 subjects using Model 1 (Electronic Supplementary Material 1,

Sect. 2.1)
g Estimated based on non-compartmental analysis of simulated data for n = 41 subjects using Model 2 (Electronic Supplementary Material 1,

Sect. 2.1)

Table 4 Pharmacokinetic parameters for enzalutamide and its major metabolites in 14 patients taking enzalutamide 160 mg once daily for

49 days

Molecule Ctrough (lg/mL)a Cmax (lg/mL)a tmax (h)
b AUCs (lg�h/mL)a CL/F (L/h)a

Enzalutamide 12.0 ± 3.51 16.6 ± 3.81 1.0 [0.5–3.0] 322 ± 85.4 0.52 ± 0.09

N-desmethyl enzalutamide 10.6 ± 3.27 12.7 ± 3.77 4.0 [0.0–24.0] 278 ± 85.5 NA

Carboxylic acid metabolite 6.32 ± 5.19 8.86 ± 6.52 3.5 [0.0–24.0] 193 ± 144 NA

Enzalutamide ? N-desmethyl enzalutamide 23.0 ± 5.88 28.3 ± 6.57 1.0 [0.5–4.0] 600 ± 149 NA

AUCs area under the plasma concentration–time curve for one 24-h dosing interval at steady state, CL/F apparent oral clearance, Cmax maximum

plasma concentration, Ctrough minimum (pre-dose) plasma concentration, NA not applicable, tmax time to reach Cmax

a Values are expressed as mean ± standard deviation
b Values are expressed as median [range]

1064 J. A. Gibbons et al.



4 Discussion

Clinical pharmacology studies of factors that affect enza-

lutamide pharmacokinetics typically measure plasma con-

centrations of the parent drug and its two major human

metabolites, N-desmethyl enzalutamide (active metabolite)

and the carboxylic acid metabolite (inactive metabolite).

Pharmacokinetics data on the carboxylic acid metabolite

are used to understand mechanistic underpinnings of

changes in exposure to active moieties, but changes in
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Table 5 Statistical summary of exposures to cytochrome P450 substrates in patients

CYP substrate and

exposure parameter

Geometric meana Geometric mean ratio test/reference

(90 % CI)
CYP substrate ? enzalutamide

(test)

CYP substrate ? PTM

(reference)

Oral pioglitazone (CYP2C8)

AUC? (ng�h/mL) 11,200 9370 1.20 (0.98–1.47)

Cmax (ng/mL) 571 695 0.82 (0.67–1.01)

Oral S-warfarin (CYP2C9)

AUC? (ng�h/mL) 6890 15,600 0.44 (0.41–0.48)

Cmax (ng/mL) 368 397 0.93 (0.86–0.99)

Oral omeprazole (CYP2C19)

AUC? (ng�h/mL) 282 955 0.30 (0.24–0.36)

Cmax (ng/mL) 126 333 0.38 (0.26–0.54)

Oral midazolam (CYP3A4)

AUC? (ng�h/mL) 4.23 30.0 0.14 (0.12–0.17)

Cmax (ng/mL) 2.18 9.45 0.23 (0.20–0.27)

AUC? area under the plasma concentration–time curve from time zero to infinity, CI confidence interval, Cmax maximum plasma concentration,

CYP cytochrome P450, PTM placebo to match
a Values are reported for n = 14 patients with metastatic castration-resistant prostate cancer
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exposure to this metabolite are not considered clinically

important. In contrast, exposure to N-desmethyl enzalu-

tamide is considered clinically important. N-desmethyl

enzalutamide is thought to contribute to the clinical effects

of enzalutamide with regard to efficacy and safety, because

its molecular structure is similar to enzalutamide [4], it has

similar potency to enzalutamide in all primary and sec-

ondary pharmacodynamic endpoints, it circulates at ap-

proximately the same plasma concentrations as

enzalutamide, and an exposure–response analysis of en-

zalutamide and N-desmethyl enzalutamide plasma con-

centration data from a phase III clinical trial (AFFIRM) [2]

did not produce results that would suggest differences in

the clinical efficacy or safety profiles of the two molecules

[30]. For these reasons, when interpreting clinical rele-

vance (both in terms of efficacy and safety), conclusions

are based on the sum of enzalutamide plus N-desmethyl

enzalutamide, which corresponds to exposure to enzalu-

tamide active moieties.

Enzalutamide is indicated for the treatment of mCRPC,

which most commonly occurs in older men [19]. Given that

polypharmacy is prevalent in elderly populations [20–22],

drug interactions were recognized as an important issue to

investigate early in the enzalutamide development

Table 6 Statistical summary of exposures to R-warfarin and major metabolites of cytochrome P450 substrates in patients

CYP substrate metabolite and exposure parameter Geometric meana Geometric mean ratio

test/reference (90 % CI)
CYP substrate

? enzalutamide (test)

CYP substrate

? PTM (reference)

Hydroxy-pioglitazone (M-IV)

AUC? (ng�h/mL) 11,900 18,900 0.63 (0.52–0.77)

Cmax (ng/mL) 189 313 0.60 (0.52–0.70)

7-Hydroxy-S-warfarin

AUC? (ng�h/mL) 1940 4100 0.47 (0.35–0.63)

Cmax (ng/mL) 33.2 39.8 0.83 (0.71–0.99)

R-warfarin

AUC? (ng�h/mL) 19,700 36,100 0.55 (0.51–0.58)

Cmax (ng/mL) 474 479 0.99 (0.93–1.05)

5-Hydroxy-omeprazole

AUC? (ng�h/mL) 244 535 0.46 (0.39–0.53)

Cmax (ng/mL) 92.6 144 0.64 (0.50–0.83)

1-Hydroxy-midalozam

AUC? (ng�h/mL) 2.17 9.19 0.24 (0.20–0.28)

Cmax (ng/mL) 0.93 3.22 0.29 (0.24–0.35)

AUC? area under the plasma concentration–time curve from time zero to infinity, CI confidence interval, Cmax maximum plasma concentration,

CYP cytochrome P450, PTM placebo to match
a Values are reported for n = 14 patients with metastatic castration-resistant prostate cancer
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program. As recommended by FDA guidance [23], the

investigation of enzalutamide drug interactions began with

in vitro studies.

In vitro testing was performed to inform clinical in-

vestigations of enzalutamide as a potential victim of drug

interactions. A study with recombinant CYP enzymes

showed that enzalutamide is metabolized by CYP2C8 and

CYP3A4, both of which play a role in the formation of N-

desmethyl enzalutamide [30].

To assess the in vivo effects of a strong CYP2C8 in-

hibitor on enzalutamide pharmacokinetics, a single oral

dose of enzalutamide was given concomitantly with gem-

fibrozil dosed to steady state. An in vivo drug interaction

was evident from the plasma concentration–time plots

(Fig. 2), which showed that concomitant gemfibrozil al-

tered the rates of enzalutamide elimination and metabolite

formation, and that discontinuation of gemfibrozil caused

an abrupt change in the elimination and metabolite for-

mation rates. Such changes upon discontinuation of the

inhibitor were not wholly unexpected, as similar changes

have been reported in other drug interaction studies [18].

Given the change in pharmacokinetics, extrapolation of the

observed concentration–time data in the terminal phase

could not be used to estimate the AUC? for the sum of

enzalutamide plus N-desmethyl enzalutamide. If the AUC

term from observed data (AUC18 d) had been used to assess

changes in the composite sum of exposure to active moi-

eties, then the magnitude of the drug interaction effect

would have been underestimated. To protect against this

bias, pharmacokinetic modeling and simulation were used

to predict the plasma concentration–time profiles with

continued administration of gemfibrozil. The final analysis

showed that the composite AUC? of enzalutamide plus N-

desmethyl enzalutamide increased by 2.2-fold with mini-

mal effect on Cmax. Thus, in vivo inhibition by a strong

CYP2C8 inhibitor resulted in an approximate doubling of

exposure to enzalutamide active moieties. In patients tak-

ing 160 mg once daily (i.e., the recommended dose of

enzalutamide), an approximate doubling of exposure to

active moieties would result in plasma concentrations

higher than those associated with the maximum tolerated

dose of 240 mg/day [24]. In a dose-escalation study in

patients with mCRPC, no seizures were reported at

B240 mg, whereas three seizures were reported at higher

doses, one each at 360, 480, and 600 mg [24]; therefore,

patients taking enzalutamide 160 mg once daily concomi-

tantly with a strong CYP2C8 inhibitor may be at an in-

creased risk of seizure. To mitigate the risks to patients, it

is recommended to reduce the dose of enzalutamide to

80 mg once daily during concomitant use with a strong

CYP2C8 inhibitor (e.g., gemfibrozil).

To assess the in vivo effects of a strong CYP3A4 in-

hibitor on enzalutamide pharmacokinetics, a single oral

dose of enzalutamide was given concomitantly with itra-

conazole dosed to steady state. A slight in vivo drug in-

teraction was evident from the plasma concentration–time

plots (Fig. 2), which showed that itraconazole was asso-

ciated with a small decrease in the rate of enzalutamide

elimination and small changes in the rates of metabolite

formation. The calculated pharmacokinetic parameters

showed that the composite AUC? of enzalutamide plus N-

desmethyl enzalutamide increased by 1.3-fold with no ef-

fect on Cmax. As this change in exposure is small and not

clinically meaningful, no dose adjustments are warranted

for concomitant use of enzalutamide with CYP3A4

inhibitors.

Taken together, data from the gemfibrozil and itra-

conazole treatments indicate that CYP2C8 is a more im-

portant contributor to the in vivo metabolism of

enzalutamide than CYP3A4.

In vitro testing was additionally used to inform clinical

evaluations of enzalutamide as a potential perpetrator of

drug interactions. This in vitro testing focused on the

possible effects of enzalutamide as an inhibitor or inducer

of CYP enzymes. Due to the low aqueous solubility of

enzalutamide (B2.0 lg/mL) [4], concentrations greater

than the plasma Cmax (approximately 17 lg/mL) were

difficult to achieve in these in vitro test systems. Inhibition

was investigated through in vitro studies with human

hepatic microsomes, which showed that enzalutamide, N-

desmethyl enzalutamide, and the carboxylic acid metabo-

lite may act as inhibitors of CYP2C8 and CYP2C19, with

lesser inhibitory effects on CYP2B6 and CYP2C9. The

potential for enzalutamide to inhibit CYP1A2 and CYP2D6

could not be fully excluded, as the highest concentration

tested was approximately 2.4-fold of the clinical Cmax. An

in vitro induction study with human primary hepatocyte

cultures showed that enzalutamide may cause increases in

messenger RNA and enzymatic activity for CYP3A4 [30],

suggesting that enzalutamide could have the potential to

induce CYP3A4; induction effects on CYP1A2 and

CYP2B6 were inconclusive as the highest concentration of

enzalutamide tested was approximately 7 % of the Cmax in

patients taking enzalutamide 160 mg once daily (Table 4).

Based on the totality of the in vitro inhibition and in-

duction data, the clinical investigation plan was to evaluate

the effects of enzalutamide on the pharmacokinetics of

sensitive substrates of CYP1A2, CYP2C8, CYP2C9,

CYP2C19, CYP2D6, and CYP3A4. First priority was as-

signed to CYP2C8, CYP2C9, CYP2C19, and CYP3A4,

and the results for these four enzymes are summarized in

this report.

The effects of enzalutamide on the pharmacokinetics of

a single oral dose of sensitive substrates for CYP2C8 (pi-

oglitazone), CYP2C9 (S-warfarin), CYP2C19 (omepra-

zole), and CYP3A4 (midazolam) were determined in a
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single-sequence crossover design study in which patients

with mCRPC received enzalutamide at the recommended

dose of 160 mg once daily. The results showed no

clinically meaningful changes in exposure to the CYP2C8

substrate; however, enzalutamide decreased exposure to

the CYP2C9, CYP2C19, and CYP3A4 substrates by 56, 70,

and 86 %, respectively. Based on the magnitude of the

induction effects, enzalutamide is considered a moderate

inducer of CYP2C9 and CYP2C19 and a strong inducer of

CYP3A4 [23].

Given that enzalutamide is an inducer of CYP2C9,

CYP2C19, and CYP3A4, and that co-induction of these

enzymes commonly occurs via activation of the nuclear

pregnane X receptor, enzalutamide may also induce uridine

50-diphospho-glucuronosyltransferase (UGT) 1A1 [25].

Induction of UGT1A1 could explain the 37–76 % decrease

in exposure to the hydroxy-metabolites of the CYP sub-

strates (Table 6), as many of these metabolites are further

metabolized via glucuronidation that is mediated by UGT

enzymes [26, 27].

To mitigate the risks to patients, it is recommended to

avoid concomitant use of enzalutamide with substrates of

CYP2C9 (such as phenytoin and warfarin), CYP2C19

(such as S-mephenytoin), or CYP3A4 [such as alfentanil,

ergotamine, dihydroergotamine, cyclosporine (ci-

closporin), fentanyl, pimozide, quinidine, sirolimus, and

tacrolimus] that have a narrow therapeutic index. The full

induction potential of enzalutamide may not occur until

approximately 1 month after the start of treatment, when

steady-state plasma concentrations of enzalutamide are

reached, although some induction effects may be apparent

earlier. Patients taking drugs that are substrates of

CYP2C9, CYP2C19, and CYP3A4 should be evaluated for

possible loss of pharmacological effects (or increase in

effects in cases where active metabolites are formed) dur-

ing the first month of enzalutamide treatment, and dose

adjustment should be considered as appropriate. In con-

sideration of the long t� of enzalutamide (5.8 days in pa-

tients [4]), effects on enzymes may persist for 1 month or

longer after stopping enzalutamide. A gradual dose re-

duction of the concomitant drug may be necessary when

stopping enzalutamide treatment.

5 Conclusion

In the drug interaction study with CYP2C8 and CYP3A4

inhibitors, coadministration of gemfibrozil (strong

CYP2C8 inhibitor) increased the composite AUC? of en-

zalutamide plus N-desmethyl enzalutamide by 2.2-fold,

and coadministration of itraconazole (strong CYP3A4 in-

hibitor) increased the composite AUC? by 1.3-fold. Based

on these findings, it is recommended that if a patient

requires coadministration of a strong CYP2C8 inhibitor

with enzalutamide, then the enzalutamide dose should be

reduced to 80 mg once daily. In the drug interaction study

with CYP2C8, CYP2C9, CYP2C19, and CYP3A4 sub-

strates, enzalutamide increased the AUC? of oral piogli-

tazone by 20 % and reduced the AUC? of oral S-warfarin,

omeprazole, and midazolam by 56, 70, and 86 %, respec-

tively; therefore, enzalutamide is a moderate inducer of

CYP2C9 and CYP2C19 and a strong inducer of CYP3A4.

Enzalutamide did not affect exposure to oral pioglitazone

(CYP2C8 substrate) to a significant extent. Based on these

findings, it is recommended to avoid concomitant use of

enzalutamide with administered narrow therapeutic index

drugs that are metabolized by CYP2C9, CYP2C19, or

CYP3A4 as enzalutamide may decrease their exposure.
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