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Abstract

Purpose To investigate the pharmacokinetics, metabolism

and tolerability of afatinib (BIBW 2992), an oral irreversible

ErbB family blocker, in healthy male volunteers.

Methods In this open-label, single-center study, 8 healthy

male volunteers received a single oral dose of 15 mg [14C]-

radiolabeled afatinib (equivalent to 22.2 mg of the dimale-

inate salt) as a solution. Blood, urine and fecal samples were

collected for at least 96 hours (h) after dosing. Plasma

and urine concentrations of afatinib were analyzed using

high-performance liquid chromatography–tandem mass

spectrometry. [14C]-radioactivity levels in plasma, whole

blood, urine and feces were measured by liquid scintillation

counting methods. Metabolite patterns were assessed by

high-performance liquid chromatography.

Results [14C]-radioactivity was mainly excreted via feces

(85.4%). Overall recovery of [14C]-radioactivity was

89.5%, indicative of a complete mass balance. Afatinib was

slowly absorbed, with maximum plasma concentrations

achieved at a median of 6 h after dosing, declining there-

after in a biexponential manner. The geometric mean ter-

minal half-life of afatinib was 33.9 h in plasma and longer

for [14C]-radioactivity in plasma and whole blood.

Apparent total body clearance for afatinib was high (geo-

metric mean 1,530 mL/min). The high volume of distri-

bution (4,500 L) in plasma may indicate a high tissue

distribution. Afatinib was metabolized to only a minor

extent, with the main metabolite afatinib covalently bound

to plasma proteins. Oxidative metabolism mediated via

cytochrome P-450 was of negligible importance for the

elimination of afatinib. Afatinib was well tolerated.

Conclusions Afatinib displayed a complete mass balance

with the main route of excretion via feces. Afatinib

undergoes minimal metabolism.

Keywords Afatinib � BIBW 2992 � Metabolism �
Excretion � Pharmacokinetics � Human

Introduction

Afatinib (BIBW 2992), is an oral, highly selective, potent

and irreversible ErbB family blocker, inhibiting ErbB1

(epidermal growth factor receptor [EGFR]/human epider-

mal growth factor receptor [HER]1) (IC50 0.5 nM), ErbB2

(HER2) (IC50 14 nM) and ErbB4 (HER4) (IC50 1 nM)

[1, 2] (and Boehringer Ingelheim, data on file). As these

receptors are involved in cell proliferation, differentiation

and apoptosis, their inhibition may play a critical role in the

prevention of tumor growth and spread. Afatinib is in

clinical development for the management of several types

of solid tumors, including non-small cell lung cancer

(NSCLC), breast and head and neck cancer.

Previous phase I studies in patients with advanced solid

tumors showed that afatinib had a manageable side effect

profile when administered as monotherapy [3–6] or in

combination with other cancer therapies including paclit-

axel [7], docetaxel [8], vinorelbine [2], cisplatin/paclitaxel

and cisplatin/5-fluorouracil [9]. Promising results from

phase II and phase IIb/III clinical trials in patients with

relapsed advanced NSCLC cancer [10, 11] and metastatic

breast cancer [12] suggest potential benefit with afatinib
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monotherapy. In patients with advanced NSCLC who

harbor EGFR mutations, use of afatinib led to an overall

response rate (ORR) of 57% by independent review and

61% by investigator assessment, with a high ORR rate seen

across the main subgroups [11]. In patients with advanced

NSCLC whose disease has progressed after receiving

chemotherapy and a first-generation EGFR tyrosine kinase

inhibitor (gefitinib or erlotinib), afatinib treatment dem-

onstrated a statistically significant progression-free survival

benefit over placebo (3.3 months vs. 1.1 months) [10].

Pharmacokinetic studies in patients with advanced solid

tumors showed that dose-dependent concentrations of

afatinib are achieved after oral administration [5, 6].

Maximum plasma levels of afatinib are generally reached

within 3–5 h after oral dosing. As the terminal half-life

after single-dose administration ranged from 22 to 40 h,

afatinib is therefore suitable for once-daily dosing [5, 6].

A relatively high apparent total body clearance and volume

of distribution were observed. While these values should be

treated with caution, as the absolute bioavailability of

afatinib in humans is unknown, these data suggest that

afatinib has a suitable elimination profile and a high tissue

distribution. All pharmacokinetic parameters displayed

moderate-to-high variability, although within the expected

range compared with other EGFR tyrosine kinase inhibitors

[13–16]. Steady state is attained within 7 days after the

start of multiple once-daily dosing [6].

Non-clinical metabolism studies in several animal spe-

cies have revealed that afatinib undergoes minor meta-

bolism in quantitative terms. Overall, metabolism as

excretion pathway was of subordinate importance com-

pared with excretion of unchanged parent compound in the

mouse, rat, minipig and rabbit (Boehringer Ingelheim, data

on file) with only minor differences in the metabolite pat-

tern between species. The in vitro metabolic profile of

afatinib suggests that it does not interact in a relevant way

with cytochrome P-450 (CYP450) enzymes and does not

inhibit (reversibly or irreversibly) or induce CYP450

enzymes (Boehringer Ingelheim, data on file).

The aim of this study was to characterize the pharma-

cokinetics (including the excretion pathways and mass

balance) and metabolism of afatinib after single oral

administration to healthy male volunteers.

Materials and methods

Study design

This was an open-label, single-dose study performed at

Pharma Bio-Research Group BV (Zuidlaren, The Nether-

lands). The study was approved by an independent ethics

committee (Medische Ethische Toetsings Commissie van

de Stichting Beoordeling Bio-Medisch Onderzoek, Assen,

The Netherlands) and conducted according to the princi-

ples of Good Clinical Practice and the Declaration of

Helsinki (October 1996 version). Written informed consent

was obtained from all participants before study entry.

Study population

The pharmacokinetics and metabolism of afatinib were

studied in 8 healthy male volunteers (7 Caucasians and 1

Asian), with mean age 50.4 years (range 35–60 years),

mean weight 80.1 kg (range 64–101 kg) and mean body

mass index 25.1 kg/m2 (range 22.4–29.3 kg/m2). All 8

subjects completed the study according to protocol.

Radiolabeling of afatinib dimaleinate salt

[14C]-afatinib dimaleinate salt was synthesized by intro-

ducing the radiolabel into position 2 of the quinazoline

ring.

Treatment regimens

After an overnight fast (at least 10 h), subjects received a

single oral 15 mg dose (calculated as the free base) of

afatinib (equivalent to 22.2 mg of afatinib dimaleinate salt)

solution containing 2.25 MBq of [14C]-radiolabeled afati-

nib (Boehringer Ingelheim Pharma GmbH & Co. KG,

Biberach, Germany) in the sitting/standing position. The

[14C]-afatinib powder was reconstituted with 50 mL of

isotonic sodium chloride solution. This solution was

administered orally to the volunteers. The empty vial was

rinsed once more with another 50 mL of isotonic sodium

chloride solution, which was then administered to the

subjects. Subjects remained in the study center for at least

120 h for the collection of blood, urine and feces samples.

If the radioactivity counts measured in urine and feces from

day 5 onwards remained above the termination limits

(50 dpm/mL in urine and 75 dpm per 100 mg feces), the

stay in the center was extended to a maximum of 10 days.

Thereafter, collection of urine and/or feces was continued

at home until the [14C]-radioactivity quick counts fell

below the termination criteria.

Sample collection

All blood samples were collected in potassium-EDTA-

containing tubes. Venous blood samples for measurement

of plasma levels of afatinib and [14C]-radioactivity were

obtained pre-dose and at 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8,

10, 12, 24, 36, 48, 72 and 96 h after dosing. For pharma-

cokinetic assessments, approximately 11 mL of blood was

collected at each time point. A 2-mL aliquot was taken for
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the determination of [14C]-radioactivity in whole blood and

stored at -20�C. The remaining 9 mL was centrifuged

immediately at 2,000g (4�C) for 10 min. Two aliquots of at

least 1 mL each were used for the determination of [14C]-

radioactivity in plasma, and 2 aliquots of at least 1 mL

each were used for the analysis of the parent compound

(afatinib) in plasma. Plasma aliquots were frozen imme-

diately and stored at -20�C until analysis.

Additional blood samples were collected pre-dose and 1,

2 and 6 h after dosing for metabolic profiling (50 mL).

Blood samples were centrifuged at 2,000g (4�C) for

10 min. Each blood cell pellet was divided into two

approximately equal parts and transferred to two suitable

storage tubes. The blood cell samples were stored at -20�C

until shipment to the metabolic laboratory at Boehringer

Ingelheim Pharma GmbH & Co. KG. Plasma was also

transferred to separate tubes and stored at -20�C until

shipment to the same laboratory.

Additional blood samples (10 mL) for the determination

of protein binding were collected pre-dose and 1, 2 and 6 h

after dosing. Blood samples were centrifuged at

2,000g (4�C) for 10 min. Plasma was transferred to sepa-

rate tubes and stored at -20�C until shipment to the ana-

lytical laboratory at Pharma Bio-Research Group BV.

Hematocrit was determined in blood samples (2.5 mL)

collected pre-dose and 1, 2 and 6 h after dosing.

Urine was collected in containers at pre-dose, 0–4, 4–8

and 8–24 h and then over 24-h intervals up to 120 h after

dosing or until radioactivity in the sample was less than 50

dpm/mL. At the end of each collection period, the urine

was homogenized and aliquots were taken for determina-

tion of [14C]-radioactivity, afatinib concentrations and

metabolic profiling. All samples were stored at -20�C. To

ensure adequate excretion of [14C]-afatinib, patients were

advised to drink at least 2 liters of water per day.

Feces samples were collected throughout the study for

the determination of total [14C]-radioactivity concentra-

tions and metabolic profiling. Samples were collected pre-

dose and continuously over 24-h intervals up to 120 h after

dosing or until radioactivity was less than 75 dpm per

100 mg sample. Samples were homogenized and prepared

for the determination of [14C]-radioactivity. All samples

were stored at -20�C.

Analysis of afatinib concentration and radioactivity

Plasma and urine concentrations of afatinib were analyzed

by validated high-performance liquid chromatography–

tandem mass spectrometry (HPLC–MS/MS) after solid-

phase extraction in the 96-well format. The internal

standard was deuterated [D6]afatinib. Chromatography was

achieved on an analytical C18 reverse-phase HPLC column

with gradient elution. The substance was detected and

quantified by HPLC–MS/MS using electrospray ionization

in the positive ion mode. The lower limit of quantification

(LLQ) of afatinib was 0.1 ng/mL in plasma and 0.5 ng/mL

in urine. Validation data documented adequate accuracy,

precision and specificity of the HPLC–MS/MS assay

employed for the study. Analysis was performed by

Boehringer Ingelheim Pharma GmbH & Co. KG, Biberach,

Germany.

Levels of radioactivity in plasma, whole blood, urine

and feces were determined by validated liquid scintillation

counting methods using [1-methyl-14C]-caffeine as the

internal standard and expressed as [14C]-afatinib-equivalents

(EQ). The LLQ for [14C]-radioactivity was 25 dpm/mL for

whole blood, 20 dpm/mL in plasma, 10 dpm/mL in urine

and 40 dpm/mg in feces. This corresponds to a LLQ of

2.88 ngeq/mL for [14C]-radioactivity in whole blood and

2.30 ngeq/mL for [14C]-radioactivity in plasma (versus

0.1 ng/mL for afatinib in plasma). Validation data docu-

mented adequate accuracy, precision and specificity of the

assay employed for the study.

Pharmacokinetic analysis

Standard non-compartmental methods were used to calcu-

late pharmacokinetic parameters using WinNonlin� Pro-

fessional Network version 5.0.1 (Pharsight Corporation,

Cary, NC, USA). Area under the plasma concentration–

time curve (AUC0�tz ) was calculated using the log-linear

trapezoidal rule up to the time of the last sampling point

with a measurable plasma concentration. Terminal half-life

was calculated from the terminal rate constant, and renal

clearance (CLR,0–96) was calculated as the amount of

afatinib excreted in urine/plasma AUC over 96 h.

Descriptive statistics were reported as the geometric mean

and geometric coefficient of variation (CV).

Metabolite analysis

Metabolite patterns in plasma (pooled samples), urine and

feces (samples from individual subjects) were analyzed by

HPLC coupled to off-line (plasma) and on-line (urine,

feces) radioactivity detection.

Urine and feces analysis

Urine samples were processed by solid-phase extraction on

Discovery DSC-18LT (1 g, 6 mL) cartridges (Supelco,

USA) preconditioned with 5 mL of methanol and equili-

brated with 10 mL of 1% aqueous formic acid. After

complete thawing, mixing and short centrifugation to

remove any solids, samples (*100 mL) were acidified

with 5 lL/mL of formic acid and applied to the extraction

columns. After rinsing with 20 mL of water/methanol/
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formic acid (90.9/9/0.1), the absorbed material was eluted

with 10 mL of methanol/water/formic acid (94.9/5/0.1) and

the eluate was concentrated under a stream of nitrogen to

near dryness. The average extraction yield was 97% (range

82% to 105%).

Feces homogenates were processed by liquid extraction.

After complete thawing and mixing of the feces homoge-

nates, 2 g of samples was extracted (15 min vigorous

shaking, followed by centrifugation for 5 min at 4009g) 3

times with 3 mL of methanol/acetonitrile/water/formic

acid (48/48/3.9/0.1) and once with 3 mL of methanol/

acetonitrile/water/ammonium hydroxide (48/48/3.9/0.1).

The extracts were combined and concentrated under a

stream of nitrogen to about 1 mL. The liquid residues were

transferred into plastic vials, and solid residues were

extracted with 2 mL of methanol/acetonitrile/water (45/50/

5); after a short centrifugation, the supernatants were also

transferred into vials. The combined samples were reduced

with nitrogen to about 1 mL. The average extraction yield

was 78% (range 69% to 86%).

Sample aliquots (urine or feces) of 100 lL were quanti-

tatively injected into the HPLC with on-line detection

operated by Chromeleon, version 3.05 (Dionex, Idstein,

Germany). Samples were analyzed on 150 9 4.6 mm

ProC18 HD columns protected by 10 9 4 mm ProC18 RS

guard columns (both 5 lm particle size; YMC, Germany).

Metabolites were separated with a gradient of aqueous

ammonium acetate (0.1 M, pH 8.5 adjusted with ammonium

hydroxide: mobile phase A) versus acetonitrile (mobile

phase B) at a flow rate of 1.0 mL/min (gradient: 5% B at

0 min, linear to 25% B at 5 min, linear to 31% B at 25 min,

linear to 55% B at 38 min, linear to 95% B at 39 min with

plateau at 95% B to 42 min). With a signal-to-noise ratio

S/N = 2, the detection system was linear (r2 C 0.99) over

the range of 329–374183 dpm (absolute amount injected on

column), respectively, as assessed by triplicate injections of

[14C]-afatinib at various concentrations. The radioactivity of

aliquots of urine or feces samples, rinsing solutions, eluates

and reconstituted solutions for HPLC analysis was deter-

mined by liquid scintillation counting.

Plasma analysis

Plasma samples obtained at 1, 2 and 6 h after oral adminis-

tration of [14C]-afatinib were processed by solid-phase

extraction on Discovery DSC-18LT (2 g, 12 mL) cartridges

(Supelco, USA) preconditioned with 5 mL of acetonitrile

and equilibrated with 10 mL of water. Samples (*40 mL)

were acidified with 0.1 M hydrochloric acid (4 ? 1) and,

after mixing and short centrifugation to remove any solids,

were applied onto the columns. After rinsing with 10 mL

methanol/acetonitrile/water (90/10 v/v) and drying, the

absorbed material was eluted twice with 10 mL of methanol/

acetonitrile/water (48.5/48.5/3), and the combined eluates

were concentrated under a stream of nitrogen to near dryness.

The liquid residues were transferred into plastic vials, and the

solid residues were extracted twice with 1 mL of methanol/

water (90/10); then, after short centrifugation, the superna-

tants were also transferred into vials. These combined sam-

ples were reduced to about 200 lL. The average extraction

yield was 103% (range 94% to 108%).

Sample aliquots of 100 lL were injected into the HPLC

off-line detection system (low level counting). The HPLC

system used the same gradient as for the on-line radioac-

tivity detection analyses and MassLynx and FractionLynx

software (version 4, Waters, Germany). The post-column

flow was sampled in 7-sec intervals into 96-well plates

(Deepwell LumaPlates, Perkin Elmer, Belgium), which

were preconditioned with a solid-phase scintillator. After

evaporation of the solvent to dryness, the plates were

analyzed by scintillation counting in an LSC microplate

counter (TopCount NXT, Perkin Elmer, USA). The LLQ

for plasma samples was 38 dpm, which was equivalent to a

concentration of a defined radioactive component of

approximately 0.06 ngeq/mL when 100 mL of plasma was

extracted for a single HPLC run. Metabolites were quan-

tified on the basis of the relative amount of radioactivity

that was assigned to a given metabolite fraction in relation

to the total amount of radioactivity present in the analyzed

sample. Parent drug and metabolites were expressed as

percentage of sample radioactivity in plasma or as per-

centage of the dose in excreta. The radioactivity of aliquots

of plasma samples, rinsing solutions, eluates and recon-

stituted solutions for HPLC analysis was determined by

liquid scintillation counting.

Determination of covalent binding in blood cells

and plasma

Hemolyzed blood samples and pooled plasma were sepa-

rately precipitated and extracted using threefold volume of

ice-cold acetonitrile with 5% glacial acetic acid. After

centrifugation (5 min at 4,0009g), the supernatants were

removed and the residual pellet was re-suspended in ace-

tonitrile/5% glacial acetic acid. This extraction step was

repeated twice for the separate samples, and then the

supernatants were combined. The residual plasma protein

pellet was dissolved in 1 M sodium hydroxide solution,

and residual blood pellets were transferred into combustion

cones. For plasma samples, the amount of extractable

radioactivity in the supernatants and the amount of cova-

lent bound radioactivity in the residual pellets were

determined by liquid scintillation counting. For blood cells,

radioactivity of aliquots of the hemolyzed blood cells, the

supernatants and the residual pellets was determined by

combustion analysis and liquid scintillation counting.
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Metabolite identification

Aliquots of plasma, urine, and feces samples were analyzed

by electrospray ionization mass spectrometry in the posi-

tive ion mode using a quadrupole orthogonal acceleration

time-of-flight mass spectrometer (Micromass, Manchester,

UK). Argon was used as collision gas. The time-of-flight

analyzer operated at a mass resolution m/Dm = 10,000 in

V-ion optics mode with a pusher frequency of 16 kHz. The

scan time in MS mode and MS/MS mode was 1 s/scan.

Exact mass measurements in MS and MS/MS operations

were taken by internal calibration with phosphoric acid

(0.01%) in positive ion mode using an electrospray ioni-

zation/lockspray interface.

Metabolite structures were elucidated by LC–MS of the

radioactive metabolite peaks, with exact mass measure-

ments and detailed analysis of the fragmentation process of

pseudomolecular metabolite ions [M?H]? and their

product ions generated by collision induced fragmentation.

The exact mass measurements were performed on a

quadrupole orthogonal acceleration time-of-flight instru-

ment with V- and W-optics coupled with an ESI interface

using a reverse-phase HPLC system.

MS/MS experiments for structure elucidation were

performed on representative samples. When available, the

identity of metabolites was confirmed by exact mass

measurements of the pseudomolecular [M?H]?-metabo-

lite ions and by comparison of MS/MS data and retention

times of synthetic reference compounds. The assignment

of metabolite structures was confirmed by comparison

of LC–MS data of previous metabolism studies in rats

and minipigs after administration of 14C-labeled afatinib

(Boehringer Ingelheim, data on file) and in humans fol-

lowing administration of non-labeled afatinib [5].

Results

Pharmacokinetics

Afatinib was slowly absorbed with maximum plasma

concentration of afatinib and [14C]-radioactivity in plasma

and whole blood achieved at a median of 6 h after dosing

(Table 1). Due to differences in the LLQ ranges of the

bioanalytical assays for afatinib in plasma, for [14C]-

radioactivity in plasma and for [14C]-radioactivity in whole

blood, there were differences in the absorption phases of

afatinib compared to [14C]-radioactivity in plasma and

whole blood. The shapes of the afatinib plasma, [14C]-

plasma and [14C]-whole blood radioactivity concentration–

time profiles were similar up to 12 h post-dose (Fig. 1).

After 12 h, the afatinib plasma concentrations declined

more rapidly than the [14C]-plasma radioactivity and [14C]-

whole-blood radioactivity profiles. Total [14C]-radioactiv-

ity concentrations in plasma were higher than afatinib

plasma concentrations, indicating the presence of one or

more metabolites other than afatinib (refer to metabolite

profiling results below). The geometric mean blood to

plasma [14C]-radioactivity concentration ratio at 6 h post-

dose was 1.28 (range 0.935 to 1.94, geometric CV 25.1%).

Afatinib accounted for 72.9% of total [14C]-radioactivity

in plasma in the first 24 h after dosing (Table 1). Around

80% of the AUC0–24 of [14C]-radioactivity in whole blood

was found in plasma. The proportion of afatinib exposure

Table 1 Comparison of pharmacokinetic parameters of afatinib in plasma and radiolabeled [14C]-afatinib-equivalent (EQ) in plasma and whole

blood after single oral administration of 15 mg afatinib (2.25 MBq [14C]-labeled afatinib) solution in 8 healthy male volunteers

Parameters Afatinib in plasma [14C]-afatinib-EQ in plasma [14C]-afatinib-EQ in whole blood

Units gMean (gCV [%]) Units gMean (gCV [%]) Units gMean (gCV [%])

AUC0–24 [ng h/mL] 80.2 (34.9) [ngeq h/mL] 110 (40.1) [ngeq h/mL] 138 (47.1)

AUC0�tz
a [ng h/mL] 144 (32.3) [ngeq h/mL] 231 (69.9) [ngeq h/mL] 446 (59.1)

Cmax [ng/mL] 6.19 (38.4) [ngeq/mL] 7.58 (36.0) [ngeq/mL] 8.01 (41.2)

tmax
b [h] 6.00 (1.50–8.02) [h] 6.00 (0.750–8.02) [h] 6.00 (0.750–6.08)

t� [h] 33.9 (14.3) [h] 118 (65.1) [h] 195 (83.9)

CL/F [mL/min] 1,530 (31.2) [mL/min] 325 (51.1) [mL/min] 141 (104)

Vz/F [L] 4,500 (37.6) [L] 3,330 (37.1) [L] 2,390 (34.8)

AUC0–24 area under the concentration–time curve from zero time to 24 h, AUC0�tz area under the plasma concentration–time curve from zero

time to time of the last quantifiable drug plasma concentration, Cmax maximum observed concentration, tmax time at which observed Cmax

occurred, t� terminal half-life, CL/F total body clearance, Vz/F apparent volume of distribution during the terminal phase, gCV geometric

coefficient of variation
a tz = 96 h for N = 8 for afatinib in plasma; tz = 96 h for N = 2, 72 h for N = 3, 48 h for N = 2 and 24 h for N = 1 for [14C]-afatinib-EQ in

plasma; tz = 96 h for N = 6, 72 h for N = 1, and 48 h for N = 1 for [14C]-afatinib-EQ in whole blood
b Median and range
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in plasma until the last measurable concentration

(AUC0�tz ) was lower compared with the respective radio-

activity exposure in plasma seen within the first 24 h

(AUC0–24 [14C]-afatinib-EQ). Thus, at later time points

([24 h after dosing), the proportion of [14C]-radioactivity

in plasma increased relative to afatinib concentrations in

plasma, in contrast to that observed in the first 24 h.

The contribution of renal excretion to total body clear-

ance of [14C]-radioactivity was low (Fig. 2). The fraction

excreted via the urine as unchanged afatinib by 120 h post-

dose was 0.687% compared with 3.11% total [14C]-radio-

activity in urine at the same time point (Table 2). By 216 h

after dosing (last point of measurement), total [14C]-

radioactivity excreted in the urine was 4.29%. Renal

clearance over the time interval of 0–96 h (CLR,0–96) was

lower for afatinib (11.4 mL/min) compared with [14C]-

radioactivity in plasma (22.4 mL/min). As shown in

Figs. 3 and 4, the major route of excretion of total [14C]-

radioactivity was via feces, with 85.4% excreted within

312 h after dosing. Overall mean recovery of [14C]-radio-

activity up to 312 h after dosing was 89.5% (Fig. 4).

The mean terminal half-life was 33.9 h for afatinib,

118 h for [14C]-radioactivity in plasma and 195 h for [14C]-

radioactivity in whole blood (Table 1). Apparent total body

clearance (CL/F) for afatinib in plasma was high (mean

1,530 mL/min) compared with that for [14C]-radioactivity

in plasma and whole blood (325 and 141 mL/min,

respectively). Afatinib also exhibited a high apparent oral

volume of distribution (Vz/F) during the terminal phase

(4,500 L). By comparison, mean apparent Vz/F for [14C]-

radioactivity in plasma (3,330 L) was higher than the one

for [14C]-radioactivity in whole blood (2,390 L) (Table 1).

The results of the plasma protein binding of [14C]-

radioactivity were all in the lower part of the validated

range and were therefore not regarded as informative.

Metabolite profiles in plasma, urine and feces

The parent compound afatinib was the most prevalent

compound, comprising approximately 89% of excreted

radioactivity. Metabolism as an elimination pathway in

excreta (in either urine or feces) was of subordinate

importance compared with the excretion of the unchanged

parent compound (data not shown). Of the metabolites

accounting for [1% of the dose, only various adducts of

afatinib to glutathione, cysteine–glycine or cysteine were
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Fig. 1 Geometric mean

concentration–time profiles of

afatinib in plasma, radiolabeled

[14C]-afatinib-equivalent (EQ)

in plasma and [14C]-afatinib-EQ

in whole blood after single oral

administration of 15 mg afatinib

(2.25 MBq [14C]-labeled

afatinib) solution in 8 healthy

volunteer subjects (top graph
linear scale; bottom graph
semilogarithmic scale, both

with time axis limited to 96 h)
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detected in the urine and feces. Except for minor amounts

of the dimethylamino N-oxide, all metabolites were con-

jugates formed by Michael addition. A general scheme for

the formation of such conjugated metabolites of afatinib to

nucleophilic components by Michael addition is depicted

in Fig. 5.
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Table 2 Comparison of pharmacokinetic parameters of afatinib in urine and radiolabeled [14C]-afatinib-equivalent (EQ) in urine and feces after

single oral administration of 15 mg afatinib (2.25 MBq [14C]-labeled afatinib) solution in 8 healthy volunteer subjects

Parameters Afatinib in urine [14C]-afatinib-EQ in urine [14C]-afatinib-EQ in feces (N = 7)a

Units gMean (gCV [%]) Units gMean (gCV [%]) Units gMean (gCV [%])

Ae0–120 [lg] 103 (54.9) [lgeq] 467 (31.9) [lgeq] –

fe0–120 [%] 0.687 (55.0) [%] 3.11 (31.3) [%] –

CLR,0–96 [mL/min] 11.4 (45.2) [mL/min] 22.4 (19.2) [mL/min] –

Ae0–312, feces [lgeq] – [lgeq] – [lgeq] 12,800 (5.79)

fe0–312, feces [%] – [%] – [%] 85.4 (5.82)

Ae0–120 amount of afatinib or its metabolites excreted in urine during the interval of 0–120 h, fe0–120 fraction of analyte eliminated in urine

during the interval of 0–120 h, CLR,0–96 renal clearance during the interval of 0–96 h, Ae0–312, feces amount of analyte eliminated in feces during

the interval of 0–312 h, fe0–312, feces fraction of analyte eliminated in feces during the interval of 0–312 h, gCV geometric coefficient of variation
a Urine from subjects 4 and 5 was combined for the time interval 72–96 h
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Plasma samples collected 1, 2 and 6 h after oral dosing

contained very low concentrations of radioactivity (2.79-

10.2 ngeq/mL). This precluded the investigation of indi-

vidual samples, and therefore, samples were pooled

according to the sampling time for the assessment of

metabolite patterns. [14C]-afatinib was the predominant

radioactive compound in the pooled plasma samples,

accounting for [97% of the total sample radioactivity. No

circulating metabolites of afatinib were identified by high-

resolution LC–MS (detection limit *0.06 ngeq/mL).

A substantial part of the radioactivity in the plasma samples

was found to be covalently bound to plasma proteins. This

fraction increased with sampling time, from 7% at 1–2 h to

48% of total sample radioactivity at 72 h (Fig. 6). Sub-

stantial amounts of covalently bound radioactivity were also

observed in samples of hemolyzed blood cells. Depending on

the sampling time, 65–77% of the total radioactivity in the

samples was bound to blood cell proteins. However, absolute

concentrations of these adducts were small and did not

exceed 1.6 ngeq/mL for plasma samples.
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Tolerability

Seven subjects experienced at least one adverse event after

dosing. Possible drug-related events included abdominal

distension (2 subjects, one also experienced abdominal

discomfort) and one subject each with fatigue, somnolence

or frequent bowel movements. All adverse events were of

CTCAE (common terminology criteria for adverse

events) grade 1. All subjects recovered completely without

the need for therapeutic intervention.

Discussion

This study investigated the pharmacokinetic characteris-

tics, the routes of elimination and metabolic profile of

[14C]-afatinib in healthy male volunteers. After oral

administration of afatinib, most of the recovered dose was

in feces (85.4%), with urinary excretion representing a

minor elimination pathway (4.29%). The overall recovery

of 89.5% of the radioactive dose indicates a complete mass

balance with most of the recovery occurring within 72 h of

dosing.

Values obtained for time to reach maximum plasma

concentrations, maximum plasma concentration, area under

the plasma concentration time curve and terminal half-life

in this healthy volunteer study were comparable with those

observed in cancer patients [5]. The ratio of AUC0�tz for

[14C]-radioactivity in whole blood to plasma suggests that a

considerable part of the [14C]-radioactivity is related to

afatinib metabolite(s) in whole blood or to afatinib itself

bound to whole-blood components. However, caution is

required in the interpretation of these results since the

AUC0�tz for [14C]-afatinib-EQ in plasma and whole blood

could not be calculated for all patients at 96 h (see Table 1

legend), since the [14C]-afatinib-EQ concentrations in

plasma and whole blood were already near the LLQ after

24 h. Values for total afatinib exposure (AUC0–?) and total

[14C]-radioactivity exposure in plasma and whole blood

were not reported, since the %AUCtz�1 for [14C]-radioac-

tivity in plasma and whole blood were 64.0% and 70.6%,

respectively, and were therefore regarded as uncertain. The

mean terminal half-life for [14C]-radioactivity in plasma

and whole blood was longer than that observed for afatinib

in plasma (Table 1), suggestive of the presence of one or

more metabolite(s) of afatinib in plasma and in whole blood

with a longer terminal half-life than afatinib. Higher total

[14C]-radioactivity concentration in whole blood than

plasma was indicative of distribution of afatinib and/or its

metabolites into red blood cells. The terminal half-life of

[14C]-radioactivity in plasma and in whole blood may have

been underestimated due to the limited sampling time

within this trial (up to 96 h), and evidence that [14C]-

radioactivity in plasma and whole blood was already near

the LLQ by 24 h after dosing. Very high values for apparent

total body clearance and volume of distribution for afatinib

in plasma during the terminal phase were suggestive of high

tissue distribution of the drug. Comparison of the mean

apparent Vz/F for [14C]-radioactivity in plasma and for

[14C]-radioactivity in whole blood indicated that

Fig. 6 Plasma concentration

versus time profile for afatinib,

covalently bound radioactivity

and total radioactivity from

healthy male subjects after a

single 15 mg dose of [14C]-

afatinib
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metabolite(s) of afatinib in plasma and in whole blood have

a lower volume of distribution than afatinib itself (Table 1).

However, these absolute values should be treated with

caution as the absolute bioavailability of afatinib in humans

is unknown. Moderate distribution of [14C]-radioactivity

into red blood cells was noted.

Similar to the results seen in this trial, oral administra-

tion of [14C]-radiolabeled gefitinib or [14C]-radiolabeled

erlotinib, other EGFR inhibitors with comparable struc-

tures to afatinib, show predominant excretion of [14C]-

radioactivity in humans via the feces with only minor

amounts excreted in the urine [17, 18].

Metabolite profiling studies show that the parent com-

pound (afatinib) is the major drug-related component in

plasma, urine and feces in humans. Metabolism of afatinib

was minimal with covalent binding to plasma proteins

representing the predominant fraction in plasma after 36 h.

Almost the entire circulating radioactivity in the plasma

was accounted for by the parent drug (afatinib) or covalent

adducts. In urine and feces, the parent compound accoun-

ted for 89% of the excreted drug-related material.

There was some discrepancy in the data for total [14C]-

radioactivity in plasma based on the analytical methods

used (Figs. 1, 6). [14C]-radioactivity concentrations were

very low, causing technical difficulties in the quantitative

assessment of [14C]-radioactivity in plasma (and whole

blood) and one of the possible metabolites. Consequently,

variability for [14C]-radioactivity in plasma (and whole

blood) was higher than that observed using more conven-

tional bioanalytical methods. Additionally, the available

sample volumes were insufficient to allow for analysis

of samples from individual donors or, indeed, for multiple

re-analyses of the pooled plasma samples. Therefore, we

cannot exclude the possibility that the somewhat higher

[14C]-radioactivity in plasma (Fig. 1 vs. Fig. 6) may have

been due to variability in the analytical method and

extensive sample work-up.

The proposed scheme of conjugative metabolism of

afatinib (Fig. 5), shows that the structure of afatinib com-

prises an a, b-unsaturated ketone moiety that can act as the

acceptor molecule of a Michael addition. This property of

afatinib resulted in the formation of covalent adducts to

protein and nucleophilic, electron-rich small molecules

(such as SH-containing small molecules, e.g., cysteine,

glutathione) (Boehringer Ingelheim, data on file). For

plasma proteins, this was shown in vivo in animals and

humans (Boehringer Ingelheim, data on file). Therefore,

covalent binding to plasma proteins and erythrocytes may

serve as an explanation for the long terminal half-life of

radioactivity in plasma and blood observed during this

study. Although the potential exists for allergic reactions if

the drug acts like a hapten, this has not been observed in

patients receiving afatinib. Covalent binding to human

serum albumin has also been reported for another HER-2

tyrosine kinase inhibitor HKI-272 with a structure closely

related to afatinib [19].

The absence of detectable CYP-mediated metabolism

suggests that the risk of potential interaction between

afatinib and other therapies metabolized by CYP450

enzymes (i.e., CYP substrates, CYP inhibitors and CYP

inducers) is minimal. This finding is likely to be a clinical

advantage, since agents interacting via the CYP450

enzyme system are widely used in the treatment for lung

cancer patients [20]. In contrast, other tyrosine kinase

inhibitors (notably erlotinib, gefitinib and lapatinib) are all

metabolized by CYP3A4.

In conclusion, this study showed that afatinib was

mainly eliminated unchanged via feces. Overall recovery

of [14C]-radioactivity was 89.5%, indicating a complete

mass balance. Renal excretion was low, and no major

circulating metabolites were identified. Metabolism there-

fore plays a negligible role in the overall disposition and

elimination of afatinib in humans. Oral single-dose

administration of afatinib was well tolerated.
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