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Preface
Cancer is currently the leading cause of death worldwide, accounting for 8.2 million
deaths in 2012 [1]. The ﬁrst chemotherapy drug (nitrogen mustard) [2] approval in 1949
by the United States Food and Drug Administration (US FDA) was followed in 1958 by
the ﬁrst cure of acute leukemia in children and adults by combination chemotherapy [3].
In the 1990s the landscape of cancer therapy started to shift with the US FDA approval of
rituximab in 1997 [4], which is a monoclonal antibody that speciﬁcally targets proteins of
immune cells interfering with the development of cancer. Since then many more therapies
targeting speciﬁc molecular abnormalities in cancer cells were successfully developed.
In addition to the eﬃcacy of a new anticancer drug, drug safety always has to be evaluated carefully before the drug can be approved [5]. Variability in eﬃcacy and toxicity in
each patient can be related to drug exposure [6, 7]. It is therefore important to not only understand what the drug does to the body (pharmacodynamics), but also to understand
what the body does to the drug (pharmacokinetics). During clinical drug development it
is of pivotal importance to investigate the pharmacokinetics in an early stage, because it
may not only be predictive for therapeutic outcome, but it may also explain the toxicity
proﬁles of the drug.
This thesis describes the characterization and quantiﬁcation of the pharmacokinetics of
(new) anticancer drugs. The ﬁrst part of this thesis focuses on the development and validation of bioanalytical methods to quantify targeted cancer therapies in plasma and dried
blood spots (DBS), and their clinical application [6]. The second part of this thesis focuses on human radiolabeled mass balance studies of which the aim is to characterize and
quantify the pharmacokinetics, including metabolism and excretion, of a drug in the
human body [8].

Outline of this thesis
As a short introduction to part I of this thesis (Bioanalysis and clinical pharmacology of targeted cancer therapies), chapter 1 describes the current advances made in pharmacokinetic
monitoring of BRAF and MEK inhibitors in melanoma treatment.
To further investigate the pharmacokinetics of anticancer therapies bioanalytical methods
are needed. Vemurafenib is the ﬁrst BRAF inhibitor that was approved for the treatment
of mutated BRAF V600 metastatic melanoma. Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) methods were developed for vemurafenib in plasma
and in dried blood spot (DBS) samples, which are presented in chapters 2 and 3, respectively. Chapter 4 describes the bioanalysis of MEK inhibitor cobimetinib in combination
with vemurafenib, since these two drugs are now given as combination treatment [9].
Another MEK inhibitor and BRAF inhibitor combination treatment is trametinib with dabrafenib of which the simultaneous quantiﬁcation and photodegradation of dabrafenib is

further explored in chapter 5. Chapter 6 presents the bioanalysis of the targeted PARP inhibitor olaparib.
Resistance to BRAF inhibitors in melanoma treatment is quite common and the elucidation of these resistance mechanisms resulted in the development of rational combination
therapies to overcome toxicity and resistance, which is discussed in chapter 7. Chapter 8 focusses on the monitoring of toxicity and tumor response in patients using vemurafenib,
for which the relationship between plasma and DBS concentrations of vemurafenib was
established. In chapter 9 the pharmacokinetics of melanoma patients using vemurafenib
was monitored in an outpatient seting.
In part II (Bioanalysis and metabolite identification of anticancer agents in mass balance studies)
the pharmacokinetics and metabolite proﬁling of three anticancer agents were investigated. As an introduction to part II, chapter 10 provides a concise review of the regulatory
aspects of radiolabeled human mass balance studies in oncology.
Omacetaxine mepesuccinate is a reversible protein translation inhibitor. Chapter 11 describes the development and validation of two LC-MS/MS methods to quantify omacetaxine and its metabolites in plasma and urine. These assays were successfully applied to
support a clinical mass balance study with 14C-omacetaxine, which is described in chapter 12. The samples collected in the mass balance study were used for metabolite proﬁling
of omacetaxine which is presented in chapter 13.
Vosaroxin is a non-anthracycline, ﬁrst-in-class quinolone derivative. To support a clinical mass balance study, assays for the quantiﬁcation of vosaroxin and its metabolites were
developed, validated and successfully applied in chapter 14. The results from the clinical
mass balance study from 14C-vosaroxin and additional metabolite proﬁling are detailed
in chapter 15.
Lenvatinib is an oral, multiple receptor tyrosine kinase inhibitor. In a clinical mass balance study the pharmacokinetics and excretion of 14C-lenvatinib was studied and the results are presented in chapter 16. The samples collected in the mass balance study were
used for metabolite proﬁling in humans, which was compared to other species in chapter
17.
The conclusions of the studies described in this thesis are discussed and placed in a broader perspective in the Conclusions and perspectives chapter.
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Pharmacokinetic monitoring of BRAF and
MEK inhibitors in melanoma patients
A short introduction

C.M. Nijenhuis
J.H.M. Schellens
J.H. Beijnen

PHARMACOKINETIC TREATMENT MONITORING

A short introduction
Personalized treatment of cancer based on the genetic proﬁle of the tumor is nowadays
being implemented as the standard of care for many types of cancer. The latest developments in high-throughput sequencing technologies and in drug development enable us
to beter understand the pathogenesis of cancer and, subsequently, selectively target the
speciﬁc driver mutations that maintain cancer growth. For more than 30 years dacarbazine was the standard of care for the treatment of disseminated melanoma [1]. The overall response rate (ORR), however was no more than 15-20% and dacarbazine showed no
improvement in overall survival [2]. The discovery that a speciﬁc RAF kinase in the mitogen-activated protein kinase (MAPK) pathway, known as BRAF (V600E and V600K
mutation), was very common in melanomas (60%) and the consecutive development of a
potent kinase inhibitor, now known as vemurafenib, was a major breakthrough for melanoma treatment [3, 4]. Vemurafenib treatment increased progression-free survival (PFS)
from 1.6 months to 6.9 months and overall survival (OS) from 9.7 months to 13.6 months
compared to dacarbazine treatment [5]. The discovery and development of vemurafenib
was only the beginning of the search for novel targeted agents in melanoma. Many other
mutations have since then been discovered and the number of mutations seem to be high
compared to other forms of cancer. There seems to be a correlation between the extent of
sun exposure and the number of mutations [6]. The many mutations and pathways involved in melanomagenesis are currently further explored for their suitability as targets
to further individualize treatment [6].
Initially vemurafenib was given as a single agent but the landscape of tumor mutations
and signaling pathways is always changing, and tumor resistance was starting to become
apparent [7]. Several mechanisms for acquired resistance have been described, such as
reactivation of the MAPK pathway by upregulation of the receptor tyrosine kinases [8-11].
To circumvent and delay resistance combination therapies were starting to arise such as
the second BRAF inhibitor dabrafenib which was concurrently developed with trametinib, a MEK inhibitor [12, 13]. The combination of a BRAF inhibitor and a MEK inhibitor
increased eﬃcacy and decreased toxicity [14, 15]. The results from clinical trials with these
new targeted therapies now show that advanced melanoma can be treated successfully
when patients have these speciﬁc BRAF (V600E and V600K) mutations [14-18].
Vemurafenib, dabrafenib and trametinib are all given in a ﬁxed dose regimen with high
PK variability. This may partially account for the variability in response, toxicity and exposure. Personalized treatment is not limited to selecting the optimal drug, but also extends to the selection of the optimal dose leading to the optimal exposure. Therapeutic
drug monitoring (TDM) is currently not widely used in oncology, since many chemotherapeutic drugs are still given intravenously. With the introduction of the targeted
agents, which are often given as oral therapies, the necessity of applying TDM in onco-
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logy is increasing [19-24]. Therefore the monitoring of blood concentrations during treatment of BRAF and MEK inhibitors might contribute to the personalized treatment of
melanoma patients.
Not all anticancer drugs are suitable for pharmacokinetic monitoring. Important requirements are long-term therapy, signiﬁcant inter-individual and relatively low intra-individual variability and a deﬁned and consistent exposure-response (eﬃcacy/toxicity)
relationship [24]. Before TDM can be implemented in clinical practice, bioanalytical methods need to be developed and validated and pharmacokinetic targets need to be established. For vemurafenib an exposure-response relationship has already been established;
patients with a median plasma concentration higher than 42 µg/mL have a lower risk of
progressive disease than patients with a median plasma concentration below 42 µg/mL
[25]. For dabrafenib, trametinib and cobimetinib this relationship has not yet been established. Therefore the aim of Part I of this thesis was to develop and validate bioanalytical methods quantifying vemurafenib, dabrafenib, trametinib and cobimetinib in diﬀerent
biological assays. These methods were applied to clinical studies to increase the knowledge about the exposure-response relationships.
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Abstract
Vemurafenib is an inhibitor of mutated serine/threonine-protein kinase B-Raf (BRAF)
and is registered as Zelboraf® for the treatment of adult patients with BRAF V600
mutation-positive unresectable or metastatic melanoma. To support Therapeutic
Drug Monitoring (TDM) and clinical trials, we developed and validated a method for
the quantiﬁcation of vemurafenib in human plasma. Additionally two LC-MS systems with diﬀerent detectors were tested: the TSQ Quantum Ultra and the API3000.
Human plasma samples were collected in the clinic and stored at nominally -20°C.
Vemurafenib was isolated from plasma by liquid-liquid extraction, separated on a
C18 column with gradient elution, and analysed with triple quadrupole mass spectrometry in positive-ion mode. A stable isotope was used as internal standard for
the quantiﬁcation.
Ranging from 1 to 100 µg/mL the assay was linear with correlation coeﬃcients (r2)
of 0.9985 or beter. Inter-assay and intra-assay accuracies were within ± 7.6% of the
nominal concentration; inter-assay and intra-assay precision were within ≤ 9.3% of
the nominal concentration. In addition all results were within the acceptance criteria of the US FDA and the latest EMA guidelines for method validation for both MS
detectors.
In conclusion, the presented analytical method for vemurafenib in human plasma
was successfully validated and the performance of the two LC-MS systems for this
assay was comparable. In addition the method was successfully applied to evaluate
the pharmacokinetic quantiﬁcation of vemurafenib in cancer patients treated with
vemurafenib.
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VEMURAFENIB IN PLASMA

Introduction
Vemurafenib is a potent inhibitor of mutated serine/threonine-protein kinase B-Raf
(BRAF) and is registered (Zelboraf®) for the treatment of adult patients with BRAF V600
mutation-positive unresectable or metastatic melanoma. The drug selectively inhibits mutated BRAF and blocks proliferation in tumours carrying mutant BRAF [1, 2]. Currently
several clinical trials are conducted to investigate these pathways and the eﬀects of combination therapies [3].
To support clinical trials and Therapeutic Drug Monitoring (TDM) an assay for quantiﬁcation of vemurafenib is needed. Sparidans et al. (2012) [4] reported a validated LCMS/MS assay for human and mouse plasma and Zhen et al (2013) [5] reported a validated
LC-UV assay for human plasma. Both assays use protein precipitation as sample preparation and use another tyrosine kinase inhibitor (TKI) as internal standard. In our hands
this sample preparation could only be ﬁted with a quadratic function and accuracy and
precision of the assay was not acceptable when using a TKI as internal standard. The tested TKI’s were not able to minimize matrix eﬀects. Therefore we developed a new LCMS/MS method for quantiﬁcation of vemurafenib in human plasma with liquid-liquid
extraction (LLE) as sample pre-treatment and a stable isotope as internal standard. The
use of a stable isotope as IS in this new method minimizes matrix eﬀects and the used
sample preparation improves the robustness of the method. In addition a full validation
was performed in compliance with the OECD principles of Good Laboratory Practice
(GLP) [6] and according to the FDA and latest EMA guidelines on bioanalytical method
validation [7, 8]. The applicability of the assay was investigated by analysing plasma samples of patients treated with vemurafenib.
Furthermore we tested two analytical platforms using diﬀerent MS detectors: the TSQ
Quantum Ultra triple quadrupole mass spectrometer and the API3000 triple quadrupole
mass spectrometer. This test was performed to investigate the consequences and potential problems of assay transfer between these analytical systems.

Experimental
Chemicals
Vemurafenib was obtained from Sequoia Research Products (Pangbourne, UK) and 13C6vemurafenib, used as internal standard (IS) for the vemurafenib assay, was manufactured by AlsaChim (Strasbourg, France). Methanol (Supra-Gradient grade) was obtained
from Biosolve Ltd (Valkenswaard, the Netherlands). Ammonium acetate (98%) and water
(LiChrosolv), used to prepare the mobile phase, and Tert-butyl methyl ether (TBME), used
for sample preparation, were purchased from Merck (Darmstadt, Germany). Water (dis-
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tilled), used for sample preparation, originated from B. Braun Medical (Melsungen, Germany). Drug-free control lithium heparinised plasma was from Bioreclamation LLC
(Hicksville, NY, USA).

Stock solutions, calibration standards and quality control samples
Separate 4 mg/mL vemurafenib stock solutions for calibration standards (CAL) and quality control samples (QC) were prepared in DMSO-methanol (20:80, v/v). After storage at
-20°C vemurafenib recrystallized in DMSO-methanol and could not be solubilised any
more. The stock solutions were from then on prepared in DMSO. These stock solutions
were further diluted with methanol to obtain working solutions.
The stock solution of the IS 13C6-vemurafenib was prepared at a concentration of 1 mg/mL
in DMSO-methanol (20:80, v/v). The IS working solution contained 50,000 ng/mL vemurafenib in methanol. Stock solutions, working solutions (of CAL/QC stock and IS) were
stored at nominally -20°C.
CAL were prepared freshly before each validation run by adding 20 µL CAL working solution to 380 µL control human plasma to obtain concentrations of 1.00, 2.00, 5.00, 10.0,
20.0, 50.0, 80.0, 100 µg/mL for vemurafenib.
The QC samples were prepared by adding QC working solution (50 µL) to control human
plasma (950 µL). Final vemurafenib concentrations at the lower limit of quantiﬁcation
(LLOQ), QC low, QC mid, QC high and QC above the upper limit of quantiﬁcation
(>ULOQ) were 1.00, 3.00, 15.0, 75.0 and 200 µg/mL for vemurafenib. The QC samples
were stored in aliquots of 50 µL at nominally -20°C.

Sample preparation
After sample collection in the clinic by venipuncture the collection tube was centrifuged
for 5 minutes at 3000 rpm after which the plasma was isolated and stored at nominally 20°C. Prior to processing the samples were thawed and a 50 µL aliquot was used for analysis. A volume of 20 µL of IS working solution (50,000 ng/mL) was added. Vemurafenib
was isolated from plasma by liquid-liquid extraction (LLE) with TBME. A volume of 1 mL
of TBME was added to the sample aliquots after which the samples were vortexed, shaken
(10 min at 1,250 rpm) and centrifuged (5 min at 20°C and 23,100 g). After snap freezing
the samples the organic layer was removed and evaporated under a gentle steam of nitrogen gas (approximately 15 minutes at 40°C). The dry extract was then reconstituted
with 1000 µL 50% methanol and 0.5 µL of the ﬁnal extract was injected.

Liquid chromatography-tandem mass spectrometry
The chromatographic separation was carried out using a LC-20AD Prominence binary
pump with a column oven, DGU-20A3 online degasser and a SiL-HTc controller (Shimadzu, Kyoto, Japan). The autosampler temperature was kept at 4°C and the column
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oven at 40°C. The mobile phase A consisted of 10 mM ammonium acetate in water and
mobile phase B was methanol. Gradient elution was applied at a ﬂow rate of 0.25 mL/min
through a Gemini C18 column (110Å, 50 x 2.0mm ID, particle size 5.0 µm; Phenomenex,
Torrance, CA, USA) with an additional Gemini C18 guard column (4 x 2.0 mm ID). The
following mobile phase gradient was applied: 50 to 80% B (0.0-0.5 min), 80% B (0.5-2.5
min), 80 to 95% B (2.5-2.6 min), 95% B (2.6-3.6 min), 95-40% B (3.6-3.7 min), 50% B (3.7-7.0
min). The divert valve directed the ﬂow to the mass spectrometer between 2.2 and 3.2
min and the remainder to the waste container.
The vemurafenib concentrations were analysed on a Finnigan TSQ Quantum Ultra triple
quadrupole mass spectrometer. This instrument was equipped with an electrospray ionization (ESI) source (Thermo Fisher Scientiﬁc, Waltham, MA, USA), operating in positive
mode and conﬁgured in multiple reaction monitoring (MRM). The LC-MS/MS data were
acquired and processed with LCquanTM software version 2.5.6 (Thermo Fisher Scientiﬁc). Table 1 summarises the MS operating parameters.

Validation procedures
The assay validation was performed in accordance to the OECD principles of Good Laboratory Practice (GLP) [6]. Calibration model, accuracy and precision, selectivity, dilution integrity, lower limit of quantitation matrix eﬀect, carry-over and stability under
various conditions were established according to the US FDA and latest EMA guidelines
on bioanalytical method validation [7, 8].
To test the performance of the method we also used an API3000 quadrupole mass spectrometer (AB Sciex, Thornhill, ON, Canada). These LC-MS/MS data were acquired and
processed with Analyst software (AB Sciex). Table 1 summarises the MS operating parameters. This MS system is coupled to a HP1100 binary pump, a degasser, a HP1100 autosampler and a switching valve (Agilent technologies, Palo Alto, CA, USA). Similar
autosampler and column oven temperature, mobile phase, guard column and column
were used as described earlier. The gradient was slightly adjusted and the following mobile phase composition and ﬂow rates were applied: 50% to 80% B, 0.25 mL/min (0-0.5
min); 80% B, 0.25 mL/min (0.5-2.5); 80 to 95% B, 0.25 mL/min (2.5-2.6 min), 95% B, 0.25
mL/min (2.6-4.6 min); 95% B, 0.25 to 0.5 mL/min (4.6-4.7 min); 95% B, 0.5 mL/min (4.7-5.2
min); 95 to 50% B, 0.5 mL/min (5.2-5.3 min); 50% B, 0.5 mL/min (5.3-6.3 min); 50% B, 0.5
to 0.25 mL/min (6.3-6.4 min). The divert valve directed the ﬂow to the mass spectrometer
between 3.2 and 4.7 min and the remainder to the waste container.
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Quantum Ultra

7 min

+ 4.5 kV

30 psi

15 psi

2 psi

300 °C

1.0 mTorr

10 s

Vemurafenib

490.1 m/z

382.9 m/z

100 ms

28 V

118 V

3.4 min

General setings

Run duration

Ionspray voltage

Sheath gas (N2)

Auxiliary gas (N2)

Ion sweep gas (N2)

Capillary temperature

Collision pressure

Chrom ﬁlter peak width

Analyte speciﬁc parameters

Parent mass
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Product mass

Dwell time

Collision energy

Tube lens voltage

Typical retention time

3.4 min

118 V

28 V

100 ms

389.1 m/z

496.1 m/z

Vemurafenib-13C6

91 V
370 V
10 V
4.2 min

Focussing potential
Entrance potential
Typical retention time

39 V

38 V

200 ms

383.2 m/z

490.1 m/z

Vemurafenib

12 psi

8 psi

5 psi

7 L/min

450 °C

+ 3.0 kV

6.4 min

API3000

Declustering potential

Collision exit potential

Collision energy

Dwell time

Product mass

Parent mass

Analyte speciﬁc parameters

Collision gas

Curtain gas

Nebulizer gas

Turbo gas ﬂow

Turbo gas temperature

Ionspray voltage

Run duration

General setings

Table 1. Mass spectrometric parameters for the analysis of vemurafenib with the internal standard 13C6-Vemurafenib.
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Results and discussion
Development
When analysing samples from patients that are treated for cancer one wants to clean the
samples from interfering analytes as much as possible. When patients are treated for cancer they often receive co-medication such as anti-emetics, prescription sleep drugs, stomach acid inhibitors, antidepressants, pain killers and anti-coagulants. Therefore the aim
was to develop a very selective and fast assay to determine vemurafenib in human
plasma. Therefore the development of a LC-MS/MS method was chosen instead of a LCUV method [5].
During the development of the chromatographic system, carry over and an increase of the
background signal in time was observed and therefore a wash step was incorporated in
the gradient to wash the column from residual analyte and endogenous interferences.
Since we expected high selectivity and sensitivity of the MS/MS detection, protein precipitation was investigated as ﬁrst option for sample pre-treatment. This sample preparation for the quantiﬁcation of vemurafenib in plasma has already been described before [4,
5]. Unfortunately quadratic calibration models were needed to ﬁt the calibration data
when protein precipitation was used. This implicates that the sensitivity of the method
is not constant over the concentration range and the reason for non-linearity should be in-

Figure 1. Product ion spectrum of vemurafenib (precurson ion m/z 490.1).
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vestigated. Liquid-liquid extraction (LLE) with TBME was tested and showed a high recovery and a high signal to noise ratio. In addition a linear function could be used to ﬁt
the calibration data. Furthermore, the robustness of the method was improved since the
ﬁnal extracts obtained with LLE contained less endogenous interferences when compared to protein precipitation extracts. Therefore LLE was used as sample pre-treatment instead of protein precipitation. When LLE is used as sample treatment in combination with
LC-MS/MS it is advisable to use an IS. Several compounds (dasatinib, erlotinib, imatinib
and sunitinib) were tested and dasatinib and imatinib eluted close to vemurafenib (within 0.3 minutes) but accuracy and precision values were not acceptable when these compounds were used as internal standard for the quantiﬁcation of the analyte. This could be
due to irreproducible ionization responses with the used MS parameters. Therefore a stable isotope (13C6-vemurafenib) was used as IS during the validation.
Figure 1 shows the product ion spectrum of vemurafenib and the proposed fragmentation paterns. The MS seting for transition m/z 490.1 to 382.9 were further optimised.

Validation procedures
Calibration model
Calibration standards were prepared and analysed in duplicate in three analytical runs
on both MS systems. The linear regression of peak area versus the concentration 1/x2 was
weighted to obtain the lowest total bias with the simplest model. The calibration range of
vemurafenib in plasma was 1 to 100 µg/mL. Calibration curves were accepted if twothirds of the non-zero calibration standards, including a LLOQ and an ULOQ, had a deviation within ± 15% of the nominal concentration (± 20% at the LLOQ). All calibration
curves met these criteria and had correlation coeﬃcients (r2) of 0.9982 or beter.
Accuracy and precision
To assess the accuracy and precision of the assays, ﬁve replicates of QC LLOQ, QC low,
QC mid and QC high in plasma were analysed in three analytical runs.
Table 2 summarises the intra- and inter-assay accuracies and precisions of the assay. The
biases and precisions were within the acceptance criteria (within ± 20% and ≤ 20%, respectively, at the LLOQ level and within ± 15% and ≤ 15% at the other QC levels).
Selectivity
Six diﬀerent batches of control plasma were spiked at the LLOQ level with vemurafenib
to investigate the selectivity. The assay showed deviations between -1.3% and 6.5%. There
were no peaks observed with areas > 20% of the LLOQ in double-blank samples of these
batches in vemurafenib and also no interferences were detected at the retention time of
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Table 2. Assay performance data of both assays for vemurafenib in plasma.
Run

Nominal conc. Measured conc.
(ng/mL)
(ng/mL)

Inaccuracy
(% deviation)

Precision
(% C.V.)

QU

API3000

QU

API3000

QU

API3000

No. of
replicates

1

1.00

1.08

1.08

7.8

8.0

5.9

3.4

5

2

1.00

1.03

1.04

3.2

4.2

6.9

4.0

5

3

1.00

1.05

0.97

5.2

-2.8

3.9

3.4

5

Inter-assay

1.00

1.05

1.03

5.4

3.1

5.6

5.6

15

1

3.00

3.19

3.27

6.3

9.1

2.6

4.2

5

2

3.00

3.32

3.31

10.8

10.3

2.4

5.6

5

3

3.00

3.12

3.05

4.1

1.7

2.5

5.1

5

Inter-assay

3.00

3.21

3.21

7.1

7.1

3.5

5.9

15

1

15.02

15.97

15.73

6.3

4.7

1.6

3.3

5

2

15.02

16.12

15.66

7.3

4.3

1.8

1.3

5

3

15.02

15.72

15.56

4.7

3.6

3.2

1.8

5

Inter-assay

15.02

15.94

15.65

6.1

4.2

2.4

2.2

15

1

75.12

93.16

85.16

10.7

13.4

1.1

2.0

5

2

75.12

86.34

85.01

14.9

13.2

1.1

2.7

5

3

75.12

78.43

79.74

4.4

6.1

2.8

2.2

5

Inter-assay

75.12

82.61

83.30

10.0

10.9

4.4

3.8

15

Conc.: Concentration; C.V.: Coeﬃcient of Variation; No.: Number; QU: Quantum Ultra.

the IS. Selectivity was therefore considered acceptable.
Cross-analyte and IS interference was tested by spiking control human lithium heparinised plasma at ULOQ level with vemurafenib and the IS was spiked separately at the nominal concentration (one level). There was no cross-analyte or IS interference observed.
Dilution integrity
Five replicate samples of vemurafenib at QC > ULOQ level were diluted 5 fold with control plasma (10 µL of sample was added to 40 µL control human plasma). Bias and precision were within ± 15% and ≤ 15% indicating that study samples with concentrations
above the ULOQ can be diluted 5 fold with acceptable accuracy and precision values.
Bias and precision were -5.5% and 3.1%.
Lower limit of quantitation
The analyte response at the LLOQ was at least 5 times the response compared to a blank
response in three validation runs for both assay. Figure 2 shows representative chroma-

37

2

BIOANALYSIS

tograms of vemurafenib in QC LLOQ samples and double blank samples.
Carry over
Carry over was investigated by injecting two double blank samples after a ULOQ sample in three analytical runs. Eluting peaks with areas > 20% of the LLOQ were not observed in the blank samples injected after ULOQ samples. Thus, the criteria for carryover
were fulﬁlled. The assay showed a 14.3% carry over in three analytical runs. Carry-over
due to contamination of the autosampler needle in a SIL-HTc autosampler has been described before for tyrosine kinase inhibitors [9]. We tried to diminish this by using acetonitrile (ACN) as ﬂush solvent instead of methanol. Using this method the carry over test
fulﬁlled the criteria. During routine analysis of samples a carry over test will be included
in each analytical run.
Matrix factor
The matrix factor (MF) was determined in six plasma batches, at low and high concentration levels in singlicate. Processed blank samples were spiked with working solutions
and compared to matrix free working solutions. The coeﬃcient of variation (CV) of the
IS-normalised MF calculated from the six plasma batches for the low and high concentration was respectively 2.3% and 0.8% and fulﬁlled the criteria. The matrix factor ranged
from 0.98 to 1.05. These results (MF around 1) indicate that the stable isotope as IS is most
eﬀective minimizing the inﬂuence of matrix eﬀects.
Stability
Vemurafenib was stable at -20°C in plasma for at least one month. In whole blood and in
plasma vemurafenib is stable for at least 24 h at ambient temperature, indicating that no
speciﬁc stability precautions are required during sample handling at the clinical site. Final
extract and dry extract stability show that the extracts can be injected up to 7 days after
sample preparation. Stability in stock and long term stability in plasma is still ongoing.
Assay transfer to an API3000 MS detector
The performance of the API3000 LC-MS system was tested to increase ﬂexibility at our laboratory (where both mass spectrometers are available). A few adjustments were needed
to transfer the assay.
During the development we found that the retention time of vemurafenib and the internal standard were diﬀerent on both systems. The retention time of vemurafenib and the
internal standard on the TSQ Quantum Ultra was 3.4 minutes and on the API3000 was 4.2
minutes, respectively (Table 1). This signiﬁcant diﬀerence in retention time is due to the
diﬀerent delay volumes of the Agilent and Shimadzu systems. Since we used a low ﬂow
rate of 0.25 mL/min the delay volume had a signiﬁcant inﬂuence. Therefore we chose to
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Figure 2. Representative LC-MS/MS chromatograms of both assays. Chromatograms of the TSQ
Quantum Ultra from spiked lithium heparinised plasma samples in blank samples of vemurafenib (1A) and the internal standard (1B) and at LLOQ of vemurafenib (2A, 1 µg/mL) and of the internal standard (2B, 50,000 ng/mL). Chromatograms of the API3000 from spiked lithium
heparinised plasma samples in blank samples of vemurafenib (3A) and the internal standard (3B)
and at LLOQ of vemurafenib (4A) and of the internal standard (4B).
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increase the ﬂow at the end of the gradient to ensure that the column was washed properly. Due to the increased ﬂow during the stabilization period of the gradient we were
able to shorten the run time.
Vemurafenib MS detection was optimised on the API3000 with the same optimal mass
transition that were found on the TSQ Quantum Ultra. When using the same dwell time
of 100 ms a lower signal to noise ratio was observed on the API3000. The dwell time was
increased to 200 ms to increase the signal to noise maintaining approximately 30 scanning events for the peak of the analyte and internal standard. The mean signal to noise
ratio over three runs on the API3000 was 34 and on the TSQ Quantum Ultra 437 at LLOQ
level. Even though the signal to noise ratio was lower on the API3000 than on the TSQ
Quantum Ultra the LLOQ could still be quantiﬁed with acceptable accuracy and precision
values. Figure 2 shows representative chromatograms of vemurafenib in QC LLOQ samples and double blank samples. Even though lower sensitivity was observed when using
the API3000 the LLOQ of 1 µg/mL fulﬁlled the criteria for both assays.
The assay with the API3000 was validated by re-injecting the samples used for the validation on the TSQ Quantum Ultra. The results from the validation on the API3000 were
also acceptable for all validation parameters. Notable was that the inter-assay bias and
precision on the TSQ Quantum Ultra and API3000 are very similar (Table 2). This suggests
that there is no signiﬁcant additional variation of the MS detector.

Clinical application
The validated vemurafenib assay is used to support TDM and clinical trials of vemurafenib in patients with melanoma. Plasma samples were collected and thereafter processed and analysed by the methods described in this report. All samples were stored at
nominally -20°C until analysis.
The recommended dose of vemurafenib is 960 mg bi-daily (BID). In a phase I clinical trial
plasma concentrations of 40 ± 20 µg/mL were found [10]. So far no data is available on
pharmacokinetic and pharmacodynamic correlations, thus no target plasma levels have
been identiﬁed.
A plasma concentration-time proﬁle for vemurafenib on day one and day 15 after oral
administration is depicted in Figure 3. The patient received a lower dose (720 mg BID)
since he suﬀers from kidney failure and has renal dialysis three times a week. After one
week of treatment this dose was adjusted to 480 mg BID due to toxicities. Even though
plasma concentrations on day 15 were lower than found in a phase I clinical trial, they
were above the LLOQ. These results demonstrate the applicability of the method for clinical pharmacokinetic studies including TDM.
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Figure 3. A plasma concentration-time proﬁle of vemurafenib in a patient after BID dosing of vemurafenib (day 1=720 mg; day 15=420 mg).

Conclusion
In conclusion this method was developed to support TDM and clinical studies of vemurafenib. The assay was validated for human heparinised plasma [7, 8]. The validated range
for vemurafenib is from 1 to 100 µg/mL using 50 µL plasma aliquots. It is possible to dilute study samples containing higher concentrations 5-fold with control human plasma
prior to analysis. In addition we tested two diﬀerent LC-MS systems and the performance
of both systems for this assay was comparable. On both systems the validation parameters fulﬁlled the requirements and no addition variation was found.
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Abstract
Background: To further investigate the pharmacokinetics of vemurafenib and to support therapeutic drug monitoring an LC-MS/MS method was developed and validated for the quantiﬁcation of vemurafenib in dried blood spots.
Results: Vemurafenib was extracted from the dried blood spots by methanol:acetonitrile (50:50, v/v) and separated on a C18 column with gradient elution and analysed with triple quadrupole mass spectrometry in positive ion mode. The validated
calibration range is linear from 1 to 100 µg/mL. Intra-assay and inter-assay accuracies and precisions were within ±13.6% and ≤6.5%. The applicability of the assay was
tested by analysing DBS samples of melanoma patients receiving vemurafenib.
Conclusion: This assay met all pre-deﬁned validation criteria and is considered suitable to quantify vemurafenib in dried blood samples.
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VEMURAFENIB IN DRIED BLOOD SPOTS

Introduction
Vemurafenib (Zelboraf®) is a potent inhibitor of mutated serine/threonine protein kinase
B-Raf (BRAF) and is registered for the treatment of adult patients with BRAF V600 mutation-positive unresectable or metastatic melanoma. So far the pharmacokinetics of vemurafenib have only been described in two phase I studies of vemurafenib in melanoma
patients [1, 2]. At a maximum tolerated dose (MTD) of 960 mg bi-daily (BID) maximum
plasma concentrations were reached between 26 and 58 µg/mL. High intra-patient and
inter-patient variability was observed.
To further investigate the pharmacokinetics of vemurafenib and to monitor patients during treatment plasma concentrations can be measured. Several methods to determine
vemurafenib in plasma have been described before [3, 4]. Samples are drawn by venous
sampling which has several drawbacks; nurses need to be trained, equipment for sample
processing is required and measurement of trough levels is diﬃcult to obtain in the outpatient clinic with the current bi-daily dosing regimen. Dried blood spot (DBS) sampling is an alternative to venous sampling and has been applied in treatment monitoring
of many drugs outside oncology [5-8]. Advantages of DBS sampling include minimallyinvasive sample collection, storage and shipment at room temperature (low costs) and
requirement of a low blood sample volume. However, DBS also has several drawbacks
compared to conventional plasma sampling. DBS concentrations may be inﬂuenced by the
intra-patient and inter-patient haematocrit values because the haematocrit value inﬂuences the viscosity of blood, which might lead to diﬀerences in spreadibility leading to
non-homogenous blood spots. In addition the haematocrit may aﬀect the blood to plasma
partition ratio of the drug, which might complicate the comparison of plasma and DBS.
Furthermore spot volume should also be investigated since collection of whole blood by
ﬁnger prick and applying a drop of blood on the collection card will lead to diﬀerent sample volumes.
Bioanalytical methods describing the quantitative analysis of anti-cancer drugs in DBS
are rare. So far only DBS methods for paclitaxel, busulfan, vincristine, actinomycin-D,
MK-1775, imatinib, nilotinib, and dasatinib have been described [9-13]. This is probably
due to limited use of therapeutic drug monitoring in oncology [14]. Vemurafenib is given
orally on a chronic schedule resulting in steady state levels after 15 days of therapy. To
investigate PK/PD relations and the feasibility to implement a TDM service for an out-patient population (to optimize treatment), we developed this LC-MS/MS method for the
quantiﬁcation of vemurafenib in DBS. A full validation was performed according to the
FDA and EMA guidelines on bioanalytical method validation [15, 16]. In addition the
EBF recommendation on the validation of bioanalytical methods for DBS were taken into
account [17, 18]. The concentration range that was validated (1-100 µg/mL) is similar to
the range that has been described previously in plasma [19], because concentration time
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Key terms
Vemurafenib: Is a potent inhibitor of mutated serine/threonine protein kinase B-raf
(BRAF).
Pharmacokinetics: Describes how the body aﬀects a speciﬁc drug after administration.
Dried blood spot (DBS) sampling: Is a more patient-friendly technique to sample
blood in clinical studies or the (outpatient) clinic. Blood (small amount) is bloted
and dried on cellulose paper and can be shipped to the laboratory under diﬀerent
conditions.
Therapeutic drug monitoring: Is the analysis of drug concentrations in blood
(plasma, serum, dried blood spots) with the aim to optimize treatment.
Matrix factor: Is the factor that explains the ionization change cause by the biomatrix.
Extraction recovery: Is the recovery of the analyte after sample pretreatment.
curves at day 1 and day 15 showed concentrations within this range [1, 19]. Since this
assay will be applied for pharmacokinetic studies and TDM in humans the same calibration range was used considering the available plasma concentration results from phase I
clinical trials [1, 2]. The applicability of the assay was tested by analysing DBS samples of
melanoma patients using diﬀerent doses of vemurafenib and by determining if the DBS
concentrations were all within the validated range of the developed assay.

Experimental
Chemicals
Vemurafenib (base) was obtained from Sequoia Research Products (Pangbourne, UK) and
13
C6-vemurafenib, used as internal standard for the vemurafenib assay, was manufactured by AlsaChim (Strasbourg, France). Acetonitrile used for sample preparation and methanol and water used for the mobile phases (Supra-Gradient grade) were obtained from
Biosolve Ltd (Valkenswaard, the Netherlands). Ammonium acetate (>98%) used to prepare the mobile phase was purchased from Merck (Darmstadt, Germany). Water (distilled) used for sample preparation originated from B. Braun Medical (Melsungen,
Germany). The sample collection cards (Whatman FTA® DMPK-A cards and Whatman®
903 protein saver cards) were purchased from GE Healthcare Europe GmbH (Diegem,
Belgium). EDTA whole blood was drawn from healthy volunteers, stored at 2-8°C and
used within 7 days after collection.
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Stock solutions, calibration standards and quality control samples
Separate 4 mg/mL vemurafenib stock solutions for calibration standards and quality control samples (QC samples) were prepared in dimethylsulfoxide (DMSO). They were further diluted with methanol to obtain working solutions. The stock solution of the internal
standard 13C6-vemurafenib was prepared at a concentration of 1 mg/mL in methanol. The
internal standard working solution contained 5 µg/mL 13C6-vemurafenib in methanol.
Stock solutions and working solutions were stored at nominally -20°C.
Calibration standards were prepared freshly before each validation run. These were prepared by adding 20 µL of calibration standard working solution to 380 µL human EDTA
whole blood to obtain concentrations of 1.00, 2.00, 5.00, 10.0, 20.0, 50.0, 80.0 and 100 µg/mL
for vemurafenib. Then 15 µL spiked whole blood was spoted on a sample collection card
and was air dried at room temperature for at least three hours.
The QC samples were prepared by adding QC working solution (50 µL) to human control EDTA whole blood (950 µL). Final vemurafenib concentrations at the lower limit of
quantiﬁcation (LLOQ), QC low, QC mid, QC high and QC above the upper limit of quantiﬁcation (>ULOQ) were 1.00, 3.00, 15.0, 75.0 and 200 µg/mL, respectively. The >ULOQ
samples were used to determine dilution integrity. Subsequently, 15 µL spiked whole
blood were spoted on a sample collection card and air dried at room temperature for at
least three hours. The QC samples were stored at room temperature in a foil bag with a
desiccant package according to the manufacturer’s instructions.

Sample preparation
During the validation the spot volume of the calibration standards and QC samples was
15 µL. Spoted samples were dried for at least three hours at room temperature before
being processed unless indicated otherwise. Prior to processing a 3 mm diameter disc
was punched (hand punch, Fiskars, 3 mm circle) out of the sample collection card. Subsequently vemurafenib was extracted from the disc with methanol:acetonitrile (50:50, v/v).
A volume of 400 µL methanol:acetonitrile (50:50, v/v) and 20 µL of internal standard working solution (5 µg/mL ) were added to the disc. The samples were vortexed and shaked
(30 min at 1,250 rpm) after which 350 µL of extract were added to 350 µL of water in an
autosampler vial. The vials were capped and mixed for 10 seconds. Aliquots of 10 µL of
the diluted extract were injected.

Liquid chromatography-tandem mass spectrometry
The chromatographic separation and detection with a triple quadrupole mass spectrometer was carried out as described in Nijenhuis et al. 2013 [19]. In short, chromatographic
separation was performed on a Gemini C18 column (110 Å, 50 x 2.0 mm ID, particle size
5.0 µm; Phenomenex, Torrance CA, USA) and gradient elution was applied with 10 mM
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ammonium acetate in water (pH 7) as mobile phase A and methanol as mobile phase B.
A Quantum Ultra triple quadrupole mass spectrometer (Thermo Fisher Scientiﬁc, Waltham, MA, USA) operating in positive mode was used for quantiﬁcation of vemurafenib
(mass transition of m/z 490.1 to 382.9). 13C6-vemurafenib was used as internal standard
and was monitored at a transition of m/z 496.1 to 389.1. Figure 1 shows the structures of
vemurafenib and 13C6-vemurafenib and the proposed fragmentation paterns.
Figure 1. The molecular structure of vemurafenib. Product ions of vemurafenib (A) and
13
C6-vemurafenib (B) (precursor ions m/z
490.1 and 496.1 respectively).

Development
Matrix factor and recovery
The matrix factor (MF) and recovery of this assay were both investigated during the development of the method. The matrix eﬀect and recovery was assessed on 903 protein
saver cards and FTA® DMPK-A cards. The matrix factor and recovery were determined
by using the following equations:
MF =
Area of blank sample spiked with neat solution (matrix present)
Area of neat solution (matrix absent)
Extraction recovery =
Area of processed sample
Area of blank sample spiked with neat solution (matrix present)
x 100%
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Two diﬀerent sample preparations were tested. In the ﬁrst procedure the DBS extract was
evaporated under a gentle stream of N2 gas and reconstituted in methanol:water (50:50,
v/v). Due to the evaporation and reconstitution in a smaller volume the analyte and matrix ions were concentrated. The second procedure is as described above in ‘sample preparation’ and dilutes the DBS extract to prevent solvent eﬀects.
For these experiments a neat solution (matrix free solution), a “matrix present” sample
and a processed sample were compared at QC low and QC high level. The neat solution
was prepared by diluting working solutions with internal standard to the injection concentration of a processed DBS sample (10 µL spot) at QC low and QC high level for both
extraction procedures. The “matrix present” sample was prepared by spoting 10 µL of
control human EDTA whole blood on a sample collection card and cuting the spot out.
This spot was processed and after evaporation reconstituted with a neat solution at the QC
low and QC high level. For the processed DBS samples EDTA whole blood spiked at QC
low and QC high level was spoted (10 µL) on the sample collection card. The spots were
cut out and further processed.
Sample preparation
For the extraction of vemurafenib from the DBS diﬀerent methods were initially tested.
Methanol, acetonitrile and a mixture of both (50:50, v/v) were used as extraction solvents.
In addition the extraction parameters (shaking and ultrasoniﬁcation) were tested.
DBS stability
During development stability was investigated up to 5 weeks on 903 protein saver cards
and the FTA® DMPK-A collection cards. Stability experiments were performed in triplicate in QC low and QC high samples.

Validation procedures
The assay was fully validated for the following general validation procedures: calibration model, accuracy and precision, lower limit of quantiﬁcation, selectivity (endogenous
interferences, cross analyte/internal standard interferences), carry-over (instrumentation
carry-over and spot-to-spot carry-over), dilution integrity, matrix eﬀect and recovery.
This was in accordance to the US FDA and EMA guidelines on bioanalytical method validation [15, 16]. In addition several DBS speciﬁc procedures were tested: dried blood spot
volume, blood spreadability impact, eﬀect of haematocrit and stability on the collection
card. This was in accordance with the EBF recommendations for the use of DBS [17, 18].
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Results and discussion
Development
Matrix factor and recovery
When using the ﬁrst extraction procedure (concentration of the DBS extract) for the 903
protein saver cards the mean absolute matrix factor for vemurafenib was 0.99 and for the
internal standard 1.00. For the FTA® DMPK-A cards the mean matrix factor for vemurafenib was 1.62 and 1.63 for the internal standard. These results indicate that the use of
FTA® DMPK-A cards can cause ion enhancement of 60% for vemurafenib. Ion enhancement has never been reported before for FTA® DMPK-A cards, but ion suppression has
been reported frequently. Ion enhancement or ion suppression may be caused by the ingredients of the collection card. The 903 protein saver card consists out of cellulose, but
the FTA® DMPK-A cards consist of cellulose, sodium dodecyl sulphate (SDS) and trometamol (TRIS). SDS and TRIS are both surfactants and denaturants of proteins and may
inﬂuence ionization in the source of the MS, especially when these compounds are concentrated due to speciﬁc sample preparation procedures. When using the second extraction procedure (dilution of the DBS extract) the previously described ion enhancement
was not observed. The second extraction procedure was used for the validation to simplify
the processing and the results will be discussed in the ‘validation procedures.’
These development results indicate that ion enhancement due to an ingredient of the collection card is possible and should be taken into account. For some compounds this might
even be desirable if the concentration or recovery is low. In this case ion-enhancement
was not a limitation since the use of an internal standard resulted in minimised matrix effects; the IS-normalised MF was for both cards 1.00.
During development the mean extraction recovery with methanol:acetonitrile (50:50, v/v)
(n=6) was 98.4±3.6% (mean±SD) for the 903 protein saver cards and 103.3±3.5% (mean±SD)
for the DMPK-A cards. The mean extraction recovery was stabile over time.
Sample preparation
Vemurafenib was successfully extracted from the DBS with methanol, acetonitrile and a
mixture of both (50:50, v/v) in 2 mL eppendorf tubes. Extraction with 400 µL methanol:acetonitrile (50:50, v/v) and shaking for 30 min at 1250 rpm yielded the highest recovery. To prevent solvent eﬀects during chromatography the extraction solvent was diluted
with water (1:1, v/v) directly in an autosampler vial prior to injection. This led to a very
fast sample preparation procedure. No concentration step was needed because sensitivity of the method was suﬃcient.

52

VEMURAFENIB IN DRIED BLOOD SPOTS

DBS stability
Vemurafenib was stable on the 903 protein saver cards and the FTA® DMPK-A cards for
at least 5 weeks. On both cards vemurafenib concentrations had a deviation within ±15%
of the nominal concentration for both QC low and QC high. However the sum of the absolute deviation of the nominal concentration for the stability samples and calibration
samples of three runs was twice as high for the 903 protein saver cards. This indicated that
extraction from the 903 protein saver card might not be as consistent as extraction from
the FTA® DMPK-A cards. Since vemurafenib is a very hydrophobic compound and solubility is low, the addition of SDS and TRIS to the FTA® DMPK-A cards might improve
extraction due to increased solubility of vemurafenib in the presence of surfactants. Consistent, precise and reproducible recovery is important for accuracy, precision, stability
and the robustness of the method. Therefore FTA® DMPK-A cards were selected for the
DBS collection and this card was used during the validation.

Validation procedures
Calibration model
Calibration standards were prepared and analysed in duplicate in three analytical runs.
The linear regression of peak area versus the concentration was weighted 1/x2 to obtain
the lowest total bias. The calibration range of vemurafenib in DBS was 1.00 to 100 µg/mL.
Calibration curves were accepted if 75% of the non-zero calibration standards, including
a LLOQ and an ULOQ, had a bias within ±15% of the nominal concentration (±20% at the
LLOQ). All calibration curves (n=3) met these criteria and had correlation coeﬃcients (r2)
of 0.997 or beter [19].
Accuracy and precision
To assess the accuracy and precision of the assay, ﬁve replicates of QC LLOQ, QC low, QC
mid and QC high in DBS were analysed in three analytical runs.
The biases and precisions (expressed as the coeﬃcient of variation (CV)) were within the
acceptance criteria (within ±20% and ≤20%, respectively, at the LLOQ level and within
±15% and ≤15% at the other QC levels). Table 1 summarizes the intra- and inter-assay accuracies and precisions. The inter-assay accuracy over three runs in DBS ranged from 1.6
to 7.7% with and inter-assay precision were ≤6.5%.
Lower limit of quantiﬁcation
The ﬁrst blank and LLOQ were used to determine the signal to noise ratio in three analytical runs. The signal to noise ratio of vemurafenib at LLOQ level was above 5. Figure
2 shows representative LC-MS/MS ion chromatograms of vemurafenib and of the inter-

53

3

BIOANALYSIS

Table 1. Assay performance data for vemurafenib in dried blood spots.
Nominal conc.
(µg/mL )

Measured conc.
(µg/mL )

Inaccuracy
(% deviation)

Precision
(% C.V.)

No. of
replicates

1

1.00

1.00

0.0

4.5

5

2

1.00

1.14

13.6

2.5

5

3

1.00

1.09

9.3

4.5

5

Inter-assay

1.00

1.08

7.7

6.5

15

1

3.00

3.09

2.9

2.9

5

2

3.00

3.02

0.6

1.5

5

3

3.00

3.07

2.2

2.3

5

Run

Inter-assay

3.00

3.06

1.9

2.3

15

1

15.00

14.60

-2.9

4.9

5

2

15.00

16.10

7.2

4.2

5

3

15.00

15.60

3.8

2.6

5

Inter-assay

15.00

15.40

2.7

6.4

15

1

74.90

71.30

-4.8

4.9

5

2

74.90

80.80

7.8

4.2

5

3

74.90

76.20

1.7

2.6

5

Inter-assay

74.90

76.10

1.6

6.4

15

Conc.: Concentration; C.V.: Coeﬃcient of Variation; No.: Number.

nal standard.
Selectivity
Six diﬀerent batches of EDTA whole blood were spiked with vemurafenib at the LLOQ
level and with methanol (double-blank samples) to investigate the selectivity. These samples were spoted (15 µL) on the sample collection card and processed. The mean deviation from the nominal concentration was 5.1% with a CV value of 2.9% for the LLOQ
samples. There were no peaks observed in double-blank samples of these batches at the
retention time of vemurafenib and also no interferences were detected at the retention
time of the internal standard. Selectivity was therefore considered suﬃcient.
Cross-analyte and internal standard interference were tested by spiking EDTA whole
blood at ULOQ level with vemurafenib and spoting 15 µL on a sample collection card.
This sample was processed without adding internal standard working solution. The internal standard was spiked separately to a double blank sample at the nominal concentration (one level). There was no cross-analyte or internal standard interference observed.
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Figure 2. Representative LC-MS/MS ion chromatograms of vemurafenib and of the internal standard. Ion chromatograms from dried blood spot samples in blank samples of vemurafenib (1A) and
the internal standard (1B) and at LLOQ of vemurafenib (2A, 1 µg/mL) and of the internal standard (2B, 5 µg/mL). Ion chromatogram 3A en 3B are representing the response of vemurafenib
and the internal standard in a study sample containing vemurafenib at a concentration of 36.4
µg/mL whole blood.

Carry over
Instrumentation carry over was investigated by injecting two double blank samples after
a ULOQ sample (100 µg/mL) in three analytical runs. No carry over eﬀect (0%) was observed in this assay for vemurafenib and the internal standard 13C6-vemurafenib.
Spot-to-spot carry over from the punching device was investigated by punching out two
double blank samples after a ULOQ sample in one analytical run. Carry over in the ﬁrst
double blank spot was 3.0% of the LLOQ for vemurafenib. In the second double blank
spot, carry over was not observed. Since this is far below LLOQ, spot-to-spot carry over
was considered acceptable.
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Figure 3. The relationship between the dried
blood spots volume
and surface area of the
dried blood spots. The
experiment was performed in duplicate.
DBS: Dried
blood
spots.

Dilution integrity
The dilution of DBS is a challenge since the DBS disc that is punched out has a ﬁxed diameter. In this validation the DBS extract of ﬁve QC >ULOQ (200 µg/mL) samples were diluted with blank extract. Five QC >ULOQ samples and 5 double blank samples were
processed (addition of extraction solvent and internal standard working solution, vortexing and shaking). A volume of 50 µL of QC >ULOQ extract was added to 300 µL of
blank extract and mixed with 350 µL water. This is a 7-fold dilution compared to the samples that are not diluted. The accuracy of the nominal concentration of the ﬁve diluted
DBS samples were within ±3.7% and the precision was ≤4.3%.
Matrix factor and recovery
The MF and the recovery were determined as described in the development section. Six
diﬀerent EDTA whole blood batches from individuals (volunteers) were tested, at low
and high concentration levels in singlicate. The absolute MF at low concentration was
1.03±0.03 (mean±SD) and at high concentration 1.08±0.04 (mean±SD).
The CV of the IS-normalised MF calculated from the six EDTA whole blood batches from
the low and high concentration was respectively 1.8% and 1.1% and fulﬁlled the criteria
of ≤15%. The IS-normalised MF at low concentration was 0.98±0.02 (mean±SD) and at high
concentration 1.01±0.01 (mean±SD). The results (IS-normalized MF around 1) indicate
that the stable isotope as internal standard is most eﬀectively minimizing the inﬂuence of
matrix eﬀects.
During the validation the mean extraction recovery with methanol:acetonitrile (50:50, v/v)
at low concentration (n=6) was 92.2±7.8% (mean±SD) and at high concentration (n=6)
105.0±9.0% (mean±SD).
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Table 2. Inﬂuence of diﬀerent dried blood spots volumes at quality control low and quality control high concentration. The experiments were performed in triplicate.
Nominal conc.
(µg/mL )

Measured conc.
(µg/mL )

Inaccuracy
(% deviation)

Precision
(% C.V.)

No. of
replicates

10

3.00

2.91

-3.1

5.7

3

15

3.00

3.27

9.2

1.6

3

20

3.00

3.19

6.5

0.5

3

30

3.00

3.34

11.2

4.2

3

10

74.9

73.3

-2.2

2.0

3

15

74.9

79.0

5.5

2.5

3

20

74.9

75.3

0.5

3.1

3

30

74.9

85.7

14.3

2.6

3

DBS volume
(µL)
QC low

QC high

Conc.: Concentration; C.V.: Coeﬃcient of Variation; No.: Number; QC: Quality Control.

Dried blood spot volume
During this validation a ﬁxed spot volume of 15 µL was used. To test the inﬂuence of the
spot volume on the accuracy and precision of the method DBS samples with diﬀerent
spot volumes (10 µL, 15 µL, 20 µL and 30 µL) at QC low and QC high concentrations
were processed in triplicate (3 mm punch). There was a lineair relationship between DBS
surface area versus the volume of blood that was spiked (Figure 3). However when 30
µL is spoted on the card, a higher inaccuracy was measured (11.2% and 14.3% for QC low
and QC high, respectively). These results are shown in Table 2. DBS study samples show
that approximately 10 to 20 µL is spoted on the card when samples are collected by a
ﬁnger prick. These volumes were estimated by using the data presented in Figure 3. So
we can conclude that there is no inﬂuence of the spot volume on the accuracy and precision of the method when samples are collected by ﬁnger prick. The biases and precisions
were within the acceptance criteria (within ±15% and ≤15%).
Blood spreadability impact
Blood spreadability impact was investigated by spoting 15 µL of spiked EDTA whole
blood at QC low and QC high concentration. Discs of 3 mm were punched from a region
near the perimeter in triplicate for each concentration level. The acceptance criteria for
biases and precisions are ±15% and ≤15%. The biases and precision of the samples were
within ±9.4% and ≤4.6% and were therefore acceptable.
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Table 3. Inﬂuence of haematocrit at quality control low and quality control high concentration.
The experiments were performed in triplicate.
Nominal conc.
(µg/mL )

Measured conc.
(µg/mL )

Inaccuracy
(% deviation)

Precision
(% C.V.)

No. of
replicates

0.242

3.00

2.73

-9.1

-6.3

3

0.324

3.00

2.91

-2.9

-3.7

3

0.422

3.00

3.07

2.3

11.4

3

0.242

74.9

70.2

-6.3

1.6

3

0.324

74.9

72.2

-3.7

3.1

3

0.422

74.9

83.5

11.4

2.8

3

Ht (L/L)
QC low

QC high

Conc.: Concentration; C.V.: Coeﬃcient of Variation; No.: Number; QC: Quality Control.

Eﬀect of haematocrit
The haematocrit is an important factor in the use of DBS since it greatly inﬂuences spot
homogeneity. Whole blood from volunteers was used to prepare QC samples with three
diﬀerent haematocrit levels by adding the appropriate volume of plasma to the centrifuged blood, followed by gentle mixing. The haematocrit level was measured for each blood
sample using a Cell Dyn Hematology analyser (Abbot Diagnostics, Lake Forest, IL).
Whole blood with diﬀerent haematocrit levels (0.24-0.45 L/L) was spiked at QC low and
QC high levels. Three replicates of each sample were analysed. A correlation was found
between haematocrit levels and the measured concentration of vemurafenib as shown in
table 3. However, the accuracy and precision of the DBS samples with diﬀerent haematocrit levels were all within ±11.4% and ≤4.1% and therefore acceptable. The haematocrit
in our patient population is between 0.35 and 0.45 L/L so therefore there is no inﬂuence
of the haematocrit on the accuracy and precision of the method.
DBS Stability
Vemurafenib was stable on the FTA® DMPK-A cards at ambient temperature for at least
163 days and in DMSO for at least 4 months at -20°C. Stability experiments were performed in triplicate in QC low and QC high samples. The samples were considered stable if
the bias and precisions were within ±15% and ≤15% in the biomatrix and within ±5% and
≤5% in neat solutions. We have reported stability in whole blood for at least 24 h at ambient temperature before [19], indicating that no speciﬁc stability precautions were necessary during the preparation calibration standards and QC samples. Final extract
stability shows that the extracts can be injected up to 7 days after sample preparation
when stored at 2-8°C.
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Application of the method
The applicability of the assay was demonTable 4. Steady-state concentrations of
strated by the analysis of vemurafenib in
vemurafenib in dried blood spots collected from eight melanoma patients receiDBS collected from melanoma patients treving vemurafenib.
ated with the drug (Zelboraf®) at diﬀerent
Patient
Dose
Vemurafenib
dose schedules (240, 480 and 960 mg BID).
(mg BID) concentration in
These samples were collected after informed
DBS (µg/mL)
consent was obtained from the participants
1
240
28.3
during their regular visit to the outpatient
2
240
16.1
clinic. After sterile cleaning of the skin, a lan3
720
20.6
cet puncture was performed for DBS sam4
720
34.2
pling. Four drops of blood were collected on
5
720
14.8
the sample collections card (Figure 4). The
6
960
36.5
DBS samples were dried for at least three
7
960
32.3
hours at room temperature and stored at
8
960
11.4
room temperature in a foil bag with a desiccant package pending further analysis. The
measured concentrations are shown in Table 4. The DBS concentrations of vemurafenib
were all within the validated range of the developed assay. Using DBS sampling in a large
clinicial trial would enable us to further investigate the pharmacokinetics of vemurafenib
in the outpatient clinic. A large inter patient variability is observed in this small group of
patients.

Figure 4. An example of four dried blood spots
on a Whatman FTA® DMPK-A card obtained
from the outpatient clinic from a patient receiving vemurafenib for the treatment of melanoma.
From the two dried blood spots on the left a circle with a 3 mm diameter was punched which
were used for analysis.

Conclusion
This DBS method was developed to further investigate the pharmacokinetics of vemurafenib in melanoma patients during treatment. The assay was validated according to the
FDA and EMA guidelines and applicable for DBS samples [15, 16]. The assay is able to
quantify vemurafenib over a range of 1 to 100 µg/mL in DBS, with the possibility to dilute the samples containing higher concentrations 7-fold. The equal distribution of blood
on the collection cards enables sampling without accurate pipeting on the cards. Sam-
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pling by ﬁnger prick is therefore possible. These results indicate that this method can be
used for TDM purposes. The LLOQ of vemurafenib is well below the lowest concentrations measured in patients at steady-state DBS concentrations who received diﬀerent
doses of vemurafenib. In conclusion, this assay is considered suitable to quantify vemurafenib in DBS.

Future perspective
Currently bioanalytical methods describing the quantitative analysis of anti-cancer drugs
in DBS for treatment monitoring are rare. With the introduction of targeted therapies in
oncology personalised medicine is advancing and therapeutic drug monitoring with DBS
may be valuable in the future. However the additional inﬂuence of haematocrit, spot volume and blood spreadibility in DBS analysis is still a challenge and should therefore be
investigated in every new DBS assay.

Executive summary
Background
• To investigate PK/PD relations and the feasibility to implement therapeutic drug
monitoring a LC-MS/MS method to quantify vemurafenib is DBS samples was
developed.
Experimental
• Whatman FTA® DMPK-A cards were used for sample collection.
• This DBS method was validated according to the FDA and the latest EMA guidelines on method validation.
Results & discussion
• DBS samples can be collected by ﬁnger prick, since the eﬀect of blood volume
and blood spreadability was within the acceptance criteria.
• The DBS concentrations of vemurafenib in DBS samples collected in the outpatient clinic were all within the validated range of the developed assay.
Conclusions
• The assay is considered suitable to quantify vemurafenib in DBS samples.
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Abstract
Vemurafenib is an inhibitor of mutated serine/threonine-protein kinase B-Raf (BRAF)
and cobimetinib is an inhibitor of mitogen-activated protein kinase kinase (MEK).
Vemurafenib and cobimetinib are registered as combination therapy for the treatment of adult patients with BRAF V600 mutation-positive unresectable or metastatic melanoma. To evaluate the pharmacokinetics of both drugs, a high-performance
liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay for the simultaneous quantiﬁcation of vemurafenib and cobimetinib was developed and validated.
The plasma samples were stored immediately after collection at nominal temperature of -70°C. Protein precipitation was applied as the sample pretreatment method
after which the supernatant was injected on an XBridge BEH Phenyl column. Gradient elution was performed with 10 mM ammonium bicarbonate in water and 10
mM ammonium bicarbonate in water-methanol (1:9, v/v) as mobile phases.
The validated assay simultaneously quantiﬁes vemurafenib in the concentration
range from 50 to 5,000 ng/mL and cobimetinib from 5 to 500 ng/mL. At all concentrations, the accuracies were within ±15% of the nominal concentrations and precisions were ≤15%. The developed method has successfully been applied in a clinical
study of the combination of vemurafenib and cobimetinib.
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Introduction
Vemurafenib (Zelboraf®) is an inhibitor of mutated serine/threonine-protein kinase BRaf (BRAF) and cobimetinib (Exelixis®) is an inhibitor of mitogen-activated protein kinase
kinase (MEK) (Figure 1). Vemurafenib is registered for the treatment of adult patients
with BRAF V600 mutation-positive unresectable or metastatic melanoma. The addition of
cobimetinib to vemurafenib in patients with previously untreated unresectable locally
advanced or metastatic BRAF V600 mutation-positive melanoma showed a signiﬁcant
improvement in progression-free survival [1].
To support clinical pharmacological studies with the vemurafenib and cobimetinib combination an assay for the simultaneous quantiﬁcation of these drugs is needed. Several
methods for the quantiﬁcation of vemurafenib in plasma have been reported previously
[2-7]. One LC-MS/MS method for cobimetinib has been described recently [8]. According
to our knowledge this is the ﬁrst bioanalytical assay that simultaneously quantiﬁes cobimetinib and vemurafenib. The method was fully validated according to the FDA and latest EMA guidelines on bioanalytical method validation [9, 10]. Additionally, the
applicability of the method was tested and demonstrated in clinical sample analysis with
concentrations of vemurafenib and cobimetinib during steady state.

Experimental
Chemicals
Vemurafenib, cobimetinib and the stable isotope-labeled (13C6) analogues of the compounds, who were used as internal standards, were all manufactured by Alsachim (Illkirch, France). Methanol (Supra-Gradient grade), acetonitrile (Supra-Gradient grade) and
water (LC-MS grade) were obtained from Biosolve Ltd. (Valkenswaard, The Netherlands).
Dimethyl sulfoxide (DMSO, Seccosolv grade), isopropanol (Lichrosolv grade) and formic

Figure 1. Chemical structures of (A) vemurafenib and (B) cobimetinib and their proposed fragmentation pathways.
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acid (Emsure grade) were purchased from Merck (Darmstadt, Germany). Ammonium bicarbonate which was used to make mobile phase A originated from Sigma-Aldrich (St.
Louis, MO, USA). K2EDTA plasma was obtained from BioreclamationIVT (New York,
USA).

Stock solutions, calibration standards and quality control samples
Stock solutions
Separate 1-mg/mL stock solutions for calibration standards and quality control samples
(QC samples) were prepared in DMSO for vemurafenib and cobimetinib. These stock solutions, stored at -70°C, were further diluted with methanol to obtain working solutions
combining vemurafenib and cobimetinib. The working solutions were also stored at
-70°C.
Stock solutions of the internal standards 13C6-vemurafenib and 13C6-cobimetinib were also
prepared at a concentration of 1 mg/mL in DMSO. The internal standard working solution in methanol contained 12,500 ng/mL of 13C6-vemurafenib and 1,250 ng/mL of 13C6-cobimetinib. Internal standard stock solutions and working solutions were stored at -70°C.
Calibration standards and quality control samples of the plasma assay
For this validation K2EDTA human plasma was used, to which we will refer as control
human plasma. Calibration standards were prepared freshly before each validation run
by adding 50 µL of calibration standard working solution to 950 µL of control human
plasma. Calibration standards with the following concentrations were prepared for vemurafenib: 50; 100; 500; 1,000; 2,000; 3,000; 4,000; 5,000 ng/mL. The calibration standards
contained the following concentrations for cobimetinib: 5; 10; 50; 100; 200; 300; 400 and 500
ng/mL. Aliquots of 50 µL were used for sample preparation.
The QC samples were prepared by spiking control human plasma with the appropriate
QC working solution. Final concentrations at the lower limit of quantiﬁcation (QC LLOQ),
QC low, QC mid, QC high and above the upper limit of quantiﬁcation (QC >ULOQ) contained 50; 125; 1,000; 3,750 and 50,000 ng/mL of vemurafenib and 5; 12; 100; 375 and 5,000
ng/mL of cobimetinib. QC samples were stored in aliquots of 50 µL at a nominal temperature of -70°C.

Sample preparation
Immediately after sample collection in the clinic by venipuncture, the K2EDTA whole
blood samples were centrifuged for 5 min at 1,800 x g at 4°C. After centrifugation, plasma
was isolated and stored at -70°C.
Plasma samples were thawed and vortex-mixed prior to processing, and a 50-µL aliquot
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was used for analysis. Ten microliters of internal standard working solution (12,500 ng/mL
of 13C6-vemurafenib and 1,250 ng/mL of 13C6-cobimetinib) and 150 µL of acetonitrile-methanol (50:50, v/v) were added to precipitate the plasma proteins. After 10 min shaking at
1,250 rpm on an automatic shaker, the samples were centrifuged for 10 min at 23,100 x g.
The supernatant was transferred to an autosampler vial with insert. A volume of 2 µL
was injected onto the HPLC column.

Liquid chromatography-tandem mass spectrometry
The chromatographic separation was carried out using a HP100 binary pump, a degasser,
a HP1100 autosampler and switching valve (Agilent technologies, Palo Alto, CA, USA).
The autosampler temperature was kept at 4°C and the column oven at 40°C. The mobile
phase A consisted of 10 mM ammonium bicarbonate and mobile phase B was 10 mM ammonium bicarbonate in water-methanol (1:9, v/v). Gradient elution was applied at a ﬂow
rate of 0.25 mL/min through an XBridge BEH Phenyl column (50 x 2.1 mm ID, particle size
5 µm; Waters). The following mobile phase gradient was applied: 50% B, 0.25 mL/min
(0.0-0.2 min); 50 to 100% B, 0.25 mL/min (0.2-0.3 min); 100% B, 0.25 mL/min (0.3-4.4 min);

Table 1. Mass spectrometric parameters for the analysis of vemurafenib, cobimetinib and internal
standards 13C6-vemurafenib and 13C6-cobimetinib.
General setings

API4000

Run duration

7.0 min

Ionspray voltage

+ 5.0 kV

CAD gas

12 psi

Curtain gas

16 psi

Ion source gas 1

50 psi

Ion source gas 2

30 psi

Temperature

625 °C

Analyte speciﬁc parameters Vemurafenib 13C6-Vemurarfenib Cobimetinib

13

Parent mass

m/z 490

m/z 496

m/z 532

m/z 538

C6-Cobimetinib

Product mass

m/z 383

m/z 389

m/z 249

m/z 255

Dwell time

20ms

20 ms

20 ms

20 ms

Collision energy

62 V

62 V

22 V

22 V

Collision exit potential

26 V

26 V

16 V

16 V

Declustering potential

91 V

91 V

91 V

91 V

Typical retention time

3.46 min

3.46 min

3.52 min

3.52 min
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100 to 50% B, 0.25-0.50 mL/min (4.4-4.5 min); 50% B, 0.50 mL/min (4.5-6.5 min); 50% B,
0.50-0.25 mL/min (6.5-6.6 min); 50% B, 0.25 mL/min (6.6-7.0 min). The divert valve directed the ﬂow to the mass spectrometer between 2.0 and 4.5 min; the eluent during the
remainder of the run was send to the waste container.
Vemurafenib and cobimetinib were analysed on an API4000 quadrupole mass spectrometer (MS) (Sciex, Thornhill, ON, Canada). This instrument is equipped with a turbo ion
spray interface, operating in positive mode and conﬁgured in multiple reaction monitoring (MRM) mode. The LC-MS/MS data were acquired and processed with AnalystTM
software version 1.5.2 (Sciex). Table 1 summarises the MS operating parameters.

Validation procedures
Calibration model, accuracy and precision, selectivity and speciﬁcity, dilution integrity,
lower limit of quantitation, matrix eﬀect, carry-over and stability under various conditions were established according to the latest US FDA and EMA guidelines on bioanalytical method validation [9, 10].
The accuracy is expressed as the bias and the following equations were used:
Intra-assay bias (%)=
100% ∙ ((mean measured conc.per run-nominal conc.))/((nominal conc.))

(1)

Inter-assay bias (%)=
100% ∙((overall mean measured conc.-nominal conc.))/((nominal conc.))

(2)

The precision is expressed as the coeﬃcient of variation (CV) and the following equations were used:
Intra-assay CV (%)=
(3)
100% ∙ ((SD of the measured conc.per run))/((mean measured conc.per run))
To calculate the inter-run variation a one-way ANOVA was used.
The matrix factor was determined by using the following equation:
MF=
(4)
(Area of a processed blank sample spiked with neat solution (matrix present))/
(Area of neat solution (matrix absent))
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Results and discussion
Development
During the method development of the chromatographic system, carry over was observed as we described earlier [3]. Therefore an XBridge BEH Phenyl column was used, since
the carry over using this column was lower compared to the previously used Gemini C18
column (110Å, 50 × 2.0 mm ID, particle size 5.0 m; Phenomenex, Torrance, CA, USA). In
addition a wash step to 100% eluent B was incorporated to ensure that residual analyte
and endogenous interferences were washed from the column. The composition of eluent
B (10% water and 90% organic solvent) was chosen to ensure fast equilibration after the
steep gradient at the end of the run (100 to 50% B). When eluent B was completely organic the equilibration time of the column was longer, due to the delayed mixing time of the
pump at the highest organic percentages (90 to 100% B). This chromatographic system in
combination with optimal mass spectrometry setings for the most abundant product ions
(vemurafenib: m/z 490 to 383; cobimetinib: m/z 532 to 249) and the use of stabile isotopes
as internal standards (13C6-vemurarfenib and 13C6-cobimetinib) led to a fast, robust and
sensitive method for the timultaneous quantiﬁcation of vemurafenib and cobimetinib. Figure 1 shows the proposed fragmentation pathways for vemurafenib and cobimetinib.

Validation procedures
Calibration model
Calibration standards were prepared and analysed in duplicate during three analytical
runs. The linear regression of peak area ratios versus the concentrations was weighted
1/x2 to obtain the lowest total bias over the range. The calibration range of vemurafenib
50 to 5,000 ng/mL and 5 to 500 ng/mL for cobimetinib. Calibration curves were accepted
if 75% of the non-zero calibration standards and 50% of each calibration level, including
a LLOQ and an ULOQ, had a deviation within ±15% of the nominal concentration (±20%
at the LLOQ). All calibration curves of the analytes met these criteria.
Accuracy and precision
To assess the accuracy and precision of the assays, ﬁve replicates of QC LLOQ, QC low,
QC mid and QC high in plasma were analysed during three analytical runs.
Table 2 summarises the intra- and inter-assay accuracies and precisions of the assay. The
biases and CVs were within the acceptance criteria (i.e., within ±20% and ≤20%, respectively, at the LLOQ level and within ±15% and ≤15% at the other QC levels) for vemurafenib. For cobimetinib the intra-assay precision was 22.7%. However when increasing the
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Table 2. Assay performance data for the analysis of vemurafenib and cobimetinib in human
plasma.
Intra-assay
Analyte
Vemurafenib

Cobimetinib

a

Inter-assay
a

Bias

CV

Bias

CV

(%)

(%)

(%)

(%)

15

-1.4 – 5.7

7.3 – 9.8

-1.5

6.2

15

-1.4 – 1.1

4.9 – 9.2

-0.3

-*

1,000

15

0.6 – 8.0

2.4 – 3.7

3.2

3.8

3,750

15

0.2 – 1.5

0.7 – 4.5

1.0

-*

4.99

15

-2.7 – 7.5

12.2 – 22.7

1.2

-*

12.5

15

-6.2 – 4.6

6.1 – 8.8

0.7

5.1

99.8

15

-8.3 – -3.7

2.9 – 3.2

-6.2

2.1

374

15

-7.6 – -6.1

3.5 – 4.9

-6.7

-*

Nom. conc.
(ng/mL)

n

50.1
125

Nom.: nominal; conc.: concentration; n: number of replicates. a The range of accuracies and precisions is listed if more than one run was performed; * Inter-run precision could not be calculated
(mean square between the groups is less than the mean square within the groups), meaning that
there is no additional signiﬁcant variation in performing the assay in diﬀerent runs.

dwell time to 75 ms the precisions were within 14.3%, which is within the acceptance criteria.
Selectivity and speciﬁcity
Six diﬀerent batches of control plasma were spiked at the LLOQ level with vemurafenib
and cobimetinib to investigate the selectivity for endogenous compounds. For vemurafenib all six LLOQ samples were within ±20% of their nominal concentration and for cobimetinib ﬁve LLOQ samples were within ±20% of their nominal concentration. No
interferences from endogenous material at the retention time of the analytes with areas
>20% (or >5% for the internal standards) of the LLOQ areas were observed in the blanks.
Selectivity was therefore considered acceptable.
Cross-analyte and internal standard interference was tested by spiking control human
plasma at ULOQ level with both analytes and internal standards separately at the nominal concentration (one level). The cross-analyte and internal standard interference at the
retention time of both vemurafenib and cobimetinib ≤20% of the peak area of the LLOQ
level. For the internal standard the interference was less than 5% and thus also within the
acceptance criteria.

72

VEMURAFENIB AND COBIMETINIB IN PLASMA

4

Figure 2. Chromatograms from blank plasma samples of vemurafenib (A1) and the internal standard (2A) and at the LLOQ of vemurafenib (1B, 50 ng/mL) and of the internal standard (2B, 1,2500
ng/mL). In addition chromatrograms are shown from plasma samples in blank samples of cobimetinib (1C) and the internal standard (2C) and at the LLOQ of cobimetinib (1D, 5 ng/mL) and of
the internal standard (2D, 1,250 ng/mL).
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Dilution integrity
Five replicate plasma samples of vemurafenib and cobimetinib at a concentration level of
50,000 ng/mL and 5,000 ng/mL (QC >ULOQ) respectively were diluted 20-fold with control human plasma (25 µL of sample was added to 475 µL of control human matrix). Fifty
µL were processed for sample analysis. For vemurafenib the intra-assay bias was 2.9% and
the intra-assay CV 4.0%. For cobimetinib the intra-assay bias was -8.8% and the intraassay CV was 4.7%. The results for both analyst were within the required limits [9, 10].
Lower limit of quantitation
The analyte responses at the LLOQ were at least 5 times the response of a blank in three
validation runs for both analytes. The signal-to-noise ratio was at least 120 for vemurafenib and 11 for cobimetinib. Figure 2 shows representative chromatograms of vemurafenib and cobimetinib in QC LLOQ samples and double-blank samples in plasma.
Matrix factor and recovery
The matrix factor (MF) was determined in six plasma batches at low and high concentration levels of vemurafenib, cobimetinib and the internal standards. Single determinations were performed. Processed blank samples were spiked with neat solutions and
compared to matrix-free neat solutions.
In addition to the MF the internal standard-normalised MF was calculated by dividing the
MF of the analyte through the MF of the internal standard. For vemurafenib the CV of
the internal standard-normalised MF calculated from the six plasma batches for the low
and high concentration were 4.9% and 2.4%, respectively, and for cobimetinib 5.6% and
2.7%. These results fulﬁlled the acceptance criteria for both analytes (i.e. CV <15%). The
matrix factor for vemurafenib ranged from 0.958 to 1.06 and for cobimetinib from 0.957
to 1.16. These results (MF around 1) indicate that the use of the stable isotope-labeled
compounds as internal standards is eﬀectively minimising the inﬂuence of matrix eﬀects.
Carry-over
Carry-over was investigated by injecting two double-blank samples after a ULOQ sample in three analytical runs. Eluting peaks with areas ≥20% of the LLOQ were not observed in the blank samples injected directly after ULOQ samples, and therefore the criteria
for carry-over were fulﬁlled.
Stability
Vemurafenib and cobimetinib were stable at ambient temperature in plasma for at least
5 hours and after 5 freeze (-70°C)/thaw (ambient temperature) cycles. The ﬁnal extract
stability results showed that the extract can be injected up to 38 days after sample preparation (bias ±6.1%, CV <6.7%). Long term stability in stock and plasma is still ongoing.
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Figure 3. Mean plasma concentration-time curves (± SD) of vemurafenib (A) and cobimetinib (B)
of 5 patients on day 15 of treatment (960 mg bi-daily vemurafenib and 60 mg once daily cobimetinib).
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Clinical application
This validated assay was developed and validated to support clinical pharmacokinetic
studies of the vemurafenib and cobimetinib combination. To demonstrate the applicability of this assay, we present the concentration proﬁles over time of vemurafenib and cobimetinib in plasma of ﬁve patients treated with the combination vemurafenib and
cobimetinib.
As part of a explorative phase II clinical study patients with unresectable stage IIIc or
stage IV melanoma received a 960 mg vemurafenib dose bi-daily (BID) and 60 mg cobimetinib once daily (QD). Blood samples were collected at pre-selected time points using
tubes containing K2EDTA. Within 15 min after collection, samples were centrifuged for 5
min at 1,800 x g and 4°C. Plasma was isolated and stored at -70°C pending analysis. Figure 3 shows the mean plasma concentration-time curves for vemurafenib and cobimetinib in plasma of ﬁve melanoma patients treated with vemurafenib and cobimetinib. The
results show very high inter-patient variability for both vemurafenib and cobimetinib,
which was also reported previously with the drugs given as monotherapy [11, 12]. Currently only for vemurafenib a exposure-response relationship has been established and
therefore therapeutic drug monitoring (TDM) might be beneﬁcial for patients that are treated with vemurafenib. The pharmacokinetic target that is currently suggested for vemurafenib is >42 µg/mL. For cobimetinib this needs to be further investigated.

Conclusion
A sensitive LC-MS/MS assay for the simultaneous quantiﬁcation of vemurafenib and cobimetinib in human plasma was developed and validated. The validated range for vemurafenib is 50 to 5,000 ng/mL and for cobimetinib from 5 to 500 ng/mL using 50-µL
plasma aliquots. Dilution integrity experiments show that samples can be diluted 20-fold
in human plasma prior to analysis. The extended concentration range for plasma is therefore from 50 to 50,000 ng/mL and for cobimetinib, from 5 to 5,000 ng/mL. The assay is
considered ﬁt to support clinical pharmacologic studies of the combination vemurafenib
and cobimetinib.
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cluding metabolite concentrations at steady-state.
Biomed Chromatogr 2015.
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Abstract
Dabrafenib (Taﬁnlar®) and trametinib (Mekinist®) are registered for the treatment
of patients with BRAF V600 mutation positive unresectable or metastatic melanoma.
To support therapeutic drug monitoring (TDM) and clinical pharmacological trials,
an assay to simultaneously quantify dabrafenib and trametinib in human plasma
using liquid chromatography tandem mass spectrometry was developed and validated.
Human plasma samples were collected on an outpatient base and stored at nominally -20°C.
Analytes and internal standards (stable isotope labeled compounds) were extracted
with TBME. After snap freezing the samples in a dry ice-ethanol bath, the organic
layer was transferred to a clean tube and evaporated under a gentle stream of nitrogen gas. The dry extract was then reconstituted with 100 µL acetonitrile and 5 µL of
the ﬁnal extract was injected and separated on a C18 column with gradient elution,
and analyzed with triple quadrupole mass spectrometry in positive-ion mode.
The validated assay ranges from 50-5000 ng/mL for dabrafenib and 0.5-50 ng/mL for
trametinib were linear, and correlation coeﬃcient (r2) of 0.996 or beter. At all concentrations of both analytes the biases were within ±15% of the nominal concentrations and precisions were ≤15%. All results were within the acceptance criteria of the
latest US FDA guidance and EMA guidelines on method validation. Dabrafenib was
found to degrade under the inﬂuence of light in diﬀerent organic solvents and at
least seven degradation products were detected.
In conclusion, the described method to simultaneously quantify dabrafenib and trametinib in human plasma was successfully validated and applied for therapeutic
drug monitoring in cancer patients treated with dabrafenib and trametinib.
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Introduction
Dabrafenib (Taﬁnlar®) is an inhibitor of mutated serine/threonine-protein kinase B-Raf
(BRAF) and trametinib (Mekinist®) is an inhibitor of MAPK kinase (MEK). Both drugs are
registered for the treatment of patients with BRAF V600 mutation positive unresectable
or metastatic melanoma. The use of BRAF inhibitors, such as vemurafenib and dabrafenib, has been associated with prolonged survival and progression-free survival, respectively, in phase 3 trials [1-3]. Trametinib resulted in improved progression-free survival
and overall survival [4]. In spite of these advances, 50% of patients who are treated with
BRAF inhibitors or MEK inhibitors develop resistance leading to disease progression within 6 to 7 months after initiation of the treatment. Since trametinib mediates blockade of
MEK, which is downstream of BRAF in the MAPK pathway, the combination of trametinib and dabrafenib was investigated. Combination therapy of dabrafenib and trametinib
was associated with a longer median progression-free survival than dabrafenib monotherapy [5].
To further investigate the pharmacokinetics of both drugs and to support therapeutic
drug monitoring (TDM) an assay for the simultaneous quantiﬁcation of dabrafenib and
trametinib is needed. Two bioanalytical assays for dabrafenib were reported before by
Mitapalli et al. (2013) [6] but without bioanalytical details and by Sparidans et al. (2013)
[7]. No bioanalytical assays have been described for trametinib as far as we know.
Herein we describe the ﬁrst bioanalytical assay for the quantiﬁcation of dabrafenib and
trametinib that was fully validated according to the latest FDA and EMA guidelines on
bioanalytical method validation [8, 9].

Materials and methods
Chemicals
Dabrafenib and trametinib (Figure 1) were obtained from Sequoia Research Products
(Pangbourne, UK) and 2H9-dabrafenib and 13C6-trametinib, used as internal standards (IS)
for this assay, were manufactured by AlsaChim (Illkirch, France). Methanol and water
(HPLC grade), used to prepare mobile phases, were obtained from Biosolve Ltd (Valkenswaard, the Netherlands). Dimethylsulfoxide (DMSO) for stocks and working solutions, ammonium acetate (>98%) used to prepare mobile phase A, and tert-butyl methyl
ether (TBME), used for sample preparation, were purchased from Merck (Darmstadt,
Germany). Water (distilled) used for sample preparation originated from B. Braun Medical (Melsungen, Germany). K2EDTA plasma was obtained from the Medical Center Slotervaart (Amsterdam, the Netherlands).
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Figure 1. Chemical structures of (A) dabrafenib and (B) trametinib.

Stock solutions, calibration standards and quality control samples
All stock and working solutions should be made and stored in amber colored material.
Separate stock solutions for calibration standards and quality control samples (QC samples) of 1 mg/mL for dabrafenib and 0.5 mg/mL for trametinib, were prepared in DMSO.
These stock solutions were further diluted with DMSO to obtain working solutions. Stock
solutions of the internal standards 2H9-dabrafenib and 13C6-trametinib were prepared at
a concentration of 2 mg/mL in DMSO. The IS working solution contained 4000 ng/mL
2H -dabrafenib and 40 ng/mL 13C -trametinib in DMSO. Internal standard stock solutions
9
6
and working solutions for all analytes were stored at -20°C.
Calibration standards were spiked directly after the preparation of the working solutions.
A volume of 100 µL of calibration standard working solution was added to 1900 µL control human K2EDTA plasma to obtain concentrations of 50.0, 100, 250, 500, 1000, 2500,
4000 and 5000 ng/mL for dabrafenib and 0.500, 1.00, 2.50, 5.00, 10.0, 25.0, 40.0 and 50.0
ng/mL for trametinib. For sample pre-treatment 100 µL aliquots were used.
The QC samples were prepared by adding QC working solution (100 µL) to control
human plasma (1800 µL). Final concentrations at the lower limit of quantiﬁcation (LLOQ),
QC low, QC mid, QC high and QC above the upper limit of quantiﬁcation (>ULOQ) were
50.0, 150, 750, 3750 and 25000 ng/mL for dabrafenib and 0.500, 1.50, 7.50, 37.5 and 250
ng/mL for trametinib. The QC samples were stored in aliquots of 100 µL at nominally 20°C.

Sample preparation
Immediately after sample collection in the clinic by venipuncture, the plasma samples
were centrifuged for 10 min at 1700 g at 4°C. After centrifugation, the plasma was isolated and stored in amber colored containers at -20°C pending analysis.
Prior to processing the samples were thawed on an ice-water bath and a 100 µL aliquot
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was transferred to an amber colored container of 2 mL. A volume of 20 µL of IS working
solution (4000 ng/mL 2H9-dabrafenib and 40 ng/mL 13C6-trametinib) was added to the
plasma sample. To extract the analytes and internal standards from the biomatrix, a volume of 1 mL of TBME was added. Then the samples were vortex-mixed, shaken (10 min
at 1,250 rpm) and centrifuged (5 min at 20°C and 23,100 g). After snap freezing the samples in an dry ice-ethanol bath, the organic layer was removed and evaporated under a
gentle stream of nitrogen gas (approximately 15 minutes at 40°C). The dry extract was
then reconstituted with 100 µL acetonitrile and 5 µL of the ﬁnal extract was injected. For
the sample preparation and sample storage amber colored material should be used.

Liquid chromatography-tandem mass spectrometry
The chromatographic separation was carried out using a HP1100 binary pump, a degasser, a HP1100 autosampler and a switching valve (Agilent technologies, Palo Alto, CA,
USA). The autosampler temperature was kept at 4°C and the column oven at 40°C. The
mobile phase A consisted of 10 mM ammonium acetate in water and mobile phase B was
methanol. Gradient elution was applied at a ﬂow rate of 0.25 mL/min through a Gemini
C18 column (110Å, 50 x 2.0 mm ID, particle size 5.0 µm; Phenomenex, Torrance, CA, USA)
with an additional Gemini C18 guard column (4 x 2.0 mm ID). The following gradient was
applied: 50% to 80% B, 0.25 mL/min (0-0.5 min); 80% B, 0.25 mL/min (0.5-2.5); 80 to 95%
B, 0.25 mL/min (2.5-2.6 min), 95% B, 0.25 mL/min (2.6-4.6 min); 95% B, 0.25 to 0.5 mL/min
(4.6-4.7 min); 95% B, 0.5 mL/min (4.7-5.2 min); 95 to 50% B, 0.5 mL/min (5.2-5.3 min); 50%
B, 0.5 mL/min (5.3-6.3 min); 50% B, 0.5 to 0.25 mL/min (6.3-6.4 min). The divert valve directed the ﬂow to the mass spectrometer between 1.0 and 5.0 min and the remainder to
the waste container.
Dabrafenib and trametinib were analyzed on an API4000 quadrupole mass spectrometer
(MS) (Sciex, Thornhill, ON, Canada). This instrument is equipped with a turbo ion spray
(TIS) interface, operating in positive mode and conﬁgured in multiple reaction monitoring
(MRM). The LC-MS/MS data were acquired and processed with AnalystTM software
(Sciex). Table 1 summarises the MS operating parameters.

Validation procedures
The assay was fully validated for calibration model, accuracy and precision, lower limit
of quantitation, speciﬁcity and selectivity, dilution integrity, carry-over, matrix eﬀect and
stability. This was in accordance to the FDA and latest EMA guidelines on bioanalytical
method validation [8, 9].
The accuracy is expressed as the bias and the following equations were used:
Intra-assay bias (%)=
100% ∙ ((mean measured conc.per run-nominal conc.))/((nominal conc.))

83

(1)

5

BIOANALYSIS

Table 1. Mass spectrometric parameters for the analysis of dabrafenib and trametinib with the internal standards 2H9-dabrafenib and 13C6-trametinib.
General setings

API4000

Run duration

6.4 min

Ionspray voltage

+ 5.0 kV

Nebulizer gas

60 psi

Turbo gas

40 psi

Curtain gas

40 psi

Collision gas

10 psi

Temperature

500 °C

Analyte speciﬁc parameters Dabrafenib

2

Trametinib

13

Parent mass

520.2 m/z

529.2 m/z

616.2 m/z

622.2 m/z

H9-Dabrafenib

C6-Trametinib

Product mass

307.3 m/z

316.3 m/z

491.2 m/z

497.3 m/z

Dwell time

100 ms

100 ms

100 ms

100 ms

Collision energy

30 V

30 V

45 V

45 V

Collision exit potential

40 V

40 V

30 V

30 V

Declustering potential

20 V

20 V

91 V

91 V

Typical retention time

3.50 min

3.50 min

4.00 min

4.00 min

Inter-assay bias (%)=
100% ∙((overall mean measured conc.-nominal conc.))/((nominal conc.))

(2)

The precision is expressed as the coeﬃcient of variation (CV) and the following equations were used:
Intra-asay CV (%)=
(3)
100% ∙ ((SD of the measured conc.per run))/((mean measured conc.per run))
Inter-assay CV (%)=
(4)
100% ∙ ((SD of the overall measured conc.))/((overall mean measured conc.))
The matrix factor (MF) was determined by using the following equation:
MF=
(5)
(Area of a processed blank sample spiked with neat solution (matrix present))/
(Area of neat solution (matrix absent))

84

DABRAFENIB AND TRAMETINIB IN PLASMA

Photodegradation of dabrafenib
To investigate the stability of dabrafenib, 1 mg/mL solutions for dabrafenib were prepared in DMSO, methanol, water-methanol (50:50, v/v), ethanol and water-ethanol (50:50,
v/v). These stock solutions were divided over two autosampler vials: one amber colored
vial and one transparent vial. The vials were stored at ambient temperatures, in daylight
at a window bench, and analyzed up to 144 h after preparation using a chromatographydiode array detector (LC-DAD) method for which the same chromatographic conditions
were used as described earlier. The wavelengths were monitored in a range from 100 to
800 nm. After 144 h of storage, the solutions were analyzed using an ion trap mass spectrometer detector (LTQ XL, Thermo Electron, Waltham, MA, USA) to assess the parent
masses of dabrafenib and its degradation products.

Clinical application
The purpose of this assay is to support TDM and clinical pharmacokinetic studies of dabrafenib and trametinib in patients with melanoma. As part of routine clinical care,
K2EDTA blood samples (4 mL) were collected for pharmacokinetic monitoring from patients who were treated with dabrafenib and trametinib at the Antoni van Leeuwenhoek
– Netherlands Cancer Institute. This was approved by the medical ethical commitee of
this institution. Plasma samples were collected and immediately stored at 20°C pending
analysis. Before analysis samples were thawed on an ice-water bath and a 100 µL aliquot
was taken and processed as described in this report.

Results and discussion
Development
Mass spectrometry
Simultaneous quantiﬁcation of dabrafenib and trametinib was complicated due to the
large diﬀerences (50-fold) in plasma concentrations and because dabrafenib is a beter
MS responder than trametinib. Mass spectrometric parameters were optimized for each
analyte by performing direct infusion (methanol-0.1% formic acid in water (70:30, v/v))
and ﬂow injection analysis (methanolic solution). General setings were chosen in favour
of trametinib, since for this compound the lowest target concentrations had to be reached.
The molecular ions ([M+H]+) observed for dabrafenib and trametinib at m/z 520 and 616,
respectively, were used to generate product ion spectra. In order to achieve high speciﬁcity and sensitivity, the MRM scan mode was applied to monitor for each analyte the
mass transition to the product ion with the highest abundance in the product ion scan. For
dabrafenib the product ion at m/z 307 was optimized and for trametinib m/z 491. Howe-

85

5

BIOANALYSIS

ver, with these optimal setings the calibration model of dabrafenib was non-linear due
to saturation of the detector. To prevent saturation of the dabrafenib response, we lowered the collision energy (CE) from 47 to 30 V. The collision exit potential (CXP) was inc-

Figure 2. Chromatograms of 2H9-dabrafenib in methanol at diﬀerent time points. 2H9-Dabrafenib
was freshly diluted (1) in methanol at a concentration of 4000 ng/mL and stored at -20°C for 43 days
(2) and 87 days (3). These three solutions were analyzed and monitored at diﬀerent transitions; m/z
529→316 (A), m/z 529→352 (B), m/z 529→300 (C) and m/z 529→286 (D). The validated mass transition (A1) shows one peak but this peak decreases over time (2A and 3A). Transition m/z 529→352
(1B) shows a peak at 3.1 min and 3.5 min, but the peak ratio changes over time and ﬁnally the peak
at 3.1 min is larger than the peak at 3.5 min (2B and 3B). Transition m/z 529→300 (1C) shows one
peak which decreases over time (2C and 3C). Transition m/z 529→286 (D) initially shows one peak,
but over time another peak appears at 3.1 min (2D) and the peak ratio changes over time (3D).

86

DABRAFENIB AND TRAMETINIB IN PLASMA

reased from 20 to 40 V and the declustering potential (DP) lowered from 116 to 20 V.
These apparent non-optimal setings resulted in accurate and precise quantiﬁcation of
dabrafenib, despite the diﬀerences in ionization and target concentrations ranges between
dabrafenib and trametinib.
HPLC
We used a Gemini C18 column during development and tested 10 mM ammonium acetate and 10 mM ammonium hydroxide as aqueous phases of eluent. The response for dabrafenib and trametinib increased 5.0-5.5-fold when using an alkaline mobile phase.
However, the peaks also showed tailing which could not be prevented by changing the
gradient. Therefore 10 mM ammonium acetate in water in combination with methanol
was selected. Signal to noise ratios measured in the trametinib LLOQ samples were acceptable (>10) because low noise levels were obtained.
Photodegradation of dabrafenib
During the development of the analytical method transparent material was used and working solutions were initially made in methanol. However stability in dried extract and
ﬁnal extract showed deviations for dabrafenib of approximately -30% and -50% respectively (after 24 h at 2-8°C). It should be noted though that the results for trametinib were
all within the acceptance criteria. To investigate the instability of dabrafenib, working solutions in methanol containing dabrafenib and its internal standard were analyzed after
42 and 83 days of storage at -20°C. Diﬀerent transitions were monitored and results of
the internal standard of dabrafenib are shown in Figure 2. Several dabrafenib related degradation products were found in these windows indicating that the compound is unstable in methanol when kept at -20 °C.
The stability of dabrafenib was further investigated at a concentration of 1 mg/mL at ambient temperature in diﬀerent organic solutions; DMSO, methanol, water-methanol (50:50,
v/v), ethanol and water-ethanol (50:50, v/v), exposed and protected from light.
After 144 h, no degradation was observed in all tested organic solutions when the vials
were protected from light. However, exposed to light, profound degradation of dabrafenib was measured in all alcohol containing solutions. Figure 3 shows an UV chromatogram at 220 nm of a 1 mg/mL dabrafenib in methanol directly after spiking and after 144
h of light exposure. At least 5 degradation products are formed and in Table 2 parent masses and UV spectra from the main degradation products are presented. Similar degradation paterns were observed in alcohol containing solutions whereas in DMSO dabrafenib
is fairly stable.
The MS spectrum of degradation product 2 (Rt=2.9 min) showed an addition of 16 Da to
the mass of dabrafenib indicating addition of a hydroxyl group. This theory is corroborated by the UV spectrum of this peak which shows absorption peaks at longer wave-
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Table 2. MS and UV data, and proposed photodegradation products of dabrafenib. The peak number
corresponds to the peak numbers displayed in Figure 3.
DP no (Proposed) identity

Rt (min) Observed m/z

1

Unknown

2.6

MS : 598; MS : 556

2

Hydroxy-dabrafenib

2.9

MS1: 536; MS2: 359

-

Dabrafenib

3.1

MS1: 520; MS2: 343, 307

1

2
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Abbreviations: DP: degradation product; no: number; Rt: retention time.
DP no (Proposed) identity
3

Dabrafenib -[HF]

Rt (min) Observed m/z
3.3

UV spectrum

MS : 500; MS : 323
1

2

5

4

Unknown

3.6

-

5

Unknown

3.4

-
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lengths which might point to hydroxyl addition and that this product is only formed in
methanol and ethanol. We also propose the formation of a degradation product with the
loss of ﬂuorine. The MS spectrum of degradation product 3 (Rt=3.3 min) shows a loss of
20 Da compared to dabrafenib, indicating the loss of HF. The MS data also showed a degradation product co-eluting with dabrafenib with a loss of 2 Da, indicating the loss of 2
[H]+. The structure of the other degradation projects could not be elucidated using these
methods.
Based on these investigations, it was decided to prepare the stock and working solutions
of dabrafenib and its internal standard in DMSO. Using DMSO as solvent, the stability
problems were not solved completely, because in time, when stored at -20 °C, dabrafenib
tends to adsorb to the container (PP tubes) at low concentrations. Therefore, calibration
standards should be prepared immediately after the preparation of the working solutions.
In addition, 100% acetonitrile was chosen as reconstitution solvent, to minimize degradation in the ﬁnal extract after sample preparation.

Figure 3. UV chromatogram of 1 mg/mL dabrafenib in methanol at
(Figure 3A) t=0 and (Figure 3B) t=144 h exposed
to light. Dabrafenib
(DAB) is eluting after 3.1
min and at least 5 degradation products (DP)
were detected after respectively 2.6 min, 2.9
min, 3.3 min, 3.6 min and
4.0 min. DP2 is proposed
to be hydroxyl-dabrafenib and DP3 is dabrafenib with a loss of [HF].
The structure of DP1,
DP4 and DP5 could not
be elucidated.
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Validation procedures
Calibration model
Calibration standards were prepared and analyzed in duplicate in three analytical runs.
The linear regression of peak area ratios versus the concentration (x) was weighted (1/x2)
to obtain the lowest total bias with the simplest model. The calibration range of dabrafenib in plasma was 50 to 5000 ng/mL and of trametinib 0.5 to 50 ng/mL. Calibration curves were accepted if 75% of the non-zero calibration standards, including a LLOQ and an
ULOQ, had a bias within ±15% of the nominal concentration (±20% at the LLOQ) [8, 9].
All calibration curves (n=3) of the analytes met these criteria and had correlation coeﬃcients (r2) of 0.996 or beter were obtained.
Accuracy and precision
To assess the accuracy and precision of the assays, ﬁve replicates of QC LLOQ, QC low,
QC mid and QC high in plasma were analyzed in three analytical runs.
Table 3 summarises the intra- and inter-assay accuracies and precisions of the assay. The
biases and CVs were within the acceptance criteria (within ±20% and ≤20%, respectively,
at the LLOQ level and within ±15% and ≤15% at the other QC levels).
Lower limit of quantitation
The analytes responses at the LLOQ were at least 5 times the response compared to a
blank response in three validation runs. The lowest signal to noise ratio for dabrafenib was
Table 3. Assay performance data for the analysis of dabrafenib and trametinib in human plasma.
Intra-assay
Analyte
Dabrafenib

Trametinib

a

Bias

Inter-assay
a

CV

Bias

CV

(%)

(%)

(%)

1.7 – 2.5

-7.2

2.4

8.7

2.1

Nom. conc.
(ng/mL)

n

(%)

52.4

15

-8.6 – -5.9

157

15

6.5 – 10.6

0.7 – 2.1

786

15

5.5 – 8.1

1.2 – 1.6

6.6

1.6

3930

15

-3.3 – -0.9

0.6 – 1.7

-2.4

1.5

0.503

15

-6.2 – -1.9

3.4 – 6.9

-4.3

5.6

1.51

15

-4.4 – -2.3

2.4 – 4.8

-3.1

3.5

7.55

15

-3.2 – -2.3

1.5 – 3.4

-2.9

2.3

37.8

15

-4.1 – -2.7

1.4 – 1.9

-3.3

1.7

Nom.: nominal; Conc.: concentration; n: number of replicates.
aIf multiple validation runs were performed, the range of accuracies and precisions was listed.
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25 and for trametinib 90. Figure 4 shows representative ion chromatograms of dabrafenib
and trametinib in QC LLOQ samples and double blank samples.
Speciﬁcity and selectivity
Six diﬀerent batches of control plasma (pooled) were spiked at the LLOQ level with dabrafenib and trametinib to investigate the speciﬁcity and selectivity. Single determinations were performed. The mean deviations from the nominal concentrations from the
plasma assay were 14.9% and 14.9% with CV values of 6.5% and 5.3%, respectively. There
were no peaks observed with areas >20% of the LLOQ in double-blank samples of these
batches in any of the analytes and also no interferences were detected at the retention
times of the internal standards for both assays. Selectivity was therefore considered acceptable.
Cross-analyte and internal standard interference was tested by spiking control human
plasma at ULOQ level with all dabrafenib and trametinib and all IS separately at the nominal concentration (one level). The cross analyte and internal standard interference at the
retention time of both analytes were less than 20% of the peak area of the LLOQ level. For
the internal standard the interference was less than 5%. For dabrafenib and trametinib
the cross analyte and internal standard interference was considered acceptable.
Dilution integrity
Five replicate plasma samples of dabrafenib and trametinib at QC >ULOQ level were diluted 10-fold with control human plasma (10 µL of sample was added to 90 µL control
human matrix). For the plasma assay 100 µL was processed. For dabrafenib the intraassay bias and CVs were -9.0% and 9.1% respectively and for trametinib -12.3% and 9.1%
respectively. The bias and CVs were within ±15% and ≤15% which indicates that the study
samples can be diluted 10 times in control matrix with acceptable accuracy and precision.
Carry over
Carry over was investigated by injecting two double blank samples after a ULOQ sample in three analytical runs. Eluting peaks with areas >20% of the LLOQ were not observed in the blank samples injected after ULOQ samples. Thus, the criteria for carryover
were fulﬁlled.
Matrix factor
The matrix factor (MF) was determined in six plasma batches (pooled), at low and high
concentration levels of dabrafenib and trametinib. Single determinations were performed.
Processed blank samples were spiked with working solutions and compared to matrix
free neat solutions.
The maximal CV of the internal standard-normalised MF calculated from the six plasma
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5

Figure 4. Chromatograms from plasma samples in blank samples of dabrafenib (A1) and the internal standard (2A) and at the LLOQ of dabrafenib (1B, 50 ng/mL) and of the internal standard (2B,
4000 ng/mL). In addition chromatrograms are shown from plasma samples in blank samples of trametinib (1C) and the internal standard (2C) and at the LLOQ of trametinib (1D, 0.5 ng/mL) and of
the internal standard (2D, 40 ng/mL).
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Table 4. Stability data for dabrafenib and trametinib in plasma. All experiments in plasma were
performed in triplicate in QC low and QC high samples.
Conditions

Matrix Analyte

Nominal conc. Measured conc.
Bias (%) C.V. (%) n
(ng/mL)
(ng/mL)

Stock solutions
-20°C, 3 m

DMSO Dabrafenib

0.495E+6

0.519E+6

4.8

2.8

3

Trametinib

1.02E+6

1.04E+6

2.3

2.0

3

3 freeze-thaw cycles Plasma Trametinib

1.51

1.44

-4.4

1.7

3

(-20°C/RT)

37.8

36.1

-4.1

1.8

3

157

148

-5.5

2.4

3

3930

3710

-5.6

1.9

3

Plasma

Dabrafenib
2-8°C, 6 h
RT, 6 h
RT, 24 h

Plasma Dabrafenib
Plasma Dabrafenib
Plasma Trametinib
Dabrafenib

-20°C, 20 d

Plasma Trametinib
Dabrafenib

2-8°C, 2 d

Final

Trametinib

extract
2-8°C, 6 d

Final

Trametinib

extract
Dabrafenib
2-8°C, 8 d

Dry

Trametinib

extract
Dabrafenib

157

156

-0.8

3.0

3

3930

3823

-2.7

0.8

3

157

141

-10.3

0.7

3

3930

3463

-11.9

1.1

3

1.51

1.38

-8.6

0.7

3

37.8

36.0

-4.8

2.6

3

157

126

-20.0

2.6

3

3930

3367

-14.3

0.3

3

1.51

1.43

-5.5

1.1

3

37.8

35

-7.2

0.3

3

157

161

2.3

2.0

3

3930

3773

-4.0

0.6

3

1.51

1.31

-13.2

1.5

3

37.8

33.0

-12.3

1.7

3
3

1.51

1.22

-19.2

0.8

37.8

32.0

-16.0

1.3

3

157

163

3.8

1.2

3

3930

3810

-3.1

3.9

3

1.51

1.37

-9.3

1.9

3

37.8

34.0

-10.8

2.4

3

157

172

9.8

0.9

3

3930

3830

-2.5

1.1

3

Conc.: concentration; C.V.: Coeﬃcient of Variation; n: number of replicates; Bold: not accepted.
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batches for the low and high concentration was respectively 3.0% and 1.9% and fulﬁlled
the criteria (≤15%). The internal standard-normalized MF ranged for both analytes from
0.961 to 1.09. These results (MF around 1) indicate that the stable isotopes as internal standards are most eﬀective in minimizing the inﬂuence of matrix eﬀects.
Stability
The results of the stability experiments are displayed in Table 4. Since non-freshly prepared calibration standards were used for the validation the stability of dabrafenib and
trametinib at -20°C in plasma during the time of the validation had to be conﬁrmed. Dabrafenib and trametinib were stable at -20°C in plasma for at least 20 days. Trametinib was
stable in plasma for at least 24 h at ambient temperature, but dabrafenib was not. Therefore stability for 6 h at ambient temperature and at 2-8°C (refrigerator) was tested. Dabrafenib was stable for at least 6 h at ambient temperature and at 2-8°C. However after 6
h at ambient temperature the dabrafenib concentration decreased with 10-11%. Therefore during sample collection the whole blood samples should be centrifuged at 4°C to
collect plasma. In addition samples should be thawed at 2-8°C and prepared on an icebath and during all preparation steps amber tubes should be used. Under these conditions the analytes are stable. Dabrafenib and trametinib were stable for at least eight days
in dry extract at 2-8°C. Dabrafenib was stable for at least six days in ﬁnal extract at 2-8°C
and trametinib only 2 days at 2-8°C. Long term stability in stock (DMSO) and plasma is
still ongoing.

Clinical application
The recommended dose of dabrafenib is 150 mg bi-daily and of trametinib 2 mg once
daily. To test the applicability of this assay dabrafenib and trametinib concentrations were
determined in 59 patient samples of patients that are treated with one or both drugs. The
results are shown in Figure 5. Almost all values are within the validated range of 50-5000
ng/mL for dabrafenib and 0.5-50 ng/mL for trametinib. Only one patient sample of trametinib had a value below the LLOQ, but this patient stopped therapy. These results demonstrate the applicability of this assay for clinical pharmacokinetic studies including
TDM.

Conclusion
A sensitive LC-MS/MS assay for the quantiﬁcation of dabrafenib and trametinib in human
plasma and urine was developed and validated. The validated assay ranges from 50-5000
ng/mL for dabrafenib and 0.5-50 ng/mL for trametinib were linear with correlation coeﬃcient (r2) of 0.996 or beter. Dilution integrity experiments show that samples can be di-
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luted 10-fold in control matrix prior to analysis. The extended concentration range for
dabrafenib is therefore from 50 to 25000 ng/mL and for trametinib, from 0.5 to 250 ng/mL.
Dabrafenib is degraded into at least 5 degradation products under the inﬂuence of light
and therefore amber coloured vials should be used for dabrafenib containing samples.
This assay is considered ﬁt to support clinical pharmacologic studies of dabrafenib and
trametinib.

Figure 5. Plasma concentrations of dabrafenib (A) and trametinib (B) of individual samples. The
solid lines show the LLOQ and ULQ of both analytes.
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Abstract
Olaparib is an inhibitor of poly ADP ribose polymerase 1 (PARP-1). Phase I and II trials showed promising results of olaparib against tumours in BRCA mutation carriers. Currently an increasing number of clinical trials with olaparib in combination
with other compounds or radiotherapy are conducted. To support these clinical trials an LC-MS/MS method was developed and validated for the quantiﬁcation of olaparib in human plasma.
Human plasma samples were collected in the clinic and stored at nominally -20°C.
Olaparib was isolated from plasma by liquid-liquid extraction, separated on a C18
column with gradient elution and analysed with triple quadrupole mass spectrometry in positive ion mode. A deuterated isotope was used as internal standard for
the quantiﬁcation.
The assay, ranging from 10 to 5,000 ng/mL, was linear with correlation coeﬃcients
(r2) of 0.9994 or beter. The assay was accurate and precise, with inter-assay and intraassay accuracies within ± 7.6% of nominal and inter-assay and intra-assay precision
≤ 9.3% at the lower limit of quantiﬁcation and ≤ 5.7% at the other concentration levels tested. All results were within the acceptance criteria of the US FDA and the latest EMA guidelines for method validation.
A quantitative method was developed and validated for the quantiﬁcation of olaparib in human plasma. The method could successfully be applied for the pharmacokinetic quantiﬁcation of olaparib in cancer patients treated with olaparib.

Highlights
•
•
•

This assay was fully validated according to the latest FDA and EMA guidelines
Liquid-liquid extraction was used as sample pretreatment with a deuterated isotope as internal standard
This assay is considered very suitable to support clinical pharmacologic studies
of olaparib
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Introduction
Olaparib is an inhibitor of poly ADP ribose polymerase 1 (PARP-1), a key member of the
PARP family [1]. Decreased activity of PARP results in accumulation of single-strand
DNA breaks and will ﬁnally lead to double strand DNA breaks. This accumulation of
DNA damage due to PARP inhibition will ultimately result in cell death. BRCA1 and
BRCA2 are important members of the homologous recombination pathway and all with
homozygous mutations in BRCA1 and BRCA2 are more susceptible to the eﬀects of PARP
inhibition [1, 2].
Early phase I and II trials showed promising results of olaparib as a single agent in
BRCA1/2-mutated and platinum-sensitive recurrent epithelial ovarian cancer (EOC) [3-5].
Currently olaparib is being tested in several phase I and phase II studies in combination
with other drugs or radiotherapy [6].
To support clinical trials with the drug, an LC-MS/MS method was developed and validated for the quantiﬁcation of olaparib in plasma. Two bioanalytical assays for olaparib
were reported before by Fong et al. [3], without bioanalytical details, and Sparidans et al.
[7]. We have now developed a LC-MS/MS method for quantiﬁcation of olaparib in human
plasma and liquid-liquid extraction as sample pre-treatment. A deuterated isotope was
used as internal standard.
Herein we describe the ﬁrst bioanalytical assay of olaparib that was fully validated according to the latest FDA and EMA guidelines on bioanalytical method validation in a
Good Laboratory Practice (GLP) environment.

Experimental
Chemicals
Olaparib was obtained from Sequoia Research Products (Pangbourne, UK) and 8H2-olaparib, used as internal standard for the olaparib assay, was manufactured by AlsaChim
(Strasbourg, France). Methanol (Supra-Gradient grade) was obtained from Biosolve Ltd
(Valkenswaard, the Netherlands). Ammonium acetate (> 98%), water (LiChrosolv), used
to prepare the mobile phase, and tert-butyl methyl ether (TBME), used for sample preparation, were purchased from Merck (Darmstadt, Germany). Water (distilled) used for
sample preparation originated from B. Braun Medical (Melsungen, Germany). Drug-free
control lithium heparinised plasma was from Bioreclamation LLC (Hicksville, NY, USA).

Stock solutions, calibration standards and quality control samples
Separate 1 mg/mL olaparib stock solutions for calibration standards and quality control
samples (QC samples) were prepared in dimethylsulfoxide (DMSO)-methanol (20:80,
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v/v). They were further diluted with methanol to obtain working solutions. The stock solution of the internal standard (IS) 8H2-olaparib was prepared at a concentration of 1
mg/mL in methanol. The IS working solution contained 5,000 ng/mL olaparib in methanol-water (1:1, v/v). Stock solutions and working solutions (of calibration standards, QC
samples and the IS) were stored at nominally -20°C.
Calibration standards were prepared freshly before each validation run. These were prepared by adding 20 µL of calibration standard working solution to 380 µL control human
plasma to obtain concentrations of 10, 30, 100, 500, 1,500, 3,000, 4,000 and 5,000 ng/mL for
olaparib.
The QC samples were prepared by adding QC working solution (50 µL) to control human
plasma (950 µL). Final olaparib concentrations at the lower limit of quantiﬁcation (LLOQ),
QC low, QC mid, QC high and QC above the upper limit of quantiﬁcation (>ULOQ) were
10, 30, 400, 4,000 and ng/mL and , respectively. The QC samples were stored in aliquots
of 100 µL at nominally -20°C.

Sample preparation
After sample collection in the clinic the plasma samples were stored at nominally -20°C.
Prior to processing the samples were thawed and a 100 µL aliquot was used for analysis.
Then olaparib was isolated from plasma by liquid-liquid extraction (LLE) with TBME. A
volume of 20 µL of IS working solution (5,000 ng/mL) was added. A volume of 1 mL of
TBME was added to the sample aliquots after which the samples were vortexed, shaked
(10 min at 1,250 rpm) and centrifuged (5 min at 20°C and 23,100 g). After snap freezing
the samples the organic layer was removed and evaporated under a gentle stream of nitrogen gas (approximately 15 minutes at 40°C). The dry extract was then reconstituted
with 100 µL methanol and 1 µL of the ﬁnal extract was injected.

Liquid chromatography-tandem mass spectrometry
The chromatographic separation was carried out using a LC-20AD Prominence binary
pump with a column oven, DGU-20A3 online degasser and a SiL-HTc controller (Shimadzu, Kyoto, Japan). The autosampler temperature was kept at 4°C and the column
oven at 40°C. The mobile phase A consisted of 10 mM ammonium acetate in water and
mobile phase B was methanol. Gradient elution was applied at a ﬂow rate of 0.25 mL/min
through a Gemini C18 column (110Å, 50 x 2.0mm ID, particle size 5.0 µm; Phenomenex,
Torrance, CA, USA) with an additional Gemini C18 guard column (4 x 2.0 mm ID). The
following phase gradient was applied: 40 to 95% B (0.0-0.5 min), 95% B (0.5-3.0 min), 95
to 40% B (3.0-3.1 min), 40% B (3.1-6.0 min). The divert valve directed the ﬂow to the mass
spectrometer between 2.2 and 3.2 min and the remainder to the waste container.
Olaparib was analysed on a Finnigan TSQ Quantum Ultra triple quadrupole mass spectrometer. This instrument was equipped with an electrospray ionization (ESI) source
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(Thermo Fisher Scientiﬁc, Waltham, MA, USA), operating in positive mode and conﬁgured in multiple reaction monitoring (MRM). The used ion spray voltage was 4000 V and
the capillary temperature was 300°C. Sheath gas, auxiliary gas, ion sweep gas and collision pressure were respectively 35 psi, 15 psi, 2 psi and 1.5 mTorr. Olaparib was monitored at m/z 435.3 → 367.1 and 8H2-olaparib was monitored at m/z 443.1 → 375.2, both at 17
V collision energy. The transitions were monitored using 100 ms dwell times. Figure 1
shows the product spectrum of olaparib. The LC-MS/MS data were acquired and processed with LCquanTM software version 2.5.6 (Thermo Fisher Scientiﬁc).

Validation procedures
The assay was fully validated in a GLP environment for calibration model, accuracy and
precisions, speciﬁcity and selectivity, dilution integrity, matrix eﬀect, carry-over and stability. This was in accordance to the US FDA and latest EMA guidelines on bioanalytical
method validation [8, 9].

Figure 1. Product ion spectrum of olaparib (precursor ion m/z 435.3).
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Results and discussion
Development
Protein precipitation is a very fast sample clean up method and therefore is often used.
For the quantitative analysis of olaparib in human plasma, this was also employed as
sample preparation method [7]. However in our hands, the analysis of protein precipitated plasma samples was not robust. Since olaparib is a very lipophilic compound liquidliquid extraction (LLE) with TBME was tested and a high recovery of the analyte was
obtained. During the development of this assay an isotopically labelled internal standard
was not available and therefore several other compounds (dasatinib, imatinib, nilotinib,
lapatinib, erlotinib, geﬁtinib and sorafenib) were tested to ﬁnd a compound with a comparable retention time to olaparib. Dasatinib, erlotinib and imatinib eluted close to olaparib (within 3 s). However, when these compounds were used as internal standard
accuracy and precision of the assay were not acceptable. Deviations of > 18.0% of the area
ratio were found in a system suitability test in neat solution with dasatinib and imatinib.
This could be due to the lower extraction recoveries of these compounds compared to

Figure 2. Representative HPLC-MS/MS chromatograms. From control lithium heparinised human
plasma (1A: olaparib transition, 1B: internal standard transition) and spiked lithium heparinised
human plasma at the LLOQ of olaparib (2A, 10 ng/mL) and of the internal standard (2B, 5,000
ng/mL).
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olaparib and to irreproducible ionization responses with the used MS parameters. When
the deuterated isotope of olaparib became commercially available, it was tested as internal standard for the quantitative analysis of olaparib in human plasma. Analyte and internal standards co-eluted and the stable isotopic labelled internal standard was most
eﬀective to compensate for matrix eﬀects and was therefore used during the validation of
the method. Figure 2 shows representative HPLC-MS/MS chromatograms of olaparib and
of the internal standard.

6

Validation procedures
Calibration model
Calibration standards were prepared and analysed in duplicate in three analytical runs.
The linear regression of peak area versus the concentration was weighted 1/x to obtain the
lowest total bias. The calibration range of olaparib in plasma was 10 to 5,000 ng/mL. Calibration curves were accepted if two-thirds of the non-zero calibration standards, inclu-

Table 1. Assay performance data for olaparib in plasma.
Run

Nominal conc. Measured conc. Inaccuracy
(ng/mL)
(ng/mL)
(% deviation)

Precision
(% C.V.)

No. of
replicates

1

10.0

9.93

-0.7

4.4

5

2

10.0

10.5

4.8

5.1

5

3

10.0

9.24

-7.6

9.3

5

Inter-assay

10.0

9.89

-1.1

8.0

15

1

30.1

29.1

-3.4

6.5

5

2

30.1

30.6

1.8

2.7

5

3

30.1

30.4

1.0

5.7

5

Inter-assay

30.1

30.0

-0.2

5.4

15

1

401

405

1.0

1.3

5

2

401

414

3.2

1.1

5

3

401

412

2.7

2.4

5

Inter-assay

401

410

2.3

1.8

15

1

4010

4187

4.4

1.3

5

2

4010

4071

1.5

1.1

5

3

4010

4207

4.9

1.4

5

Inter-assay

4010

4174

3.6

1.9

15

Conc.: Concentration; C.V.: Coeﬃcient of Variation; No.: number.
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ding a LLOQ and an ULOQ, had a deviation within ± 15% the of nominal concentration
(± 20% at the LLOQ). All calibration curves met these criteria and had correlation coeﬃcients (r2) of 0.9994 or beter.
Accuracy and precision
To assess the accuracy and precision of the assay, ﬁve replicates of QC LLOQ, QC low, QC
mid and QC high in plasma were analysed in three analytical runs.
The biases and precisions (expressed as CV%) were within the acceptance criteria (within
± 20% and ≤ 20%, respectively, at the LLOQ level and within ± 15% and ≤ 15% at the other
QC levels) and the signal to noise ratio of olaparib at LLOQ level was above 5 [8, 9]. Table
1 summarizes the intra- and inter-assay accuracies and precisions. The inter-assay accuracy over three runs in plasma ranged from -1.1% to 3.6% with and inter-assay precision
≤ 8.0%.
Five replicate samples of olaparib at QC >ULOQ (4,000 ng/mL) level that were diluted
10-fold with control plasma had a deviation of -9.8% and a CV of 14.0%, indicating that
study samples with concentrations above the ULOQ can be diluted 10-fold with acceptable accuracy and precision values.
Selectivity
Six diﬀerent batches of control plasma were spiked with olaparib at the LLOQ level to investigate the selectivity. The mean deviation from the nominal concentration was -2.8%
with a CV value of 4.8%. There were no peaks observed in double-blank samples of these
batches in olaparib and also no interferences were detected at the retention time of the internal standard. Selectivity was therefore considered suﬃcient.
Cross-analyte and internal standard interference were tested by spiking control human
lithium heparinised plasma at ULOQ level with olaparib and the internal standard was
spiked separately at the nominal concentration (one level). There was no cross-analyte or
internal standards interference observed.
Carry over
Carry over was investigated by injecting two double blank samples after a ULOQ sample in three analytical runs. No carry over eﬀect was observed in this assay for olaparib
and the internal standard 2H8-olaparib.
Matrix factor
The normalized matrix factor (MF) was determined in six plasma batches, at low and
high concentration levels in singlicate. Processed blank samples were spiked with working solutions and compared to matrix free working solutions. The normalized matrix
factor ranged from 0.964 to 1.02%. The results (normalized MF around 1) indicate that
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Table 2. Stability data for olaparib. All experiments were performed in triplicate in QC low and
QC high samples.
Matrix

Conditions

Plasma

3 freeze (-20
°C) / thaw
cycles

Plasma

Ambient,
24 hours

Plasma

-20 °C,
11 months

Dry extract

2-8 °C,
8 days

Final extract

Nominal conc. Measured conc.
(ng/mL)
(ng/mL)

2-8 °C,
7 days

DMSO:MeOH
-20 °C,
(2:8, v/v) stock
11 months
solution

Deviation
(%)

C.V. No. of
(%) replicates

30.1

30.1

0.0

2.0

3

4010

4098

2.2

0.8

3

30.1

31.6

4.9

0.5

3

4010

4006

-0.1

0.9

3

30.1

30.8

2.2

5.7

3

4010

3974

-0.9

2.9

3

30.1

30.1

0.0

3.1

3

4010

4058

1.2

1.0

3

30.1

30.6

1.7

4.8

3

4010

4128

2.9

2.3

3

1.00E+06

1.04E+06

3.7

1.4

3

Conc.: Concentration; C.V.: Coeﬃcient of Variation; No.: number.

the deuterated isotope as internal standard is most eﬀective minimizing the inﬂuence of
matrix eﬀects.
Stability
The results of the stability experiments are displayed in Table 2. Olaparib was stable at
-20°C in plasma and in DMSO-methanol (20:80, v/v) for at least 11 months. Stability experiments in plasma were performed QC low and QC high samples. In plasma olaparib
was stable for at least 24 h at ambient temperature, indicating that no speciﬁc stability
precautions were required during sample handling at the clinical site. Final extract and
dry extract stability show that the extracts can be injected up to 8 days after sample preparation.

Clinical application
A 25 mg twice daily (BID) oral dose was administered to a patient with non-small cell
lung carcinoma, as part of a phase I dose escalation trial investigating the combination of
olaparib and chemoradiotherapy in locally advanced non-small cell lung carcinoma. The
study was conducted in accordance with the International Conference on Harmonisation
guidelines for Good Clinical Practice and the Declaration of Helsinki. The protocol was
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approved by the Independent Ethics Commitee of the Netherlands Cancer Institute.
Blood samples were collected at several time points using lithium heparinised tubes and,
after centrifugation; plasma was removed and stored frozen at -20°C until analysis. The
plasma concentration-time curve of olaparib in Figure 3 shows that olaparib reached the
maximum concentration 1 hour after intake.

Conclusion
This method was developed to support clinical pharmacologic studies of olaparib. Therefore the assay was validated according to the US FDA and latest EMA guidelines and
applicable for human heparinised plasma [8, 9]. The assay is able to quantify olaparib
over a range of 10 to 5,000 ng/mL in 100 µL plasma aliquots, with the possibility to dilute
the samples containing higher concentrations 10-fold with control plasma prior to analysis. In conclusion, this assay is considered suitable and is now used to support clinical
pharmacologic studies of olaparib.

Figure 3. Plasma concentration-time curve of one dose of olaparib after 4 days of treatment (orally
25 mg BID).
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Abstract
In the last few years, several drugs targeting signalling proteins critical for melanoma entered clinical evaluation. In 2011 vemurafenib (Zelboraf®, F. Hoﬀman-La
Roche Ltd.) was approved for BRAF V600-positive melanoma and showed high
overall response rates (48-53%). However recent results from a phase II clinical trial
also showed that the median duration of response was 6.7 months and median progression free survival was 6.8 months with tumour relapse. Resistance to targeted
agents is quite common and understanding of the underlying molecular mechanisms
might predict response or failure. The knowledge of the mechanisms involved in intrinsic and acquired resistance to mutated BRAF is increasing swiftly. Subsequently
the elucidation of these mechanisms resulted in the development of rational combination therapies to overcome toxicity and resistance. These combination therapies
will be discussed.
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Introduction
Vemurafenib (Zelboraf®, F. Hoﬀman-La Roche Ltd.) has recently been approved as monotherapy for BRAF V600E mutation-positive metastatic melanoma. For a long time dacarbazine was the standard of care with an overall response rate (ORR) of only 15-20% and
no improvement in overall survival [1]. New treatment is clearly needed since the median
survival of these patients is less than one year [2]. After the discovery of activating mutations in the serine/threonine kinase BRAF, found in approximately 50-70% [3, 4] of all
melanomas, the possibilities for targeted therapy were investigated. This led to the approval of BRAF inhibitor (BRAFi) vemurafenib by the FDA in 2011 [5] All clinical trials
conﬁrmed high overall response rates (48-53%) [5-7] and in a phase III clinical trial vemurafenib showed, as compared to dacarbazine, both improved progression-free (PFS)
and overall survival (OS) in patients with metastatic melanoma with the BRAF V600E
mutation [5]. However recent results from a phase II trial showed that after a response duration of 6.7 months some patients show tumour relapse due to mechanisms that are not
fully understood [7]. In addition approximately 25% of the patients develop hyperproliferative skin lesions and some even cutaneous squamous cell carcinoma (CSCC). Now
investigators focus on the diverse pathways of vemurafenib resistance (and toxicity), because this might lead to new strategies to overcome or delay resistance and prolong responses.
In this paper we discuss the recent developments concerning BRAF signalling in melanoma pathogenesis and the development of possible combination therapies to overcome
resistance and to reduce toxicity.
Vemurafenib has shown to beneﬁt patients with BRAF V600E activating mutation in clinical trials as monotherapy. During the escalation phase of a phase I clinical trial [6] the
recommended phase II dose was determined at 960 mg twice-daily (BID). In the extension
phase, treatment with vemurafenib resulted in complete or partial tumour regression in
the majority of patients (81%, 26 patients). In a phase II study [7], vemurafenib treatment
was eﬀective (ORR: 53%) and no severe or life threatening toxic eﬀects occurred. However a large number of patients (26%) developed CSCC or keratoacanthoma (KA). Dose
reductions were needed in 45% of the patients and dose interruptions were needed in
64% of the patients. The median OS was 15.9 months. In a phase III clinical trial [5], comparing vemurafenib to dacarbazine, vemurafenib therapy was associated with a longer
median OS of 13.2 months compared to 9.6 months in the dacarbazine arm. The latest update on this study shows a 12-month OS of 55% for vemurafenib and 43% for dacarbazine
[8]. Even though the responses are high, the duration of response has been limited due to
development of resistance. The development of tumour resistance to single-targeted
agents appears inevitable and given the high responses it is of pivotal importance to identify alternative therapies that overcome this problem.
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Targeting BRAF: mechanism of action of vemurafenib
To understand the pathways that underlie resistance and toxicity, it is important to understand the mechanism of action of the drug. In 2002 researchers from the Sanger Institute found that a certain RAF kinase in the mitogen-activated protein kinase (MAPK)
pathway, BRAF kinase, was mutated in approximately 8% of a cohort of 923 tumours and
cancer cell lines [4]. BRAF mutations appeared most common in melanomas (60%), papillary thyroid, low malignant potential ovarian and colorectal cancers [4]. Melanomas
that harbour the BRAF V600E mutation constitutively activate the MAPK pathway. Vemurafenib was then developed as a potent kinase inhibitor with speciﬁcity for the BRAF
V600E mutation within cancer cells [9-11].

Figure 1. Mechanism of action of vemurafenib in vemurafenib-sensitive cells. Mutated BRAF
V600E causes excessive signalling in the RAS/RAF/MEK/ERK pathway, leading to increased MEK
and ERK.
A) Hyperactivation of the pathway leads to excessive proliferation and subsequently to tumour
growth. B) When treated with a BRAF inhibitor such as vemurafenib, the pathway is inhibited,
leading to tumour shrinkage. Additionally PTEN normally inhibits the PI3K pathway thus proliferation and cell survival through this pathway is inhibited also. RTK: receptor tyrosine kinase;
PDGFRβ: beta-type platelet derived growth factor.
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BRAF is the second kinase in the cascade consisting of RAS, RAF, MEK (mitogen-activated protein kinase) and ERK (extracellular signalling-regulated kinase [MAPK] kinase)
(Figure 1). It is long known that signal transduction through this pathway is involved in
proliferation, invasion and drug resistance of various cancer types. The MAPK pathway
is one of the key regulators of cell cycle progression and is commonly activated in human
tumours. In normal cells activation of receptor tyrosine kinase (RTK) stimulates phosphorylation of guanine exchange factor (GEF), including SOS1/SOS2, that activate RAS.
Activated RAS binds to activated RAF which subsequently leads to phosphorylation of
MEK. Finally MEK phosphorylates ERK which enters the nucleus. By inhibiting ERK signalling in a V600 BRAF-selective manner, with a BRAFi such as vemurafenib, cell proliferation is inhibited [12].
Vemurafenib only inhibits the ERK pathway and cell proliferation in tumours with mutant BRAF. In tumours and normal cells with wild-type BRAF vemurafenib causes paradoxical activation of the pathway which will be discussed in the toxicity and resistance
part. However vemurafenib only reactivates the pathway when there is upstream RAS or
RTK (receptor tyrosine kinase) activity (Figure 2). Since vemurafenib is a very speciﬁc inhibitor of ERK signalling this underlies its broad therapeutic index in V600E mutated melanoma.

Figure 2. Mechanism of the development of cutaneous squamous cell carcinoma in non-mutated BRAF cells.
A) In wild-type BRAF cells, cell growth
is regulated by the RAS/RAF/MEK/
ERK pathway.
B) In RAS mutated cells with the BRAF
wild-type gene that are treated with vemurafenib, BRAF/CRAF heterodimerization induces MEK/ERK signalling.
This leads to increased proliferation,
which might be the cause of the development of cutaneous squamous cell carcinoma in some patients.
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Toxicity and resistance
Mechanisms of toxicity
Vemurafenib has shown remarkable results in clinical trials conducted so far. However
approximately 25% of the patients develop hyperproliferative skin lesions and some even
CSCC. These cutaneous side eﬀects disappeared after drug withdrawal. An explanation
for this can be found in the ﬁnding that selective BRAFi can suppress the RAF/MEK/ERK
pathway in tumour cells that harbour a BRAF-mutation, but can activate this same
pathway in tumour cells with a mutation in the KRAS gene, which possesses a wild type
BRAF gene [13-16]. In normal cells activation of the BRAF/MEK/ERK pathway promotes
cell growth, but excessive activation is associated with cancer. Signal activation through
RAS enzymes is low when BRAF is mutated, so ERK signalling is predominantly activated by mutated BRAF. This activation may lead to tumour growth (Figure 2). When BRAFi
are given this activation of ERK by the mutated kinase is suppressed, which causes cell
death and tumour shrinkage. In RAS mutated cells with the BRAF wild-type gene, BRAF
inhibitors block phosphorylation of RAF monomers (BRAF or CRAF), which subsequently form dimeric complexes (BRAF-CRAF). The formation of these complexes causes excessive signalling; a process that is enhanced by the presence of an oncogenic RAS
mutation [13-16]. This activation is also called the paradoxical activation of ERK. This
might explain the formation of skin lesions (KA) and CSCC in some patients treated with
vemurafenib. Following this ﬁnding lesions from patients that were treated with a BRAFi
were analysed for oncogenic mutations. Mutations in RAS, and particularly in HRAS, are
frequent in CSCC and KA in patients treated with a BRAFi [17-20]. RAS mutations and
phosphoinositide 3-kinase (PI3K) gene mutations have been found as well [17, 19]. In addition the observation of Zimmer et al. (2012) suggest that melanocytes bearing or acquiring oncogenic RAS are at increased risk of developing secondary melanoma [21]. Further
investigations are needed in larger groups to fully understand the mechanisms of the potentially melanoma-inducing eﬀect of BRAF inhibitors.

Mechanisms of resistance
Even though the responses that are seen are profound, they are also temporary. There
are cases known where patients show initial response after 2 months of treatment and
then show disease progression another 2 months later [22]. On the other hand, there are
also patients who have responses that persisted for 18 months and who remain on therapy
[23]. Approximately 20% of patients with BRAF mutated melanoma tumours are not responsive at all due to intrinsic resistance [24]. It is important to know which mechanisms
underlie the emergence of resistance following initial response to develop new rational
therapeutic strategies to prevent or overcome resistance. So far, there is no evidence of ga-
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tekeeper resistance in BRAF inhibitor resistance [25].
Cell proliferation pathways are often complex and overlap each other. Thus, there may
be diﬀerent genetic alterations in cell proliferation pathways that can bypass BRAF inhibition. Mutations in the PI3K/AKT pathway and PTEN loss can aﬀect responses to BRAFi
(Figure 3) [26, 27]. Moreover, overexpression of cyclin D1 in combination with CDK4 (cyclin-dependent kinase 4), may contribute to resistance to BRAF-speciﬁc inhibitors in BRAF
mutated melanoma [28]. The overlap between mutations in cyclin D and CDK4 and BRAF
mutations in melanoma is approximately 40% [29]. Additionally deletion of retinoblastoma protein (Rb) has also been reported to mediate intrinsic resistance [27].

7

Figure 3. Mechanisms of intrinsic and acquired resistance in the RAS/RAF/MEK/ERK pathway. Intrinsic resistance for BRAF inhibitors can be mediated by alterations in the PI3K pathway. Due to
decreased activity of PTEN, caused by PTEN loss, PTEN is unable to inhibit the PI3K pathway
which leads to activation of PI3K. There are several mechanisms known for acquired resistance.
Increases of IGF-1R and in AKT activity also leads to activation of the pathway and thus to increased proliferation. Activation of RAS due to RAS mutations or upstream activation of PDGFRβ
or another tyrosine kinase receptor promotes the formation of RAF dimers. When a BRAF inhibitor (vemurafenib/dabrafenib) binds to one member of the dimers, the other one is activated. In
these cells vemurafenib does not inhibit the pathway, leading to resistance. Additionally overexpression of COT results in activation of MEK and ERK in a RAF-independent manner and thus in
resistance. When BRAF is mutated LKB1 (tumour supressor) is inhibited by p90rsk and ERK and
subsequently AMPK is unable to inhibited cell growth.
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So far there several mechanisms have been discovered that describe acquired resistance
(Figure 3). One of these mechanisms involves the formation of RAF protein dimers. As
described above, vemurafenib only inhibits RAF activation in cells with a BRAF V600
mutation. In cells with normal RAS, RAF proteins form dimers, and the binding of the
drug to one RAF in the dimer activates the other [13, 14, 16]. In cells with a BRAF V600E
mutation, however the levels of activated RAS are too low to promote adequate formation of RAF dimers and vemurafenib inhibits RAF activity and ERK signalling. If mutant
RAS is introduced, cells with mutant BRAF become resistant to vemurafenib [16]. When
RAS is highly active, due to RAS mutation or upstream activation of a receptor tyrosine
kinase (RTK), RAS promotes formation of RAF dimers (Figure 3). Vemurafenib inhibits
only one member of the dimer and the other is still activated, so the pathway is not inhibited [16]. Nazarian et al. (2010) conﬁrmed this theory in a patient in whom resistance to
vemurafenib developed by a mutation in NRAS [15]. They also suggested that platelet
derived growth factor receptor β (PDGFRβ) is overexpressed in cellular models for BRAFinhibitor resistance. PDGFRβ overexpression was associated with resistance despite continued inhibition of ERK signalling in the presence of the drug [15]. Other RTKs may also
be involved in mechanisms of resistance. Villanueva et al. (2010) found that under conditions of chronic BRAF inhibition, IGF-1R is increased in post-relapse human tumour
samples [30]. IGF-1R promotes cell proliferation and survival through the
PI3K/AKT/mTOR pathway.
Another mechanism involves COT protein kinase (MAP3K8 or Tpl2)[31], which can activate ERK and MEK in a RAF-independent manner [32]. A correlation has been found between increased COT expression and acquired resistance to BRAFi in tissue from patients
with relapsing tumours [31]. ERK can also be activated in a MEK-dependent manner in
which COT directly activates ERK. This would suggest that ERK inhibition or direct COT
inhibition may be needed to intercept this mechanism [33].

Vemurafenib combination therapy for the treatment of melanoma
Patients with BRAF V600E positive melanoma will eventually experience relapse or progression on vemurafenib treatment. As described many mechanisms are now being investigated that may underlie resistance to RAF inhibitors [15]. In addition to resistance,
toxicities associated with BRAFi, such as the appearance of CSCC, must be overcome.
Therefore there is a strong need for rational combination strategies that target oncogenic
pathways along with BRAF. More and more preclinical and clinical studies show encouraging results towards the future of melanoma treatment. But to answer the question
whether or not the suggested combination regimens can overcome resistance and toxicities the proposed interference mechanisms of these combinatorial drugs need to be eva-
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luated. Below these mechanisms will be discussed (Figure 4).

MEK inhibitors
As discussed before, the development of mutations in genes such as NRAS [15] or MEK
[34] seem to potentiate signalling through the RAS-MEK-ERK pathway by reactivation of
MEK in tumours that are exposed to BRAFi. This observation led to the suggestion that
the combination of BRAF and MEK inhibitors may enhance growth inhibition. While
BRAFi only inhibit ERK signalling in cells with mutant BRAF, MEK inhibitors block the
ERK pathway in both tumour and normal tissue. Therefore therapeutically acceptable
doses of these compounds are limited by the side eﬀects associated with ERK inhibition
in normal tissue, such as intolerable skin rashes [23, 35].
The combination of BRAFi GSK2118436 (dabrafenib) and GSK1120212 (trametinib) is cur-

Figure 4. Targeting the RAS/RAF/MEK/ERK pathway to overcome BRAF inhibitor induced resistance in melanoma. Several targets to overcome resistance due to an active member of RAF dimers
are investigated. By simultaneously blocking MEK and mutated BRAF inhibition of cell growth
might be enhanced. Due to loss of PTEN the PI3K pathway is stimulated resulting in proliferation
and survival. By inhibiting PI3K in combination with inhibition of mutated BRAF or MEK the
cross-talk between the RAS/RAF/MEK/ERK and PI3K/AKT pathway is blocked. Additionally activation through AKT is inhibited. Metformin can activate AMPK indirectly by increasing the cellular AMP/ATP ratio. Activated AMPK inhibits cell proliferation and survival.
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rently widely investigated. The oral drug trametinib is a selective inhibitor of MEK 1 and
MEK 2 and showed evidence of tumour regression and disease stabilization in patients
with V600E and V600K positive melanoma in clinical trials. In a phase III clinical trial [36]
PFS was 4.8 months for trametinib and 1.5 months for chemotherapy (dacarbazine or paclitaxel). At 6 months the rate of overall survival (OS) was 81% in the trametinib group and
67% in the chemotherapy group, despite crossover. In 74% of the patients some degree of
tumour regression was observed and 22 % had a suﬃcient degree of sustained tumour regression to qualify as a conﬁrmed objective response according to RECIST. This response
rate that is associated with trametinib seems to be inferior to that with vemurafenib. The
molecular basis for this lesser degree of tumour regression observed with a MEK inhibitor than with a BRAFi is unknown. No cases of CSCC were observed during the course
of treatment with trametinib in this trial.
A phase III trial comparing dabrafenib to dacarbazine was recently published [37, 38].
This study shows a median PFS of 5.1 months for dabrafenib and 2.7 for dacarbazine. The
conﬁrmed ORR was 53% for dabrafenib and 19% for dacarbazine. This response rate is
consistent with the outcome of a phase I clinical trial in patients with melanoma, untreated brain metastasis, and other solid tumours where they found an ORR of 47% [39]. Serious adverse events on the dabrafenib arm included pyrexia (4%), CSCC (6%) and new
primary melanomas (2%) [37, 38].
Mutations that activate RAS or MEK lead to hyperactive RAS-MEK-ERK pathway which
is insuﬃciently inhibited by BRAF or MEK inhibition alone. In in vitro models Greger et
al. were able to demonstrate that the combination of these inhibitors show profound
growth arrest and restoration of transcriptional output [40]. This transcriptional output
includes a decrease in genes designated as ERK transcriptional output genes. Conclusions from this data are that the combination of a BRAF and MEK inhibitor, in their case dabrafenib and trametinib, can overcome resistance to BRAFi due to NRAS and/or MEK
mutations in vitro. This hypothesis is now tested in clinical phase I/II trials [41-43]. Recently published data conﬁrmed response rates of 76% (n=6) when given 150 mg BID dabrafenib and 2 mg once-a-day (QD) trametinib compared with 54% with dabrafenib
monotherapy (150 mg BID) [44]. Median progression-free survival in the combination
group (150 mg BID dabrafenib and 2 mg QD trametinib) was 9.4 months, as compared
with 5.8 months in the dabrafenib monotherapy group (150 mg BID). The most common
grade 3/4 adverse events were pyrexia, fatique and dehydration. CSCC occurred in 7% of
patients that received the combination 150 mg BID dabrafenib and 2 mg QD trametinib
and in 19% receiving monotherapy. Pyrexia was more common in the combination group
(71%) than in the monotherapy group (26%) [44]. These results show that the combination
therapy of dabrafenib and trametinib has a lower incidence of BRAFi-induced hyperproliferative skin lesions compared with single treatment [43]. The clinical activity observed in patients with the V600 BRAF mutant melanoma is encouraging and will be
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investigated in two phase III trials. In the ﬁrst phase III trial dabrafenib plus trametinib
will be compared to vemurafenib monotherapy (NCT01597908). In the second phase III
trial dabrafenib in combination with trametinib will be compared to dabrafenib in combination with a placebo in unresectable or metastatic BRAF V600E/K cutaneous melanoma (NCT01584648).

PI3K/mTOR inhibitors
It is known that if BRAF is repressed that melanomas trigger an alternative signalling
pathway, thus the tumour can continue to rely on MAPK for maintenance of the malignant phenotype. Villanueva et al. found that under conditions of chronic BRAF inhibition, melanomas rely on IR/IGF-1R-mediated survival pathways [30]. In addition to
increased activation of BRAF and MEK, the members of the PI3K pathways are elevated
in metastatic melanoma [30, 45]. The enhanced activity of PI3K/AKT suggests the possible existence of a negative crosstalk between these two pathways. The PI3K/AKT and
RAS/RAF/MEK/ERK pathway can both be activated by oncogenic RAS and appear to provide some compensatory signalling when one or the other is inhibited. When mTOR, a
downstream target of AKT, is inhibited, PI3K can activate MAPK via RAS [30, 46]. Crosstalk between MAPK and PI3K has been reported in other cancer systems, but not much
is known in melanoma. Simultaneous MEK and IGF-1R/PI3K/AKT/mTOR inhibition led
in preclinical experiments to cytotoxicity in melanomas that are resistant to BRAFi [30, 40,
47, 48].
In in vitro melanoma models inhibition of PI3K/mTOR reduces the growth of tumours
[49]. It was also found that the addition of PI3K/mTOR inhibitor GSK2126458 to either dabrafenib or trametinib further reduced cell proliferation. The combination of GSK2126458
(PI3K/mTor inhibitor) and trametinib (MEKi) is more potent and more eﬀective than the
combination of GSK2126458 and dabrafenib (BRAFi) in short- and long-term assays [40].
These preclinical studies provided a clear rationale for the investigation of the clinical effect of these combination therapies. Shimizu et al. (2012) evaluated the clinical relevance
of the dual-targeting strategy involving PI3K/AKT/mTOR and RAF/MEK/ERK pathways
in patients with advanced cancer [50]. One group received a PI3K pathway inhibitor in
combination with a MAPK pathway inhibitor and the other group was treated with an inhibitor of either the PI3K or MAPK pathways. They concluded that the inhibition of both
pathways may potentially have favourable eﬃcacy compared with the inhibition of either
pathway, at the expense of greater toxicity. This approach may be especially important in
patients with a coexisting PI3K mutation, but it is uncertain how well tolerated the combination will be. Another phase I/II trial combining a PI3K inhibitor (BKM120) and a
BRAFi (vemurafenib) has just started [50, 51].
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Immunotherapy
One of the best qualities of cellular immunotherapy in cancer responses is that they are
extremely long lived, frequently measured in years. However, these durable objective
responses are rare and noted in approximately 15%-20% of the patients [52, 53]. Begley
and Ribas (2008) proposed that the antitumor activity of adequately stimulated tumour
antigen, speciﬁcally of T cells, is limited by local factors within the tumour environment
and that pharmacologic modulation of this milieu may overcome tumour resistance to immunotherapy [54]. They hypothesised that by understanding the mechanisms of cancer
cell immune escape, it may be possible to design rational combinatorial approaches of
novel therapies. Pharmacological interventions with speciﬁc inhibitors of oncogenic
events in cancer cells could sensitise cancer cells to immune atack. This has been termed
immunosentization [54]. Targeted drugs that block key oncogenic mechanisms in cancer
cells, that induce a proapoptotic cancer cell environment and that do not negatively inﬂuence the critical lymphocyte functions would be ideal as immune sensitising agent [54].
Vemurafenib seems to meet most of the criteria’s since it selectively inhibits a driver oncogene in cancer cells [55], which is neither present nor required for the function of lymphocytes [56]. Vemurafenib treatment results in rapid melanoma cell death which is seen
in clinical trials by the high frequency of early tumour responses in patients [5-7].
The combination of immunotherapy and targeted therapy is even more interesting because of the results from clinical trials with immunostimulant ipilimumab. A 2-year survival of more than 30% in patients with stage IV metastatic melanoma was reported [57,
58]. Given the results of BRAFi and ipilimumab the understanding of immune response
to melanoma following selective BRAFi treatment is important to develop combination
therapies. Wilmot et al. (2011) found that tumour inﬁltration by CD4+ and CD8+ lymphocytes increased markedly following BRAFi treatment [59]. More important the increase of CD8+ lymphocytes correlated with a decrease in the size and metabolic activity
of tumours. The mechanisms that are involved in this increase of tumour inﬁltrating lymphocytes (TILs) are not yet deﬁned. However prior studies would support the view that
this may involve suppression of the release of immunosuppressive factors from the melanoma and increased melanoma antigen expression leading to more eﬀective T-cell recognition [59].
Koya et al. (2012) provided another study which supports the combination of immunotherapy and selective BRAF inhibition [60]. They found that combined therapy with vemurafenib and T cell receptor (TCR) engineered adoptive cell transfer (ACT)
immunotherapy, resulted in superior antitumor eﬀects against a fully syngeneic BRAF
V600E mutant melanoma cell line. Vemurafenib did not change the cell expansion or distribution of adoptively transferred cells by morphological and molecular imaging studies. However, the lymphocytes that were exposed to vemurafenib had higher pERK,
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which is a key feature of an activated MAPK signalling pathway. They also noted that intrinsic ability to increase the cytotoxic function of antigen-speciﬁc T cells, and TILs from
vemurafenib-treated mice had higher functional activation with increased ability to release the immune stimulating cytokine IFN-y upon antigen re-exposure.
These studies all support the combination of selective BRAFi and immunotherapeutic
agents such as ipilimumab. Currently the enrolment is ongoing of a phase I/II trial of vemurafenib and ipilimumab in patients with BRAF V600 mutation-positive metastatic melanoma [61].

Metformin
One of the new discoveries is that there is a linkage between BRAF and LKB1/AMPK
(AMP-activated protein kinase) [50, 51, 62]. The liver kinase B1 (LKB1) is a serine/threonine kinase that functions as a tumour suppressor gene and is inactivated in Peuz-Jeghers
syndrome. LBK1 in combination with low energy conditions activates the AMP-activated
protein kinase (AMPK), which results in inhibition of cell growth and proliferation. LBK1
can be phosphorylated by ERK and p90RSK, but this compromises its ability to bind and
activate AMPK. In BRAF V600E mutant melanoma cells there is an uncoupling of the
LKB1-AMPK complex [63, 64]. This suggests that AMPK can no longer be phosphorylated and therefore activated by LKB1, resulting in AMPK being unable to inhibit cell
growth, proliferation and survival. This uncoupling of the LKB1-AMPK complex allows
BRAF V600E oncogene-driven cancer cells to become resistant to energy stress and avoid
apoptosis [63]. AMPK is activated by metabolic stress which results in an increase of the
cellular AMP/ATP ratio either by inhibition of ATP synthesis (ischaemia or hypoxia) or accelerating ATP consumption (muscle contraction) [62].
Recent studies report direct antitumor eﬀects of modulating AMPK in melanoma tumour
lines with a BRAF mutation and another with an NRAS mutation [65]. This study suggests
that AMPK may have a role as a negative regulator and suppressor of malignant melanoma cell growth, which promotes the evidence of expanding investigations of the role
of AMPK in melanoma.
Metformin is a well known guanidine derivative and is used for over 50 years in the treatment of type-2 diabetes. Both metformin and its analogue phenformin enter the cell by
the organic cation transporter-1 (OCT-1). There it inhibits mitochondrial ATP production
and can thus activate AMPK indirectly by increasing the cellular AMP/ATP ratio [66]. Deletion of LKB1 in mice diminished the eﬀect of metformin on AMPK activity and blood
glucose levels. This establishes the role of LKB1 as the main kinase that mediates AMPK
activation upon exposure to metformin [67].
In a preclinical study Niehr et al. (2011) tested if the combination of BRAF oncogene inhibition and metabolic modulation of AMPK would be more eﬀective than either manipulation alone [62]. They found that metformin monotherapy inhibited proliferation in 12
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out of 19 cell lines. The combination of vemurafenib (BRAFi) and metformin showed synergistic anti-proliferative eﬀects on BRAF V600E mutant cell lines. However this combination did not reverse natural or acquired resistance to vemurafenib in the BRAF V600E
mutant cell lines. More details about the understanding of these eﬀects should be generated before vemurafenib and metformin should be considered in the clinic [62].

CKD4 inhibition
Smalley et al. (2008) found that increased expression of cyclin D1 in combination with
CDK4 can mediate BRAFi resistance in BRAF V600E mutated melanoma [28]. Currently
the only potential pharmacologic target is CDK4 and CDK4 inhibitors have recently entered early clinical development. In patients with mantle cell lymphoma, in which a translocation leads to increased cyclin D1 expression and CDK4 activity, the CDK4/6 inhibitor
PD0332991 inhibited phosphorylation of markers of proliferation such as Rb [68]. In the
future it may be possible to combine CDK4 inhibitors with a BRAFi in patients with a
translocation resulting in enhanced CDK4 activity and cyclin D1 expression and a BRAF
mutation.

HSP90 inhibition
Thus far many diverse mechanisms of resistance for BRAFi are discussed. The likelihood
that others exist can complicate the design for combination therapies and future clinical
trials. Therefore Paraiso et al. (2012) hypothesised that resistance may be best managed
by targeting strategies that inhibit multiple pathways simultaneously [69]. The heat shock
protein 90 (HSP90) regulates many functions of many RTKs and kinases that are required for oncogenic transformation [70, 71]. Mutated BRAF, CRAF, IGF-1R, cyclin D1, CDK4
and AKT are all clients of HSP90 which is required for melanoma initiation and progression [72, 73].
There are currently more than 13 HSP90 inhibitors at various stages of preclinical and clinical development [71]. Thus far they have shown limited single-agent activity, but more
promising clinical eﬃcacy has been seen when combined with other drugs [74-77]. Paraiso
et al. (2012) investigated the potential use of the HSP90 inhibitor (XL888) in diﬀerent cell
models of vemurafenib resistance (xenografts) [69]. They found that XL888 inhibited tumour growth and induced apoptosis in vemurafenib-resistant melanoma cell lines. HSP90
inhibition showed to be more eﬀective in restoring BIM (apoptosis inducer) and down regulating Mcl-1 (prosurvival protein) than combined MEK/PI3K inhibitor therapy. HSP90
inhibition may be a highly eﬀective in the treatment of the diverse pathways of BRAFi resistance.
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Conclusions
When reviewing the possibilities for vemurafenib combination therapy one is required to
enlist all mechanisms of resistance because they are inextricably linked. These possible opportunities for resistance highlight the continuous adaptive switch of cancer cells to different signalling pathways as a survival strategy and the advantages and (future)
successes using sequential and combination treatment. The ease in which tumour cells
adapt to survive is important to keep in mind when trying to answer the question if combination therapy can overcome toxicities and resistance.
In conclusion, the combinations discussed are deﬁnitely a promising approach to overcome unresponsiveness of melanoma. The combination of BRAF and MEK inhibitors for
instance, shows a decrease in CSCC cases and so far an increased PFS of 7.4 months [43].
However head-to-head comparison of a BRAF inhibitor and the combination of a BRAF
inhibitor and a MEK inhibitor should be postured to unravel whether the combination approach has added therapeutic value. Other combinations are worth investigating clinically, as in some cases only preclinical results are available. Additionally, the elucidation
of pathways underlying toxicities and resistance is important as a basis to develop eﬀective strategies to reverse unresponsiveness.
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Abstract
Pharmacokinetic monitoring is increasingly becoming an important part of clinical
care of tyrosine kinase inhibitor treatment. Vemurafenib is an oral tyrosine kinase inhibitor which inhibits mutated serine/threonine protein kinase B-Raf (BRAF) and is
approved for the treatment of adult patients with BRAF V600 mutation-positive unresectable or metastatic melanoma. The aim of this study was to establish the relationship between dried blood spot (DBS) and plasma concentrations of vemurafenib
to enable the use of DBS sampling, which is a minimally-invasive form of sample collection.
In total, 43 paired plasma and DBS samples (in duplicate) were obtained from 8 melanoma patients on vemurafenib therapy and were analyzed using HPLC-MS/MS.
Plasma concentrations were predicted from the DBS concentrations using two different methods: 1) using individual hematocrit correction and the blood cell-toplasma partitioning and 2) using the calculated slope explaining the relationship
between DBS and plasma concentrations (without individual hematocrit correction).
Vemurafenib DBS concentrations and plasma concentrations showed strong correlation (r=0.964) and the relationship could be described by [vemurafenib]plasma=[vemurafenib]DBS/0.64). The predicted plasma concentrations were within ±20% of the
analyzed plasma concentrations in 97% and 100% of the samples for the methods
with and without hematocrit correction, respectively.
In conclusion, DBS concentrations and plasma concentrations of vemurafenib are
highly correlated. Plasma concentrations can be predicted from DBS concentration
using the blood cell-to-plasma partition and the average hematocrit value of this cohort (0.40 L/L). DBS sampling for pharmacokinetic monitoring of vemurafenib treatment can be used in clinical practice.
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Introduction
Dried blood spot (DBS) sampling for therapeutic drug monitoring (TDM) is increasingly
used [1, 2]. DBS sampling is a minimally-invasive form of sample collection. After collection, there is no need for centrifugation and storage and shipment can usually be done
at room temperature. For TDM speciﬁc advantages are that sampling can be done easily
at home by the patient at predeﬁned time points such as just before drug intake (trough
concentration). TDM is increasingly becoming an important part of clinical care for many
new drug classes.
With the introduction of tyrosine kinase inhibitors, which are taken orally on a continuous base, TDM is now more frequently used in oncology [3]. Vemurafenib is an oral tyrosine kinase inhibitor which inhibits mutated serine/threonine protein kinase B-Raf
(BRAF) and is approved for the treatment of adult patients with BRAF V600 mutation-positive unresectable or metastatic melanoma.
Recently, new data was published on the relationship between vemurafenib plasma concentrations and tumor response and toxicity [4-7]. Patients with disease progression had
lower plasma concentrations compared to patients with stable disease and in partial and
complete responders. Three independent groups suggested a TDM target concentration
of 42 µg/mL [4-7]. Plasma concentrations exceeding 62 µg/mL have been associated with
higher risk for the development of grade ≥2 rash [7]. These results emphasize the importance of early drug monitoring of melanoma patients using vemurafenib to identify patients with a higher risk for treatment failure or grade ≥2 skin rash.
Currently, plasma concentrations are the gold standard for TDM. DBS sampling is a patient friendly and simple alternative but the pharmacokinetics of vemurafenib have only
been explored in plasma so far. To be able to use DBS sampling to determine the vemurafenib plasma concentration, the relationship between plasma and DBS concentrations
of vemurafenib has to be established.
Therefore, the objective of the current study was to compare vemurafenib concentrations
in DBS and plasma using two high performance liquid chromatography tandem mass
spectrometry (HPLC-MS/MS) assays which were validated and previously described [8,
9]. The correlation between DBS and plasma concentration was studied and two methods
to predict plasma concentrations from DBS concentration were evaluated.

Patients and methods
Patients
The current study was a sub-study of a longitudinal follow up cohort study of patients of
the Antoni van Leeuwenhoek/Netherlands Cancer Institute (AvL-NKI) on vemurafenib
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therapy. Patients in this sub-study were sampled (plasma and DBS) in the outpatient clinic during their monthly routine follow up (while on steady state). According to the guieline for method comparison and bias estimation using patient samples from the Clinical
and Laboratory Standards Institute (CLSI) at least 40 patient samples were needed [10].
Patients were recruited from March 2013 to March 2014. This study was approved by the
medical ethics commitee of the AvL-NKI and informed consent was obtained from all patients.

Sampling
Whole blood (by venipuncture) and ﬁnger prick blood samples were collected within 10
minutes of each other by the same nurse. The whole blood samples were collected in
K2EDTA tubes, centrifuged for 10 min at 1700 g to isolate plasma, which was stored at nominally -20°C pending analysis. After sterile cleaning of the skin, four DBS samples were
obtained using a 1.8 mm contact-activating lancet (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) on a Whatman FTA® DMPK-A card (Whatman, GE Healthcare,
Buckinghamshire, UK). The DBS samples were dried for at least 3 h at room temperature
and were stored at room temperature in a foil bag with a desiccant package pending further analysis.

Bioanalysis
Bioanalysis of plasma [9] and DBS [8] was performed using two HPLC-MS/MS methods
that were described previously and were validated according to the FDA and EMA guidelines for bioanalytical method validation [11, 12]. Brieﬂy the sample pretreatment for
plasma included liquid-liquid extraction using tert-butyl methyl ether (TBME). Vemurafenib was separated on a C18 column (Gemini C18 column, 110 Å, 50 x 2.0 mm ID, particle size 5.0 µm; Phenomenex, Torrance, CA, USA) with gradient elution and analyzed
with triple quadrupole mass spectrometry (Finnigan, TSQ Quantum Ultra; Thermo Fisher Scientiﬁc, Waltham, MA, USA). Vemurafenib proved to be stable for at least 424 days
in plasma at -20°C [9].
DBS samples were ﬁrst visually inspected to ensure the spots were at least 3 mm in diameter on both sides of the paper. Prior to processing, a 3 mm diameter disc was punched
(hand punch, Fiskars, 3 mm circle) from the sample collection card. Vemurafenib was extracted from this punched sample by methanol-acetonitrile (50:50, v/v). The same HPLCMS/MS setings as described above were used for analysis. The DBS samples were
analyzed in duplicate, according to the guidelines for method comparison of the CLSI, to
determine the diﬀerence between the two spots.[10] Additional stability results showed
that vemurafenib was stable for at least 827 days on the FTA® DMPK-A cards, since QC
low (3 µg/mL) and QC high (75 µg/mL) both had a deviation within ±15% of the nominal
concentration. The average of the two samples was compared to the plasma concentration.
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The range of both assays was from 1 to 100 µg/mL and in both assays, 13C6-vemurafenib
was used as internal standard.

Comparison of DBS versus plasma concentrations
DBS concentrations and plasma concentrations were compared with two methods. In method 1, plasma concentrations were predicted from the DBS concentration using the following equation, which accounts for the individual hematocrit values (Hct) and the red
blood cell-to-plasma partition ratio:

[ Analyte] plasma =

[ Analyte]DBS
(1 − Hct ) + K BC: plasma ⋅ Hct

(1)

Where [Analyte]plasma is the predicted analyte concentration in plasma, [Analyte]DBS is the
analyte concentration in DBS, Hct is the individual hematocrit value and KBC:plasma is the
blood cell-to-plasma partitioning coeﬃcient, which indicates the aﬃnity for plasma and
its cell components. This equation was used previously by Jager et al. [13]. The value for
KBC:plasma can be calculated with the following equation:

[ Analyte]BC = K BC: plasma ⋅ [ Analyte] plasma

(2)

Where [Analyte]BC is the analyte concentration in red blood cells, [Analyte]plasma is the
plasma concentration and KBC:plasma is the blood cell-to-plasma partitioning coeﬃcient. A
value of 11.40% of vemurafenib bound to red blood cells has been described [14]. If this
fraction is used for [Analyte]BC and the remaining 88.6% for [Analyte]plasma the KBC:plasma is
0.129, which was used to predict the plasma concentration in equation 1.
With method 2, plasma concentrations were predicted without individual hematocrit correction to investigate whether DBS sampling can also be used without individual hematocrit determination (see Equation 3). In this method the slope (m), which describes the
relationship between the analyzed plasma concentration and the analyzed DBS sample
concentration, was used to predict the plasma concentration.

[ Analyte] plasma =

[ Analyte]DBS

(3)

m

Statistics
The diﬀerence between the in duplicate analyzed DBS samples were compared using
Bland-Altman plots. The plasma and DBS concentrations were compared using weighted
Deming regression. The slope of the regression line was used to describe the relationship
between the plasma and DBS concentration in method 2. The predicted and analyzed

139

8

CLINICAL PHARMACOLOGY

concentrations were compared using Bland-Altman plots. Acceptance criteria for the
agreement between predicted and analyzed plasma concentrations were based on the
guidelines for bioanalytical method validation of the FDA and EMA (incurred samples
reanalysis) [11, 12]; the diﬀerence in concentration should not exceed ±20% of their mean
for at least 67% of the samples. All calculations were performed with the R statistical software package (version 3.1.0; hppt://cran.r-project.org).

Results
Patients and sampling
In total, 43 duplicate DBS samples and plasma samples were collected from 8 patients
during multiple hospital visits. Two DBS sample duplicates were not suitable for analysis because the spot size was too small. For 32 of the adequate DBS samples, a hematocrit
value was available from a corresponding venous blood sample which was used for individual hematocrit corrections. The mean hematocrit of the venous samples was 0.40
L/L (0.27 to 0.49 L/L). Vemurafenib doses ranged from 480 mg BID to 960 mg BID.

DBS versus plasma concentrations
Figure 1 shows the relationship between the analyzed plasma concentration and the analyzed DBS concentration. Strong correlation was found with a correlation coeﬃcient of
r=0.964. The concentrations found in DBS samples were consistently lower than the cor-

Figure 1. Correlation of plasma concentrations of vemurafenib and the
corresponding DBS sample concentrations. Weighted Deming regression
was used describe the correlation between vemurafenib plasma and DBS
sample concentrations. The broken
red line is the line of identity, the solid
line is the line of regression, and the
two broken black lines indicate the
95% conﬁdence interval. The slope is
0.64 (95% CI, 0.60 to 0.68) and the intercept is -0.83 (95% CI, -1.97 to 0.31).
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responding plasma concentration. The slope was determined to be 0.64 (95% CI, 0.60 to
0.68) with an intercept of -0.83 µg/mL (95% CI, -1.97 to 0.31) and was used to predict the
plasma concentration using method 2.
The DBS samples were analyzed in duplicate to determine the diﬀerence between the
two spots. Figure 2 shows a Bland-Altman plot of the mean concentration of the two DBS
samples and the diﬀerence between the two DBS samples, which shows the excellent reproducibility of DBS sampling.
Figure 3 shows the regression of the observed and the predicted plasma concentrations
(using both methods). For method 1, the slope was 1.03 (95% CI, 0.96 to 1.09) and the intercept was -2.75 µg/mL (95% CI, -4.61 to -0.89 µg/mL). For method 2 (without individual
hematocrit correction) the slope was 1.00 (95% CI, 0.94 to 1.07) and the intercept was
-1.42 µg/mL (95% CI, -3.31 to 0.48 µg/mL). For both methods the theoretical optimal values for slope (1) and intercept (0 µg/mL) are in the conﬁdence intervals indicating that
both methods adequately predict the observed plasma concentrations.
Figure 4 shows a Bland-Altman plot of the predicted plasma concentration and the analyzed plasma concentration. With method 1, the diﬀerences between the predicted plasma
concentrations and the analyzed plasma concentrations were within ±20% of the analyzed plasma concentrations for 97% of the samples (using individual hematocrit correction). With method 2, the diﬀerences between the predicted plasma concentrations and the
analyzed plasma concentrations were within ±20% of the analyzed plasma concentrations
for all samples (without individual hematocrit correction).

Figure 2. The diﬀerence between the
two analyzed DBS samples from one
collection card. The diﬀerences between the two DBS samples are all
within ±20% of the mean of both spots.

141

8

CLINICAL PHARMACOLOGY

Figure 3. Correlation of the predicted plasma concentrations of vemurafenib and the corresponding DBS sample concentrations, with hematocrit correction (A) and without hematocrit correction
(B). Weighted Deming regression was used to describe the correlation between the predicted
plasma concentrations and the determined plasma concentrations. The broken red line is the line
of identity, the solid line is the line of regression, and the two broken black lines indicate the 95%
conﬁdence interval. The slope in ﬁgure 3A is 1.03 (95% CI, 0.96 to 1.09) and the intercept is -2.75
µg/mL (95% CI, -4.61 to -0.89 µg/mL). The slope in ﬁgure 3B is 1.00 µg/mL (95% CI, 0.94 to 1.07
µg/mL) and the intercept is intercept was -1.42 µg/mL (95% CI, -3.31 to 0.48 µg/mL).

Discussion and conclusions
In this study we showed that plasma concentrations of vemurafenib can adequately be
predicted from DBS concentrations, which makes DBS sampling a practical alternative
for plasma sampling. Diﬀerences between predicted and observed plasma concentrations were well within the criteria used in the guidelines for bioanalytical method validation of the FDA and EMA (incurred samples reanalysis).
We showed that the diﬀerence of the in duplicate analyzed DBS samples was within ±20%
of their mean indicating adequate reproducibility of this sampling technique. The diﬀerence between DBS concentrations and plasma concentrations could be explained by the
blood cell-to-plasma partition (KBC:plasma) and the individual and the average hematocrit
value of this cohort (0.40 L/L). When using the mean hematocrit of this patient group (0.40
L/L) and the KBC:plasma of 0.129, the denominator of equation 1 is equal to 0.65 which is almost equal to the calculated slope which was 0.64 (95% CI, 0.60 to 0.68).
In the analytical and clinical validation of DBS methods the eﬀect of hematocrit can be
profound for some analytes [2, 15, 16]. During validation of the bioanalytical method we
have shown that for hematocrit values between 0.24 L/L (bias: -9.1%) and 0.45 L/L (bias:
11.4%) the method had acceptable accuracy and precision [8]. In this group of patients the
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Figure 4. The diﬀerence between the predicted and analyzed plasma concentration plasma concentration with hematocrit correction (A) and without hematocrit correction (B). The diﬀerences
between the predicted and the analyzed plasma concentration were within ±20% of the analyzed
plasma concentration for 93% of the samples when using hematocrit correction (A). The diﬀerences from the predicted and the analyzed plasma concentrations of the results without hematocrit
correction were all within ±20% of the analyzed plasma concentration.

average hematocrit value was 0.40 L/L (0.27 to 0.49 L/L). In the current study, we showed
that no individual hematocrit correction is needed to predict plasma concentrations from
analyzed DBS concentrations within the studied hematocrit range as both methods to
predict plasma concentrations provided similar results. Therefore, the easy to implement
method 2 (without hematocrit correction) can be used to predict the plasma concentrations. However, in cases where individual hematocrit values are outside the observed range
in the current study, method 1 might give beter results.
Determination of plasma concentrations is still the gold standard for TDM, although
many DBS methods suitable for TDM are currently available. These results show that a
conversion factor is needed to translate DBS concentrations to plasma concentrations. The
recently proposed TDM target of at least 42 µg/mL in plasma would translate to a DBS target of at least 26.9 µg/mL.
The TDM target of 42 µg/mL was based on the plasma concentrations on day 14 or 15 of
treatment, which was used as an early predictor of treatment outcome [4-7]. This DBS
method would contribute to TDM of vemurafenib because patients are able to self-sample at home after for instance two weeks of treatment (at steady-state). A rapid dose adaptation can be based on the described method. Usually patients visit the outpatient clinic
once a month, but because of the rapid progression of many melanoma patients and the
rapid inhibition of tumor growth by vemurafenib, earlier monitoring could be beneﬁcial.
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However before this DBS method can be implemented for sampling at home by the patient, the feasibility of DBS self-sampling needs to be assessed. The feasibility of DBS selfsampling has previously been investigated at our institute in cancer patients receiving
adjuvant tamoxifen treatment [17]. This study showed that 86% of the patients provided
at least one DBS sample suitable for analysis. These results indicate that with suﬃcient instructions, patients should be able to self-sample at home. Currently plasma samples are
still drawn using venipuncture during the monthly clinical visits, since venipuncture is
still necessary for many other laboratory tests. However if pharmacokinetic monitoring
is required outside these clinical visits, patients will be asked to self-sample at home after
adequate instructions.
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Abstract
Background: A strong exposure-response relationship has been established for vemurafenib in several clinical studies. Therefore, the objective of this study was to
evaluate vemurafenib plasma concentrations in a cohort of patients with advanced
melanoma in routine clinical practice.
Methods: An observational study was performed in an unselected real life cohort of
melanoma patients treated with vemurafenib. Randomly timed plasma samples (at
steady state) were collected during routine outpatient clinic visits. The vemurafenib
plasma concentrations were determined using a validated high-performance liquid
chromatography coupled with tandem mass spectrometry assay. The observed concentrations were compared with the established pharmacokinetic target of 42 µg/mL.
Results: In total 127 plasma samples were collected and analyzed from 46 patients.
The mean plasma concentration of all collected samples was 46.2 µg/mL (CV: 44.4%,
range: 8.04 µg/mL to 115 µg/mL). The estimated population mean was 38.9 µg/mL
(interpatient CV: 40.9%). In total 24 patients (52.2%) had a mean plasma concentration <42 µg/mL (range: 8.04 µg/mL to 41.9 µg/mL), of which 9 patients were treated
with the standard dose of 960 mg bi-daily.
Conclusions: This study shows that more than half of the melanoma patients treated with vemurafenib are underexposed, which indicates that pharmacokinetic monitoring and dose adjustment might be an opportunity to optimize treatment.
However the value of pharmacokinetic monitoring needs to be further evaluated in
a prospective randomized trial.
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Introduction
Vemurafenib is an oral tyrosine kinase inhibitor which inhibits mutated serine/threonine
protein kinase B-Raf (BRAF) and is approved as monotherapy or in combination with the
MEK inhibitor cobimetinib for the treatment of adult patients with BRAF V600 mutationpositive unresectable or metastatic melanoma [1-3]. Recent studies have shown that low
vemurafenib plasma concentrations are associated with tumor progression. Funck-Brentano et al. found in a study in 21 patients that the mean plasma concentration was lower
at the time of progression (38.8 ± 19.7 µg/mL) than when the tumor was stable, or in partial or complete response (56.4 ± 21.0 µg/mL) [4]. In another study, Kramkimel et al. found
that vemurafenib plasma concentrations below 40.4 µg/mL at day 15 were associated with
a shorter progression free survival (PFS) [5]. The relationship between tumor progression
and exposure was further established by Goldwirt et al. who found that the plasma concentrations in patients who were progressing were lower (51±22 µg/mL) than in complete
or partial responders or patients with stable disease (67±24 µg/mL), although this was not
signiﬁcant [6]. They also showed that patients with a plasma concentration >42 µg/mL
had a lower risk for progressive disease than patients with a median plasma concentration below 42 µg/mL during the ﬁrst year of vemurafenib treatment (p=0.005). These results combined suggested a pharmacokinetic target for vemurafenib of >42 µg/mL for
optimal eﬀect of vemurafenib [7].
Given the strong evidence for an exposure-response relationship, therapeutic drug monitoring (TDM) might be beneﬁcial for patients that are treated with vemurafenib. As
most data on exposure-response relationships have been obtained in clinical trials, the
ﬁrst step to study the potential of TDM in regular care is to evaluate the vemurafenib
plasma concentrations in a cohort of patients treated in routine clinical care.

Material and methods
Patients and sampling
An observational study was performed in a real life seting at the outpatient clinic of the
Antoni van Leeuwenhoek / Netherlands Cancer institute. As part of routine clinical care,
a K2EDTA blood sample (4 mL) was collected for pharmacokinetic monitoring from patients who were treated with tyrosine kinase inhibitors at each visit to the hospital. All patients of which at least one vemurafenib plasma concentration was available were
included in this retrospective analysis.
For all patients, samples were collected approximately once a month. All plasma samples
were single randomly timed samples obtained by venipuncture. The date and time of the
last vemurafenib intake and the time of blood collection were recorded. Immediately after
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collection, whole blood samples were centrifuged for 10 min at 1700 g to isolate plasma,
which was stored at nominally 20°C pending analysis.

Bioanalysis
The vemurafenib concentrations were determined using a HPLC-MS/MS method that
was described previously and was validated according to the FDA and EMA guidelines
for bioanalytical method validation [8]. Brieﬂy, the sample pretreatment for plasma in-

Number of patients

46

Number of samples

127

Table 1. Patient characteristics.

Samples per patient
(number of patients (%))
1

23 (18.1)

2

8 (6.3)

3

4 (3.1)

4

2 (1.6)

5

3 (2.4)

6

1 (0.8)

7

2 (1.6)

8

1 (0.8)

12

1 (0.8)

13

1 (0.8)

Gender
(number of patients (%))
Male

25 (54.3)

Female

21 (45.7)

Age (year)
(mean (SD))

57 (13.5)

Dosing scheme1

Patients were classiﬁed in the dosing
scheme on which they were treated for the
longest time period.
2
Patients were treated with 720 mg BID or
960 mg BID, depending on toxicity.
3
This patient was treated with 240 mg QD
(morning dose) and 480 mg QD (evening
dose).
Abbreviations: BID: bi-daily; SD: standard
deviation; QD: once daily.
1

(number of patients (%))
960 mg BID

23 (50.0)

720 mg BID

10 (21.7)

480 mg BID

9 (19.6)

240 mg BID

1 (2.2)

720/960 mg BID2

2 (4.4)

240+480 mg QD3

1 (2.2)
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cluded liquid-liquid extraction using tert-butyl methyl ether (TBME). Vemurafenib was
separated on a C18 column (Gemini C18 column, 110 Å, 50 x 2.0 mm ID, particle size 5.0
µm; Phenomenex, Torrance, CA, USA) with gradient elution and analyzed with triple
quadrupole mass spectrometry (Finnigan, TSQ Quantum Ultra; Thermo Fisher Scientiﬁc,
Waltham, MA, USA). Vemurafenib proved to be stable for at least 424 days in plasma at
20°C.

Pharmacokinetic monitoring
All samples were collected at steady state. Moreover, the elimination half-life (approximately 52 hours) of vemurafenib is very long compared to the dosing interval. Trough levels were estimated using the interval between the last dose intake and blood sampling,
and the elimination half-life [9]. The plasma concentrations were compared to the previously suggested target of 42 µg/mL [6, 7]. In this study no dose adjustments were made
based on plasma vemurafenib concentrations.

Patient data collection and statistics
Clinical characteristics, treatment dose and treatment duration of these patients were collected retrospectively from patient ﬁles. All calculations were performed with the R statistical software package (version 3.1.0; hppt://cran.r-project.org). The population mean
and intra-patient and inter patient variability were estimated using a linear mixed eﬀects
model by NONMEM (version 7.3, ICON Development Solutions, Ellicot City, MD, USA)
[10].

Results
Patients and samples
In total 46 patients (25 male, 21 female) were included in this study of which the patient
characteristics are summarized in Table 1. The median age of the patients was 56 years
(range 29 to 85 years). In total 127 samples were collected with a mean of 3 samples per
patient (range 1 to 13 samples).

Pharmacokinetic monitoring
The mean vemurafenib trough concentration of all collected samples was 46.2 µg/mL with
a range from 8.04 µg/mL to 115 µg/mL and a coeﬃcient of variation (CV) of 44.4%. In
total 60 samples (47.2%) were below the pharmacokinetic target of 42 µg/mL (range: 8.04
µg/mL to 41.9 µg/mL).
The estimated population mean was 38.9 µg/mL with an inter-patient CV of 40.9% and an
estimated intra-patient CV of 27.8%. The distribution of the observed mean trough con-
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centration of each patient is shown in Figure 1. In 24 patients (52.2%) the mean observed
trough concentration was below the pharmacokinetic target. Nine of these 24 patients
were treated with 960 mg BID and the other patients received dose reductions due to toxicity.
The mean treatment duration of the patients in this outpatient cohort (from the start of vemurafenib treatment to discontinuation due to disease progression or toxicity) was 11.7
months ranging from 11 days to 38 months.

Dose adjustments
Of the 46 patients included in this study 22 patients (48.7%) were on the recommended
960 mg BID regimen during their whole treatment (Table 1). Two patients started with 480
mg BID vemurafenib: one patient because of previous intolerance to dabrafenib (mean
plasma concentration of 5 samples: 49.5 µg/mL) and the other patient due to renal failure
for which the patient received weekly dialysis (plasma concentration in single available
sample 22.5 µg/mL). The 22 other patients (48.7%) received diﬀerent dose adjustments
during treatment (Table 1). In 21 patients the dose was reduced due to toxicity, which included skin toxicities (photosensitivity reaction, rash, erythema, maculo-papular rash and

Figure 1. Distribution of the mean vemurafenib plasma concentration per patient (n=46). The dotted line indicates the threshold of 42 µg/mL proposed by Funck-Brentano and Goldwirt. In total
24 patients (52.2%) had a mean vemurafenib plasma concentration below the recommended pharmacokinetic target.
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erythema nodosum), arthralgia, increased liver enzymes, uveitis, headache, neutropenia
and fatigue. Two patients received a dose increase from 960 mg BID to 1200 mg BID when
disease progression was established. These dose increases did not result in higher vemurafenib plasma concentrations. For three additional patients plasma samples were collected before and after dose reduction(s). These dose reductions did not result in
proportional lower exposures.

Discussion and conclusions
In this study we investigated the vemurafenib plasma concentrations of an outpatient
melanoma patient population. The previously established target concentration of 42
µg/mL was compared to the plasma concentrations in this population [6, 7]. More than
half of the patients were underexposed to vemurafenib with an increased risk for treatment failure. These results indicate the necessity for pharmacokinetic monitoring of patients on vemurafenib treatment.
This is the ﬁrst study in which vemurafenib plasma concentrations from regular patient
care were reported. We found a high fraction of patients potentially undertreated. Furthermore, a high number of patients (51.3%) received a dose reduction in our cohort compared to other studies. In the BRIM-3 study, 38% of the patients received a dose reduction
[1], Kramkimel et al. reported that 27% of the patients received a dose reduction and 12%
of the patients stopped treatment due to toxicities [5] and Funck-Brentano et al. reported
that 44% of the patients received a dose reduction [4]. The toxicities leading to dose reductions were similar to the toxicities observed in previous studies. In this study dose
adjustments did not result in dose proportional changes in vemurafenib exposure, which
is not in line with the previously established dose-exposure relationship for vemurafenib
at steady state from 240 mg BID to 960 mg BID [11]. Higher doses were, however, not investigated. Since a dose-exposure relationship is an important prerequisite for TDM this
should be further explored in a study investigating dose adjustments in patients with low
(<42 µg/mL) plasma concentrations.
The inter-patient (CV: 40.9%) and intra-patient (CV: 27.8%) variability found in this study
were comparable to previously reported data [4, 5]. Several parameters may account for
this large inter patient variability. The intake of vemurafenib on an empty stomach may
reduce the exposure to vemurafenib signiﬁcantly compared to the intake after a meal [12].
This was, however, not monitored in this study. The high interpatient and relatively low
intrapatient variability support the use of TDM for vemurafenib.
This study shows that more than half of the melanoma patients treated with vemurafenib are potentially underexposed, which indicates that TDM might be a useful tool to optimize treatment.

155

9

CLINICAL PHARMACOLOGY

References
1. Chapman PB, Hauschild A, Robert C, Haanen JB,
Ascierto P, Larkin J, Dummer R, Garbe C, Testori
A, Maio M, Hogg D, Lorigan P, Lebbe C, Jouary T,
Schadendorf D, Ribas A, O'Day SJ, Sosman JA, Kirkwood JM, Eggermont AM, Dreno B, Nolop K, Li J,
Nelson B, Hou J, Lee RJ, Flaherty KT, McArthur
GA. Improved survival with vemurafenib in melanoma with BRAF V600E mutation. N Engl JMed
2011; 364: 2507-16.
2. Larkin J, Ascierto PA, Dreno B, Atkinson V, Liszkay G, Maio M, Mandala M, Demidov L, Stroyakovskiy D, Thomas L, Merino LD, Dutriaux C,
Garbe C, Sovak MA, Chang I, Choong N, Hack SP,
McArthur GA, Ribas A. Combined Vemurafenib
and Cobimetinib in BRAF-Mutated Melanoma. N
Engl J Med 2014.
3. McArthur GA, Chapman PB, Robert C, Larkin J,
Haanen JB, Dummer R, Ribas A, Hogg D, Hamid
O, Ascierto PA, Garbe C, Testori A, Maio M, Lorigan P, Lebbe C, Jouary T, Schadendorf D, O'Day SJ,
Kirkwood JM, Eggermont AM, Dreno B, Sosman
JA, Flaherty KT, Yin M, Caro I, Cheng S, Trunzer K,
Hauschild A. Safety and eﬃcacy of vemurafenib in
BRAF(V600E) and BRAF(V600K) mutation-positive
melanoma (BRIM-3): extended follow-up of a phase
3, randomised, open-label study. Lancet Oncol
2014; 15: 323-32.
4. Funck-Brentano E, Alvarez JC, Longvert C, Abe
E, Beauchet A, Funck-Brentano C, Saiag P. Plasma
vemurafenib
concentrations
in
advanced
BRAFV600mut melanoma patients: impact on tumour response and tolerance. Annals of oncology :
oﬃcial journal of the European Society for Medical
Oncology / ESMO 2015; 26: 1470-5.
5. Kramkimel N, Thomas-Schoemann A, Sakji L,
Golmard J, Noe G, Regnier-Rosencher E, Chapuis
N, Maubec E, Vidal M, Avril M, Goldwasser F, Mortier L, Dupin N, Blanchet B. Vemurafenib pharmacokinetics and its correlation with eﬃcacy and
safety in outpatients with advanced BRAF-mutated
melanoma. Targeted oncology 2015.

net-Possenti F, Allayous C, Baroudjian B, Madelaine I, Sauvageon H, Mourah S, Lebbe C. Reply to
'Plasma vemurafenib concentrations in advanced
BRAFV600mut melanoma patients: impact on tumour response and tolerance' by Funck-Brentano
et al. Annals of oncology : oﬃcial journal of the European Society for Medical Oncology / ESMO 2016;
27: 363-4.
7. Funck-Brentano E, Alvarez JC, Longvert C, Abe
E, Beauchet A, Saiag P, Funck-Brentano C. Is there
a plasma vemurafenib concentration which predicts outcome in advanced BRAFV600mut melanoma patients? Annals of oncology : oﬃcial journal
of the European Society for Medical Oncology /
ESMO 2015.
8. Nijenhuis CM, Rosing H, Schellens JH, Beijnen
JH. Development and validation of a high-performance liquid chromatography-tandem mass spectrometry assay quantifying vemurafenib in human
plasma. Journal of pharmaceutical and biomedical
analysis 2014; 88: 630-5.
9. Lankheet NA, Knapen LM, Schellens JH, Beijnen
JH, Steeghs N, Huitema AD. Plasma concentrations
of tyrosine kinase inhibitors imatinib, erlotinib, and
sunitinib in routine clinical outpatient cancer care.
Ther Drug Monit 2014; 36: 326-34.
10. Beal SL, Boeckman AJ, Sheiner LB. NONMEM
user guides. San Francisco, CA 1988.
11. Grippo JF, Zhang W, Heinzmann D, Yang KH,
Wong J, Joe AK, Munster P, Sarapa N, Daud A. A
phase I, randomized, open-label study of the multiple-dose pharmacokinetics of vemurafenib in patients with BRAF mutation-positive metastatic
melanoma. Cancer Chemother Pharmacol 2013.
12. Ribas A, Zhang W, Chang I, Shirai K, Ernstoﬀ
MS, Daud A, Cowey CL, Daniels G, Seja E, O'Laco
E, Glaspy JA, Chmielowski B, Hill T, Joe AK,
Grippo JF. The eﬀects of a high-fat meal on singledose vemurafenib pharmacokinetics. J Clin Pharmacol 2014; 54: 368-74.

6. Goldwirt L, Chami I, Feugeas JP, Pages C, Bru-

156

VEMURAFENIB PHARMACOKINETICS

9

157

Part II
Bioanalysis and metabolite identification of
anticancer agents in mass balance studies

Introduction
to mass balance studies

10
Regulatory aspects of human radiolabeled mass balance
studies in oncology: concise review
Drug Metabolism Reviews. 2016.
In press

C.M. Nijenhuis
J.H.M. Schellens
J.H. Beijnen

INTRODUCTION

Abstract
Human radiolabeled mass balance studies are performed to obtain information
about the absorption, distribution, metabolism and excretion of a drug in development. The main goals are to determine the route of elimination and major metabolic pathways. This review provides an overview of the current regulatory guidelines
concerning human radiolabeled mass balance studies and discusses scientiﬁc trends
seen in the last decade with a focus on mass balance studies of anticancer drugs.
This paper also provides an overview of mass balance studies of anticancer agents
that were executed in the last 10 years.

List of abbreviations
µCi: microcurie
ALARA: As Low As Reasonably Achievable
AUC: Area Under the concentration-time Curve
BID: bi-daily
EASHW: European Agency for Safety & Health at Work
EMA: European Medicines Agency
FDA: United States Food and Drug Administration
ICH: International Conference on Harmonisation
ICRP: International Commission on Radiological Protection
MBq: megabecquerel
mSv: millisievert
MTD: Maximum Tolerated Dose
QWBA: Quantitative Whole-Body Autoradiography
RDRC: Radioactive Drug Research Commitee
t1/2: elimination half-life
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REGULATORY ASPECTS OF MASS BALANCE STUDIES

Introduction
The investigation of the pharmacokinetics (absorption, distribution, metabolism and excretion) in drug development is crucial [1, 2]. Pharmacokinetic parameters may aﬀect the
eﬃcacy and toxicity of drugs and thus may be important markers for treatment evaluation. The emergence of oral targeted therapies has further increased the need for therapeutic drug monitoring in oncology, investigating the relationship between plasma drug
exposure, and eﬃcacy and toxicity [3, 4]. In many cases there seems to be an association
between drug exposure, and eﬃcacy and toxicity of the administered anticancer drugs.
The formation of active and toxic metabolites should be taken into account while investigating such associations. A drug that has undesirable pharmacokinetics (low bioavailability, very short plasma half-life, extensive metabolism, poor hydrophilic/lipophilic
balance) is diﬃcult to develop and therefore the pharmaceutical industry focuses on favorable pharmacokinetics in early drug development [5]. To investigate the metabolic
fate of new drugs the regulatory agencies United States Food and Drug Administration
(FDA) and European Medicines Agency (EMA) recommend the execution of mass balance studies for anticancer small molecule drugs because “of the importance of the information gained in these studies for the understanding of the clinical pharmacology of the
investigation drug, including the drug-drug interactions assessment” [6, 7]. The data obtained
from a human mass balance study is necessary for regulatory ﬁlling and approval of small
molecule drugs including new anticancer drugs.
In 2006 a review was published by our group which described, for the ﬁrst time, guidelines for the execution of mass balance studies with a focus on anticancer drugs [8]. Since
this report other reviews concerning the conduct of mass balance studies have been published describing the objectives of mass balance studies and discussing the study design
[8-11]. In addition regulatory agencies such as the FDA and EMA updated their regulatory guidelines concerning mass balance studies and metabolite identiﬁcation [6, 12, 13].
At the same time the landscape of cancer treatment changed drastically due the rise of targeted therapies. The summation of these changes also led to the focus of this review.
This paper provides an introduction into the current regulatory guidelines on clinical
mass balance studies. References are made to important and interesting documents and
reviews in this area. In addition an overview is given with mass balance studies of anticancer drugs that were executed in the last 10 years.

Human radiolabeled mass balance studies
Human radiolabeled mass balance studies are a means to investigate the pharmacokinetics and disposition of a new drug (mostly small molecules) [6, 12-14]. The investigational medicinal product for a mass balance study is labelled with a radioactive tracer, which
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Agency

166

ICH guidelines M3 (R2) on ICH
non-clinical safety studies
for the conduct of human
clinical trials and marketing authorisation for
pharmaceuticals

FDA
Guidance for industry,
safety testing of drug metabolites

ICRP Publication 62: Ra- ICRP
diological protection in biomedical research

Guidelines for the format FDA
and content of the human
pharmacokinetics and bioavailability section of an
application
Pharmacokinetic studies EMA
in man

Document

Description

Recommendations (selection) and
notes

Pharmacokinetic studies should be perThis guidelines describes the goal of
formed with the intent to deﬁne the
pharmacokinetic studies and what
pharmacokinetic information should be time course of a drug and major metabolites in blood and other body comprovided to the application.
partments.
October Pharmacology/ This guidelines describes which phar- The absorption, distribution and elimi1988
toxicology
macokinetic factors should be studied, nation need to be studied. If a radiolaon which subjects and which methodo- beled compound is used, the
logies can be used.
pharmacological dose should be therapeutic.
1992
Radiation safety This document provides advice to re- It describes the limits set for the eﬀecsearchers planning biomedical research tive dose for human subjects in biomeusing radiological methods. It includes dical research.
information on the eﬀects of age at exposure, gender diﬀerences and the risks
and consequences of irradiation.
February Pharmacology/ This guideline gives recommendations This document applies to small molecule nonbiologic drug products and
2008
toxicology
on how to identify and characterize
does not apply to some cancer therapies
drug metabolites whose nonclinical
where a risk-beneﬁt assessment is contoxicity needs to be evaluated.
sidered. Major metabolites are those
metabolites formed at >10% of the parent drug systemic exposure at steady
state.
December Pharmacology/ This guidelines described the type and Information on absorption, distribution,
2009
eﬃcacy
duration of nonclinical safety studies metabolism and excretion in animals
and their timing to support the conduct should be available prior to the expoof human clinical trials and marketing sing large numbers of human subjects.
authorization.

February Pharmacology
1987

Last revi- Category
sed date

Table 1. Useful clinical guidance documents applicable to human mass balance studies.

[22]

[12]

[62]

[2]

[1]

Ref.
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Guidelines on the evalua- EMA
tion of anticancer medicinal products in man

Guideline on the investiga-EMA
tion of drug interactions

Guidance for industry and FDA
researchers, the radioactive drug research committee: human research
without an investigational
new drug application

S9 Nonclinical evaluation ICH
for anticancer pharmaceuticals

Document

Description

Recommendations (selection) and
notes

March
2010

Pharmacology/
toxicology

This guideline provides information
about the design of nonclinical studies
for the development of anticancer
drugs.

Sometimes metabolites have been identiﬁed in humans which have not been
qualiﬁed in nonclinical studies. For
these metabolites, a separate evaluation
is generally not warranted for patients
with advanced cancer.
August Radiation safety This guideline provides guidance on
Mass balance studies are appropriate to
2010
whether an IND is needed for research conduct under an RDRC. The radiation
using radioactive drugs and which stu- dose should be as low as practicable
dies can be performed under an RDRC. possible, pharmacological dose should
be therapeutic, the number of subjects
should be ﬁnite, the radioactive drugs
should meet appropriate chemical,
pharmaceutical, radiochemical and radionuclidic standards. Radiation dose
limits for organs are described.
January Pharmacology This guidelines provides recommenda- If the drug has no dose- or time-depen2013
tions for the investigation of drug in- dencies , a single dose is suﬃcient. If
teractions, including the identiﬁcation this is not the case, it should be consideand quantiﬁcation of the main elimina- red to design a multiple-dose strategy
tion pathways using mass balance stu- to mimic the therapeutic situation.
dies.
Major metabolites are those metabolites
that contribute to >10% of the AUC of
the drug related material. The radioactivity recovery (urine and feces) should
be >90% and >80% of the recovered radioactivity should be identiﬁed.
July 2013 Pharmacology/ This guidelines provides guidance on Mass balance studies in anticancer
eﬃcacy
all stages of clinical drug development drugs are strongly recommended due
for the treatment of malignancies, inclu- to the importance of the information
gained.
ding pharmacokinetic studies.

Last revi- Category
sed date

[6]

[13]

[16]

[7]

Ref.
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Agency

Last revi- Category
sed date

Description

Recommendations (selection) and
notes

Ref.

Directive 2013/59/Euratom EASHW December Radiation safety This directive establishes basic safety
2013
standards for protection against the
- protection against ionidangers arising from exposure to ionising radiation
sing radiation.

This directive sets dose limits for wor- [18]
kers exposed to ionising radiation. Medical exposure to ionising radiation
needs to show suﬃcient beneﬁt including beneﬁts to the health of an individual and the beneﬁts to society, against
the detriment that the exposure might
cause. Exposures should be kept
ALARA. Further discusses responsibilities, procedures, training and recognition and equipment.
[19]
Directive 96/29/Euratom - EASHW April 2015 Radiation safety This directive was established to protect The directive deﬁnes dose limits for
ionizing radiation
the health of workers and general pu- workers exposed to ionising radiation.
blic against the dangers of ionising ra- Exposures should be kept ALARA.
diation.
CFR 21 361: prescription FDA
April 2015 Radiation safety This legislation describes the conditions Radiolabeled drugs may be used for the [63]
drugs for human use geneunder which radioactive drugs for re- conduct of a mass balance study under
rally recognized as safe
search may be used and the limits on certain conditions. This legislation is reand eﬀective and not misﬂected in the FDA guidelines concerradiation does.
branded: drugs used in rening the RDRC.
search

Document

Table 1 continued. Useful clinical guidance documents applicable to human mass balance studies.
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is in most cases 14C, so all drug related content (parent drug and its metabolites with this
tracer) can be detected, quantiﬁed and followed relatively easy during its journey through
the body [8, 9]. The main goals of mass balance studies are:
• to determine the route(s) of elimination;
• to identify (circulating) metabolites and subsequently identiﬁcation of metabolic pathways;
• to determine the exposure of the parent drug and identiﬁed metabolites;
• to explore whether metabolites could potentially contribute to the eﬃcacy and
toxicity of the drug, for which further research is necessary.
In short, a mass balance study is usually conducted using a radiolabeled version of the investigational product in the recommended clinical dose and route of administration [8, 9].
After its administration blood, urine and feces samples and sometimes even exhaled air
or semen, are collected over time, to quantitatively determine the pharmacokinetics of
the drug in blood and excreta.

Current regulatory guidelines concerning mass balance
studies
Table 1 gives an overview of clinical guidance documents that are relevant for mass balance studies in humans. Initially there were no guidelines published by the regulatory
authorities that provided deﬁnite guidance to investigators on the methodological and
scientiﬁc aspects of mass balance studies. However in recent years several guidelines have
been issued discussing recommendations concerning the impact of newly identiﬁed metabolites. The document with the most speciﬁc requirements and information about mass
balance studies is a guideline from the EMA on the investigation of drug interactions [13].
All guidelines about mass balance studies are further discussed below and categorized
into the following study aspects: timing of mass balance studies during drug development, radioactive drug research in humans, study subjects, dosing, choice of radioisotope, total recovered radioactivity in excreta and the identiﬁcation and quantiﬁcation of
major elimination pathways. In addition the diﬀerences between mass balance studies in
oncology and other indications are highlighted.

Timing of radiolabeled human mass balance studies
Currently the guidelines do not provide clear requirements about when a human radiolabeled mass balance study should be executed during drug development. In the guidelines provided by the FDA it is recommended to perform in vitro studies prior to the
initiation of clinical trials, and human in vivo metabolism studies before phase III dosing, but preferably as early as feasible [12]. Penner et al. [10] noticed that the timing of
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mass balance studies by the pharmaceutical industry is variable and ranges from early
(phase I) to late (phase III) clinical development. They recommend, however, that a
human mass balance study should be performed after the recommended phase II dose has
been established. These recommendations are applicable to small molecules in general,
although the development timelines for anticancer agents can be diﬀerent and often faster than for other indications. These faster timelines make it harder to investigate the metabolism after a phase II trial. Therefore the marketing authorization application of
anticancer agents should at least include initial results about the metabolism and disposition. Sometimes mass balance studies are even performed as a regulatory phase IV postmarketing commitment to the regulatory authorities [15].

Radioactive drug research in humans
The ﬁrst guidelines that were applicable to human mass balance studies were aimed to ensure safe and eﬀective use of radiolabeled compounds. These guidelines are still relevant
for human mass balance studies and are summarized in Table 1.
The radiation dose that is used to assess the potential for long-term eﬀects due to radiation is speciﬁed as the eﬀective dose [16]. The eﬀective dose (in mSv) is a measure of the
radiation burden for a research subject. This dose is used to compare the measure of risk
for radiation eﬀects to the human body due to radiation. The eﬀective dose to an adult (healthy) research study subject may not be recognized as safe, if such dose exceeds the doses
as described in Table 2. Table 2 describes dose limits set for healthy adult research subject
by the RDRC and ICRP. An estimate of the radiation burden (the eﬀective dose) can be
calculated (dosimetry) which is required for the planning and execution of human mass
balance studies in healthy volunteers or patients [17].
According to publication 62 of the International Commission on Radiological Protection
(ICRP) the eﬀective dose can exceed 10 mSv but should be kept below the deterministic
threshold for therapeutic experiments. The Radioactive Drug Research Commitee
(RDRC) guideline from the FDA describe an eﬀective dose limit of 30 mSv after a single
dose for adult research subjects. Taking both documents into account, the recommendation is to use the eﬀective dose limit of 30 mSv. However higher radioactive exposures are
justiﬁed if the cause investigated is “beneficial for our society”. The eﬀective dose should however be “as low as reasonably achievable” (ALARA).

Study subjects
Information about the absorption, distribution, metabolism and elimination of the new
drug are necessary for regulatory ﬁling [1]. To investigate these pharmacokinetic factors
the right patient group should be selected which poses a challenge for anticancer drugs.
Usually mass balance studies are performed in healthy volunteers to obtain unbiased
data from subjects with normal renal and hepatic function. Since most frequently used tra-
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Table 2. Dose limits for adult research subjects.
RDRC dose limits for an adult research subject [63]
Organ or System

Single dose
(mSv)

Annual and total dose
(mSv)

Whole body

30

50

Active blood-forming organs

30

50

Lens of the eye

30

50

Gonads

30

50

Other organs

50

150

ICRP dose limits for an adult research subject: categories of risk and corresponding levels of
benefit [62]
Corresponding
Level of risk
Risk categorya
Level of societal
eﬀective dose range beneﬁt
(adults) (mSv)

Trivial

Category I

Minor

(~ 10-6 or less)
Minor to intermediate

Moderate

< 0.1

Category II
IIa (~ 10-5)

0.1 - 1

IIb (~ 10-4)

1-10

Category III

Intermediate to
moderate
Substantial

(~ 10-3 or more)

> 10b

ICRP estimates of the threshold for deterministic effects in adult human [62]
Total dose equiva- Annual dose rate if
Tissue and eﬀect
Total dose
received yearly in
equivalent received lent received in
highly fractionated highly fractionated or
in a single brief
protracted exposures
or protracted
exposure (mSv)
for many years
exposure (mSv)
(mSv y-1)

Testes
Temporary sterility

150

NA

400

Permanent sterility

3500-6000

NA

2000

2500-6000

6000

> 200

5000-2000

5000

> 100

> 8000

> 150

NA

> 400

Ovaries
Sterility
Lens
Detectable opacities

Visual impairment (cataract) 5000
Bone marrow
Depression of haematopoiesis 500
a

The values between brackets represent the sum of the total probability of fatal cancers and the
total weighted probability of non-fatal cancers.
b
To be kept below deterministic thresholds except for therapeutic experiments.
Abbreviations: ICRP: International commission on radiological protection; NA: Not Applicable;
since the threshold is dependent on dose rate rather than on total dose; RDRC: Radioactive drug
research commitee.
The data displayed in this table are extracted from CFR 21 361 [63] and ICRP Publication 62 [62].
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ditional chemotherapeutic agents are cytotoxic, mass balance studies with anticancer
agents have exclusively been performed in patients [8].
The number of study subjects should be limited to a ﬁnite number to comply to the
ALARA principles. In most mass balance studies the number of subjects is between 6 to
8 patients [8, 9, 18, 19].

Dosing
Single-dosing versus multiple-dosing
As previously stated by Penner et al. (2009) a limitation of a mass balance study can be
the single dose administration [9]. The information gained from this single dose study
might not be similar to the excretion proﬁle and metabolite proﬁle in steady-state of a
chronically used drug. The EMA recommends that only for drugs that show no dose- or
time-dependencies in the ﬁrst-pass metabolism or elimination, a single dose study is suﬃcient [13]. If the drug does show accumulation under multiple-dosing, it should be considered to perform a multiple dose study [13]. In the case of a multiple dose study, the
study subjects receive the recommended therapeutic dose (non-radiolabeled) until steady
state is achieved. At steady state the subjects then receive a single radiolabeled dose of the
study drug to determine the mass balance. An important note is however that this approach does not address the accumulation of metabolites. It only evaluates the clearance
pathways of the radiolabeled material, which might be altered by changes in clearance
mechanism or clearance rate induced by multiple dosing.
To further investigate metabolites with a longer elimination half-life (t1/2) than the parent
compound, these metabolites could be quantiﬁed using standard bioanalytical methods
in plasma samples from patients receiving multiple doses of the (unlabeled) parent drug.
This may be a more feasible way to understand the metabolite accumulation than a multiple dose study with a radiolabeled drug.
Pharmacological dose
The pharmacological dose can be deﬁned as the dose eﬃcacious in the treatment of a disease and is often the recommended clinical dosing schedule. In all study designs the
pharmacological dose is preferred, which should not exceed the maximum tolerated dose
(MTD). The route of administration should also be similar to the recommended clinical
dosing schedule [1, 16]. However, to circumvent the multiple-dosing schemes for a mass
balance study an alternative strategy, proposed by the EMA, is to administer a single supratherapeutic dose [13]. This is a dose which is higher than the recommended clinical
dose. Accumulating drugs show increased plasma concentrations over time and metabolizing enzymes may be saturated at this point. The use of a supratherapeutic dose is

172

REGULATORY ASPECTS OF MASS BALANCE STUDIES

chosen to mimic the metabolism during steady state conditions. However it is questionable whether similar results are obtained using this approach. The supratherapeutic approach does not reﬂect accumulation of the parent drug and metabolites, and clearance
pathways are not likely to be altered after one supratherapeutic dose. The use of higher
doses than the MTD should be always be justiﬁed, since a dose that is higher than the
MTD might not be safe for the study subjects. So far not many studies are described using
this approach as will be discussed in the literature survey.
Radioactive dose
Table 2 summarizes the eﬀective dose limits for humans in biomedical studies. The effective dose limit is the maximum radiation burden to which an adult research subject can
be exposed in a single study, or cumulatively from a number of studies, conducted within one year. These dose limits should be taken into account during the dose selection.
Ideally the dose should be evaluated for safety using the Quantitative Whole-Body Autoradiography (QWBA) results from animal studies. QWBA is a technique to determine
the tissue distribution of radiolabeled compounds in laboratory animals. These data can
be extrapolated to humans to calculate the eﬀective dose (Table 2). Beumer et al. added
to this that in some cases deviation is possible from the ALARA principle, but the dose
should not exceed 100 µCi (3.7 MBq) [8]. The radioactive dose limit of 100 µCi was chosen since this dose was used most often without detrimental eﬀects, and in the literature
survey we will evaluate if this is still the case.

Radioisotope
There are no guidelines concerning the choice of a radioisotope, although 14C is most often
used. The position of the radioisotope in the molecule should be chosen carefully, because the position should not be prone to in vivo metabolism. Further recommendations

Figure 1. The chemical
structure of 14C-lenvatinib as described in the
mass balance study of
lenvatinib. The asterisk
(*) indicates the site labeled with 14C, which is
only on the quinoline
moiety of the molecule.
Therefore the chlorophenoxy group could not
be further investigated
without authentic reference standards.
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on the choice and position of the radiolabel are discussed elsewhere [8, 9]. In addition two
separate labeling positions can be used to follow the fate of the investigational drug [13].
If two labeling positions are used, the metabolism at diﬀerent molecule sites can be further investigated during metabolite proﬁling. This approach would have been exemplary
in the case of lenvatinib where the chlorophenoxy group could not be further investigated after release from the quinoline moiety, because only the quinoline moiety was radiolabeled (Figure 1) [20, 21].

Total recovered radioactivity in excreta
During the execution of a mass balance study the total administered radioactivity should
be accounted for through the collection of human excretion products (urine and feces,
but sometimes also exhaled air or semen). In some cases this can be challenging due to the
study design, the study subjects and the chemical properties of the drug. Especially any
long hospitalization and collection of urine and feces may be very strenuous for a cancer
patient, which adds to the complexity of these kinds of studies. Beumer et al. were the ﬁrst
to give recommendations on the excreted radioactivity recovery in a mass balance study
[8]. They recommended that collection can be stopped when less than 1% of the administered radioactivity is excreted for two consecutive days for the representative matrix and
that the total recovery should be at least 90% of the radioactive dose. They also stated
that lower recoveries should be explained on the basis of pharmacological factors and
preclinical animal data. The recommendation that at least 90% of the radioactivity dose
should be recovered was later incorporated into guidelines on mass balance studies issued
by the EMA [13].

Identiﬁcation and quantiﬁcation of major metabolites
In 2008 the FDA issued a guidance about safety testing of drug metabolites, which is now
used as one of the leading guidelines in metabolite identiﬁcation and safety testing [12].
In this guideline major metabolites are deﬁned as metabolites that account for >10% of the
parent drugs exposure (area under the plasma concentration-time curve (AUC)) at steady
state. This described cut-oﬀ for major metabolites was later modiﬁed to >10% of the AUC
of the total drug related exposure, to render the FDA and ICH documents consistent with
one another [22, 23]. In addition the FDA recommends that if a metabolite that was not
previously detected in animals is found in humans, or if the levels are much lower in
animals than in humans, one should determine the potential toxicity of the metabolite.
The EMA also provides guidance on the identiﬁcation and quantiﬁcation of the main elimination pathways using mass balance studies [13]. They recommend that if metabolites
contribute to >10% of the AUC of the drug related material (parent drug and metabolites
with a radiotracer) in the circulation, the metabolite should be structurally characterized.
In addition they recommend that 80% of the recovered radioactivity in a mass balance
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study should be identiﬁed. This target of 80% could also apply to the radioactivity found
in plasma, which would mean that 80% of the AUC should be accounted for by the parent compound and/or metabolites. These guidelines apply to all small molecules in general but anticancer drugs are the exception. Further assessment (structural
characterization and safety testing) of a unique or a major metabolite in humans is not
needed for cancer therapies if the eﬃcacy of the drug clearly outweighs the safety risks
(severe adverse events, potential lethality) and the eﬃcacy of standard therapies [6, 7].
This should however be assessed for each drug individually.

Mass balance studies in oncology versus non-oncology
The overall study design and execution of a mass balance study in oncology is very similar
to a non-oncology mass balance study. In mass balance studies with anticancer agents
there are however aspects which should be looked into with more detail. For instance the
timing of mass balance studies may be diﬀerent, because the timelines for anticancer
agents are often faster compared to other indications. In addition patients are more often
included than healthy volunteers. The inclusion of patients may sometimes limit the time
of sample collection, since is questionable whether there is added value to a higher recovery compared to the burden of sampling for the patients. This directly inﬂuences the
total recovered radioactivity in excreta, which may be lower if sample collection is stopped earlier. Another option is to include less patients, especially if the excretion is very
slow, and to model the total excretion using computational methods. Finally, the assessment of unique or major metabolites is often less strict in oncology compared to non-oncology as will be become clear in the survey.

Mass balance studies of anticancer drugs: a survey of the last
10 years
Literature search
The literature published from 2005 to 2015 was searched for mass balance studies that investigate the excretion and metabolism of anticancer drugs in humans. The main source
for literature was PubMed, using the following search terms: mass balance study, mass
balance, metabolite proﬁling, metabolism, absorption, excretion, disposition, tyrosine kinase inhibitors. This search strategy was combined with the search for all oncology related drugs that were registered by the FDA and EMA between 2004 and 2015. The design,
conduct and evaluation of these studies were compared to the recommendations that
were earlier proposed in 2006 [8] and to the current regulatory guidelines. These results
were used to postulate renewed guidelines that are in line with the current regulatory
guidelines and technical capabilities.
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Literature survey results
The results of the literature survey are summarized in Table 3. In total 40 studies were
found and included in the survey of which 33 studies were conducted with speciﬁc targeted inhibitors, 2 studies with immunomodulators and 5 studies with chemotherapeutic drugs. In addition the majority (31 of 40 studies) of the drugs investigated were oral
drugs. These results are obviously also distinctive for the drugs that were registered as an
anticancer treatment in the last decade. This overview is thus diﬀerent to the literature
survey performed in 2006 [8], because in that survey only cytotoxic drugs were subject
to mass balance studies. We now observe a major shift from classical chemotherapy drugs
to targeted therapies and the inclusion of healthy volunteers instead of patients.
Radioactive drug research in humans
In total only 6 of the published articles state the calculated eﬀective dose and refer to the
used guidelines for acceptance of the radioactive exposure [24-29]. The mass balance
study of trametinib eventually included only two patients due to higher than anticipated
radiation exposure which was not considered acceptable [30]. The exposure was higher
than the exposure from ICRP category IIa to IIb (Table 2), which corresponds to an eﬀective dose higher than 10 mSv. The exact exposure was not described. Samples were collected up to 10 days from these patients after which the total recovery was extrapolated
using the plasma half-life. It was predicted that it would take up to 32 to 63 days to complete the elimination of the drug. In this case preclinical data (QWBA results) would be
helpful to make an estimate of the radioactive exposure of the drug in humans. The results from this review show that only a few studies reported the eﬀective dose. However
to be able to justify the chosen radioactive dose and to assure radiation safety the calculated eﬀective dose should be reported for each study as part of the study design.
In addition the pharmaceutical and radiochemical quality of the product used in a mass
balance study needs to be carefully monitored [16, 18]. The formulated product usually
consists partially of the non-radiolabeled compound and partially of radiolabeled compound. The radiochemical purity of the radiolabeled compound is of pivotal importance
for the quality and a radiochemical purity of >95% is essential to perform a mass balance
study [8]. From the studies included in this survey 11 studies did, however, not report the
radiochemical purity of the compound. The radiochemical purity was always higher than
>95% in the studies that reported the purity (Table 3). These results thus show that it is
possible to comply with these guidelines.
Study subjects
A trend that was very clear in the conduct of mass balance studies in the past decade,
was the inclusion of healthy volunteers instead of patients. Out of the 40 studies, 25 studies were performed in healthy volunteers (see Table 3). All compounds that were inves-
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tigated in these studies were targeted therapies. Though, it is surprising that drugs such
as pomalidomide and lenalidomide were tested in healthy volunteers although it is
known that they are teratogenic [31, 32]. Therefore only healthy male subjects were allowed in these studies and the radioactivity excretion in semen was assessed for lenalidomide.
The mean number of study subjects used in the included studies was 6 (range 2-8 subjects). In the mass balance study of trametinib only 2 patients were included instead of (the
planned) 6 patients, because the radiation exposure was considered unacceptable in the
ﬁrst two patients [30]. In the study of dovitinib 4 patients were included, but for the data
analysis the results of 3 patients were reported [33]. One patient was excluded due to constipation and fecaloma which resulted in insuﬃcient radioactivity recovery through feces
in this patient. In the mass balance study of LY2603618, only 3 patients were included
[34]. It was not further discussed why this number of subjects was chosen. Overall the
studies included complied to the ALARA principles, since they only included a limited
number of subjects.

10

Dosing
Single-dosing versus multiple-dosing
Out of the 40 studies included in this review two studies did not administer the single radiolabed dose on day 1. To investigate the mass balance of vemurafenib during steady
state, the included patients received the recommended dose (non-radiolabeled) of 960 mg
bi-daily (BID) from day 1 to day 14. On day 15 the patients were administered a single
dose of 14C-vemurafenib, after which they continued with their regular dose of unlabeled
vemurafenib until disease progression or unacceptable toxicity. Since vemurafenib has a
very long t1/2, steady state is achieved after two weeks of treatment [35]. This multiple-dose
approach is currently the recommended strategy for a mass balance study under steady
state PK conditions; however many other trials still chose to do a single dose trial instead
of a multiple dose trial. A multiple dose trial is not necessary for all drugs, but might be
desirable if the drug is used continuously (as vemurafenib) and has a very long t1/2. If a
drug is administered only on the ﬁrst day of a 28-day cycle one could consider a single
dose trial. In addition 14C-barasertib was dosed on day 2 as part of a 7-day continuous infusion in a 28-day cycle [36]. In this case the drug was dosed as part of a long infusion to
minimize the time of radiation exposure and not to investigate the mass balance at steady
state conditions. All volunteer studies were single dose studies.
Pharmacological dose
The pharmacological dose, or therapeutic dose, given in these studies did not exceed the
MTD except in the case of vandetanib [37]. The MTD of vandetanib was determined at 300
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mg, however the dose given in this study, to healthy volunteers, was 800 mg. Slow elimination of vandetanib was observed in an earlier phase I clinical trial and therefore accumulation was expected when multiple doses are given [38, 39]. To circumvent the
multiple dosing schemes a supratherapeutic dose of 800 mg was chosen instead of the
therapeutic dose of 300 mg [37]. Since no further reasoning was provided for the choice
of this speciﬁc dosing scheme, it can be questioned whether the results represent the
steady state situation.
In 10 studies the administered dose was lower than the therapeutic dose. All these studies
were performed in healthy volunteers, which may explain the choice of a lower dose.
However the study results might not reﬂect the metabolism and disposition of the drug
at the therapeutic dose and at steady state. This could give a distorted view of the elimination of the parent drug and metabolites. The routes of administration of drugs in the
included studies were all identical to the administration route that is used in clinical practice.
Radioactive dose
In this review 5 out of the 40 studies exceeded a dose of 100 µCi, which was previously
described as the preferred radioactive dose, even up to 250 µCi for the drugs tivantinib
and barasertib [36, 40]. For tivantinib no explanation was given for this dose and for barasertib the authors explained that this dose was considered to be the minimum to investigate the metabolite proﬁle of the drug [36, 40]. If the elimination of a drug is slow,
the radioactive concentration in the collected samples may be low which makes metabolite identiﬁcation very challenging. The administration of a higher radioactive dose can
overcome this problem and is in this case justiﬁable. However the downside is that the radiation exposure may be much higher due to the longer and higher exposure, as was the
case in the mass balance study of trametinib. Therefore it is very important to estimate the
eﬀective dose for a chosen radioactive dose prior to the execution of a mass balance study
[17].
Cobimetinib and AZD8931 were dosed at 200 µCi [27, 41]. In the study of cobimetinib the
authors did not expect a signiﬁcant radiation exposure risk, which was based on the dosimetry from quantitative whole-body autoradiography using rats [27]. In the study of
AZD8931 the rationale for this dose was not further discussed [41]. Geﬁtinib was dosed
at 166 µCi for which the rationale was also not further substantiated [42].
This literature review shows that 100 µCi is still the most often used radioactive dose for
mass balance studies.
Radioisotope
All studies used 14C as a radionuclide which conﬁrms the trend previously mentioned
that the advantages of 14C over other radionuclides are recognized. Advantages of 14C
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compared to other radionuclides are the long decay half-life, the small impact on bond
strength and kinetics due the small relative mass diﬀerence and 14C can be incorporated
at a molecule site which is not prone to metabolism [8]. For 31 compounds the radiolabel
was positioned in a ring structure, where the radiolabel remains at a stable position during metabolism. Other positions were the carbonyl carbon (vemurafenib, axitinib, sonidegib) [28, 35, 43], the alkene carbon (sunitinib) [26] and a chain carbon (geﬁtinib,
panobinostat) [29, 42].
Accelerator mass spectrometry
In this literature survey only three mass balance studies were identiﬁed using AMS [28,
44], and all other studies used LSC to analyze the radioactivity in the samples. This is
quite surprising, since a decade ago accelerator mass spectrometry (AMS) was marked as
an upcoming trend in mass balance studies and metabolite proﬁling [8]. Initially AMS
was developed to detect 14C levels near, or even below, the natural abundance with high
precisions and accuracy for radiocarbon dating. It was expected that instead of using liquid scintillation counting (LSC) as a method for radiodetection the use of AMS would
increase in metabolism studies, since this method is far more sensitive than LSC. Unlike
LSC, which counts the decay events of radioisotopes, AMS counts the individual 14C
atoms which makes this method 105 to 106 more sensitive than LSC. In addition validation studies comparing AMS to LSC for analysis of 14C-labeled drugs in diverse biological matrices demonstrated that AMS is an ultrasensitive and robust method for the
detection of 14C in these matrices [45, 46]. The sensitivity of AMS allows for lower dosing,
also known as a microdose or microtrace, which may be less than 1% of the therapeutic
dose (≤100 µg and 100 nCi 14C radioactivity). In this case the QWBA is not required and
a 14-day rodent toxicology study is suﬃcient to allow dosing of humans [22]. This is
mainly because of the extremely low drug concentrations in the body, which discards
safety issues. In addition a non-GMP-produced clinical batch is often allowed in a 14C labeled microdose/microtrace, whereas in conventional mass balance studies GMP material
is required [47].The discussion for the need of GMP material is further discussed elsewhere [47, 48]. In addition the application of AMS in pharmaceutical development has
been extensively described in the literature [49-55]. Although AMS has many advantages
over conventional radiodetection methods, there are also some disadvantages. The sample pretreatment of AMS is for instance very elaborate, in which all carbon content of the
sample is converted into graphite [56]. When AMS is coupled to HPLC fractionation, each
fraction needs to be pretreated separately for analysis [57]. In addition the installation
and the maintenance of an AMS platform and its components are very expensive, although some scientists suggest that 14C-labeled microdose/microstrace studies can be performed at lower costs [48]. At this moment only a small group of scientists are experienced
with this new technology which may also be a reason why AMS is only modestly applied
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in clinical studies hitherto.
Total recovered radioactivity in excreta
In a mass balance investigation the cut-oﬀ recovery of radioactivity is always a mater of
debate. This is mainly because at some point it is questionable whether there is added
value to a higher recovery compared to the burden of sampling for the patients. From the
studies included in this review, 28 mass balance studies resulted in a recovery of >80% of
the administered radioactivity, 15 mass balance studies yielded in a recovery of >90% and
the recovery of 10 studies was <80% (see Table 3). While a recovery of >90% of the administered radioactivity is the described in the guideline, authorities seem to accept a lower
recovery if explanations are given for the incomplete recovery.
There are several studies that show a very high radioactivity recovery, which were achieved by a very long samples collection period. Mass balance studies with enzalutamide,
vismodegib and cabozantinib resulted in a recovery >90%, but the sample collection period was respectively 77 days, 56 days and 48 days [44, 58, 59]. Seting a target to achieve
a recovery >90% in a mass balance study with an anticancer drug might not be desirable
when including patients, because of possibility for a long collection period. Beumer et al.
[8] suggested that collection of a matrix can be stopped when less than 1% of the administered dose is excreted for two consecutive days. If the radioactivity would be <90%
then this should be explained by biological factors. Many of the studies were compliant
to these recommendations.
In this survey 10 of the 40 studies had a recovery <80% of the administered dose (see Table
3). Explanations for an incomplete recovery were the long t1/2 of the drug and that a low
recovery was previously reported for that drug group with similar physiocochemical characteristics (in the case of cabazitaxel). The incomplete recovery of cabazitaxel was compared to the recovery of paclitaxel in a previous study which was comparably low [60].
Since both cabazitaxel and paclitaxel are taxanes and exhibit similar physiocochemical
characteristics, the incomplete recovery was justiﬁed and explained by this comparison
[60].
Some studies discussed possible explanations but concluded that the incomplete recovery remains unknown. The incomplete recovery seems more common for the alkylating
agents, such as bendamustine and trabectedin. Alkylating agents are known to form covalent bonds which causes irreversible binding of these drugs to tissue which explains the
incomplete recovery. The incomplete recovery also seems more common for compounds
with a very long t1/2, as bendamustine, trabectedin, trametinib, sunitinib and vandetanib.
The mass balance study of barasertib collected samples up to 8 days, without criteria for
the cumulative radioactivity recovery [36]. The results indicate that urine excretion is fast,
but that fecal elimination is still ongoing after the last sample collection period (8 days
after collection). This indicates that the recovery could have been higher; this is however
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not further discussed. Other reasons for low excretion recovery have been described previously, but seemed not to be applicable for the compounds included in this study [8, 11].
Identiﬁcation and quantiﬁcation of major metabolites
Almost all included studies describe metabolite identiﬁcation in various matrices. Metabolite proﬁling is usually performed in plasma, urine and feces because the formed metabolites may be diﬀerent in each matrix. Lenalidomide was also proﬁled in semen,
because the drug is known to be teratogenic [32].
In all studies a large part of the radioactivity was identiﬁed. The identiﬁed percentage of
the excreted radioactivity was between 50% and 99.9% in all studies. If the percentage of
radioactivity was relatively low (50%-60%) this was further discussed as in the case of
trabectedin [61]. Due to the low administered radioactive dose, high volume of distribution and long terminal half-life of trabectedin the radioactivity in the obtained samples
was very low. The molecular structures of the unknown metabolites could not be assessed because the concentrations were too low to record full mass spectra. Other problems
reported were low extraction recovery in feces and the evaporation of small, non-polar
compounds which could not be resolved [61]. As previously described the radioactivity
recovery of trametinib was low in the conducted mass balance study in humans, which
was also a reason for the low percentage of the excreted radioactivity that could be structurally identiﬁed [30].
Many studies did not report metabolites that accounted for <1% of the administered dose.
The extensive metabolism of a drug into trace metabolites can contribute to a lower percentage of identiﬁed metabolites. The importance of the trace metabolites should be based
on the degree of metabolism of the investigational drug. If the drug is completely metabolized, trace metabolites may be more important, i.e. contribute to eﬃcacy and toxicity.
In this situation their relative concentration compared to the parent drugs would be higher. If the parent compound shows only minor metabolism, the contribution of the trace
metabolites to eﬃcacy and toxicity would be minor.
At least 80% of the excreted radioactivity should be identiﬁed, but this review shows that
this is quite a challenge [13]. The identiﬁcation of metabolites can be diﬃcult if the radioactivity in the samples is low, if unstable metabolites are formed and if the extraction
recovery after sample pretreatment from the diﬀerent matrices is low. Therefore the described 80% is a good guideline and if this is not achieved one should elaborate on the
possible explanations of a low identiﬁcation percentage.

Conclusions
This review described the current guidelines that are applicable to human radiolabeled
mass balance studies and compared these guidelines to published mass balance studies
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in the past 10 years. The current guidelines are feasible for the conduct of mass balance
studies in humans, because overall the published studies complied to these guidelines. If
this was not the case, this was often further reasonably explained. In addition it is noticeable that newer guidelines are not yet fully used as for instance the recommendation to
perform multiple dose schedules in the case of accumulating drugs. It remains however
questionable whether this is the right study design to investigate the metabolism and disposition of a drug during steady state. In addition a multiple dosing schedule might interfere with the choice to use healthy volunteers as study subjects, since this has not yet
been described and may be considered unethical.
In conclusion, the major changes observed in clinical mass balance studies in oncology are
the major shift from classical chemotherapy drugs to targeted therapies and the subsequently the inclusion of healthy volunteers instead of patients.
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OMACETAXINE MEPESUCCINATE

Abstract
Omacetaxine mepesuccinate (hereafter called omacetaxine) is a modiﬁed cephalotaxine and is registered (Synribo®) for the treatment of adult patients with chronic
myeloid leukemia (CML) with resistance and/or intolerance to two or more tyrosine
kinase inhibitors (TKIs). To evaluate the pharmacokinetics of omacetaxine, sensitive
high-performance liquid chromatography-tandem mass spectrometry (LC-MS/MS)
assays for the quantiﬁcation of omacetaxine and its inactive 4’-des-methyl (4’DMHHT) and cephalotaxine metabolites in human plasma and urine were developed and validated.
Since omacetaxine is mainly metabolised by esterases, the plasma samples were immediately stabilised after collection with an esterase inhibitor and stored at a nominal temperature of -80°C. Urine samples were stored at -80°C immediately after
collection. Protein precipitation was applied as the sample pretreatment method for
the plasma samples, and urine samples were processed using solid-phase extraction
(SPE). For both assays, the dried and reconstituted extracts were injected on a
XBridge BEH Phenyl column for analysis of all analytes. Gradient elution was applied with 0.1% formic acid in water and methanol as mobile phases. Analytes were
ionised using a turbospray ionisation source in positive mode and detected with a
triple quadrupole mass spectrometer.
The validated plasma assay quantiﬁes all analytes in the concentration range of 0.1
– 100 ng/mL and the urine assay in the range of 0.1 – 50 ng/mL. At all concentrations, the accuracies were within ± 15% of the nominal concentrations and precisions
were ≤15%. The developed methods have successfully been applied in a human mass
balance study of omacetaxine.
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Introduction
Omacetaxine mepesuccinate (hereafter called omacetaxine) is a modiﬁed cephalotaxine
and is registered (Synribo®) for the treatment of adult patients with chronic myeloid leukemia (CML) with resistance and/or intolerance to two or more tyrosine kinase inhibitors (TKIs). Omacetaxine is a semi-synthetic product from the leaves of the Cephalotaxus
fortunei, which is identical to the natural product homoharringtonine [1]. Homoharringtonine was ﬁrst extracted from the bark of this tree, and the alcoholic extract showed effects on various types of acute leukemia by inhibition of protein synthesis. Subsequently
a semi-synthetic process was developed to produce large quantities of highly puriﬁed
omacetaxine [2, 3]. Omacetaxine is mainly metabolised by esterases into its inactive 4’-desmethyl (4’-DMHHT) and cephalotaxine metabolites.
To support clinical pharmacological studies an assay for quantiﬁcation of omacetaxine
and its metabolites is needed. Since the activity of cephalotaxus alkaloid extracts such as
homoharringtonine and cephalotaxine have been under investigation for approximately
40 years, several assay procedures have already been described using diﬀerent detection
methods [4-7]. Only one method describes the quantiﬁcation of 4’-DMHHT, but without
bioanalytical details [8]. However, methods for quantitation of the parent drug and the
two circulating metabolites in human plasma and urine were needed for use in support
of a human mass balance study. Full validation of the developed assays was performed
in compliance with the OECD principles of good laboratory practice (GLP) [9] and according to the FDA and latest EMA guidelines on bioanalytical method validation [10, 11].
Additionally, the applicability of the assay in clinical sample analysis was demonstrated.

Experimental
Chemicals
Omacetaxine, 4’-DMHHT and cephalotaxine (Figure 1) were manufactured by Novasep
(Pompey, France) and provided by Teva Pharmaceuticals (North Wales, PA, USA). Deuterated stable isotope-labeled (2H5) analogues of all compounds were used as internal
standards, and these were manufactured by Chemtos (Austin, TX, USA) and provided
by Teva Pharmaceuticals. Sigma-Aldrich (St. Louis, MO, USA) supplied paraoxon which
served as esterase inhibitor to stabilise the analytes in plasma. Methanol (UPLC grade
and Supra-Gradient grade), water (UPLC grade), formic acid (UPLC grade), acetonitrile
(UPLC grade) and isopropyl alcohol (UPLC grade) were obtained from Biosolve Ltd. (Valkenswaard, The Netherlands). Dimethyl sulfoxide (DMSO), potassium dihydrogen phosphate and ammonia solution (25%) were purchased from Merck (Darmstadt, Germany).
Water (distilled) used for sample preparation originated from B. Braun Medical (Mel-
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Figure 1. Chemical structures of (A) omacetaxine, (B) 4’-DMHHT and (C) cephalotaxine.

sungen, Germany). K2EDTA plasma was obtained from the Slotervaart Hospital (Amsterdam, The Netherlands) and stabilised with 5% of a 0.4% ethanolic paraoxon solution.
Drug-free control human urine was obtained from healthy volunteers.

Stock solutions, calibration standards and quality control samples
Stock solutions
Separate 1-mg/mL stock solutions for calibration standards and quality control samples
(QC samples) were prepared in DMSO for each analyte: omacetaxine, 4’-DMHHT and
cephalotaxine. These stock solutions, stored at -20°C, were further diluted with methanolwater (50:50, v/v) to obtain working solutions. The working solutions were also stored at
-20°C.
Stock solutions of the internal standards 2H5-omacetaxine, 2H5-4’-DMHHT and 2H5-cephalotaxine were also prepared at a concentration of 1 mg/mL in DMSO. The internal standard working solution in methanol-water (50:50, v/v) contained 20 ng/mL of each internal
standard. Internal standard stock solutions were stored at -20°C and the working solutions at a nominal temperature of 2-8°C.
Calibration standards and quality control samples of the plasma assay
To minimise degradation of omacetaxine to 4’-DMHHT and cephalotaxine, the plasma
was stabilised with 5% of a 0.4% ethanolic paraoxon solution. With this stabilised plasma,
to which we will refer as control human plasma, calibration standards were prepared
freshly before each validation run by adding 20 µL of calibration standard working solution to 380 µL of control human plasma. Calibration standards with the following concentrations were prepared for omacetaxine, 4’-DMHHT and cephalotaxine: 0.100, 0.200,
1.00, 10.0, 20.0, 50.0, 80.0 and 100 ng/mL. Aliquots of 100 µL were used for sample pre-
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paration.
The QC samples were prepared by spiking control human plasma with the appropriate
QC working solution. Final concentrations at the lower limit of quantiﬁcation (QC LLOQ),
QC low, QC mid, QC high and QC above the upper limit of quantiﬁcation (>ULOQ) contained 0.100, 0.300, 45.0, 75.0 and 2,000 ng/mL of omacetaxine, 4’-DMHHT and cephalotaxine, respectively. QC samples were stored in aliquots of 100 µL at a nominal
temperature of -70°C.
Calibration standards and quality control samples for the urine assay
For the urine assay, calibration standards were prepared by adding 20 µL of calibration
working solution to 380 µL of control human urine. Calibration standards with the following concentration were prepared for omacetaxine, 4’-DMHHT and cephalotaxine:
0.100, 0.200, 0.500, 1.00, 5.00, 20.0, 40.0 and 50.0 ng/mL. A sample volume of 400 µL was
processed.
The QC samples were prepared by spiking control human urine with appropriate QC
working solutions. Final concentrations at the lower limit of quantiﬁcation (LLOQ), QC
low, QC mid, QC high and QC above the upper limit of quantiﬁcation (>ULOQ) contained 0.100, 0.300, 20.0, 37.5 and 1,000 ng/mL of omacetaxine, 4’-DMHHT and cephalotaxine. QC samples were stored in aliquots of 400 µL at a nominal temperature of -70°C.

Sample preparation
Immediately after sample collection in the clinic by venipuncture, the plasma samples
were put on ice-water for approximately 5 min and centrifuged for 15 min at 1800 x g at
4°C. After centrifugation, the plasma was stabilised with 5% of 0.4% ethanolic paraoxon
solution and stored at -80°C. Urine samples were immediately stored at -80°C after collection.
Plasma
Plasma samples were thawed, vortex-mixed and centrifuged (5 min at 900 x g) prior to
processing, and a 100-µL aliquot was used for analysis. Fifty microliters of internal standard working solution (20 ng/mL) and 500 µL of acetonitrile-methanol (80:20, v/v) were
added to precipitate the plasma proteins. After 10 min shaking at 1,250 rpm on an automatic shaker, the samples were centrifuged for 5 min at 23,100 x g. The supernatant was
transferred to a clean tube and evaporated to dryness under a gentle stream of nitrogen
gas (approximately 30 min at 40°C). The dry extract was then reconstituted with 400 µL
of acetonitrile-0.1% formic acid in water (90:10, v/v). After vortex-mixing for approximately 10 s and centrifuging for 5 min at 23,100 x g, the clear supernatant was transferred to
an autosampler vial. A volume of 5 µL was injected onto the HPLC column.
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Urine
Urine samples were prepared by solid-phase extraction (SPE). Urine samples were thawed in an ice-water bath, and 100 µL of internal standard working solution (20 ng/mL)
and 400 µL of 50 mM potassium phosphate (pH 3) were added to a volume of 400 µL of
urine. After vortex-mixing, SPE was performed using Strata SCX 100-mg cartridges (Phenomenex, Torrance, CA). The cartridges were conditioned and equilibrated with 400 µL
of methanol and 400 µL of 50 mM potassium phosphate (pH 3), respectively. Subsequently, the acidiﬁed samples were loaded, and the cartridges were washed with 400 µL
of 50 mM potassium phosphate (pH 3) and 400 µL of methanol and dried. The analytes
were eluted with 600 µL of 3% ammonium hydroxide in methanol, and the eluates were
evaporated to dryness under a gentle stream of nitrogen at 40°C. The dry extract was then
reconstituted with 400 µL of acetonitrile-0.1% formic acid in water (90:10, v/v). After vortex-mixing for approximately 10 s and centrifuging for 5 min at 23,100 x g, the clear supernatant was transferred to an autosampler vial. A volume of 5 µL was injected onto the
HPLC column.

Liquid chromatography-tandem mass spectrometry
The chromatographic separation was carried out using a UPLC I Class pump, column
oven and autosampler (Waters, Eten-Leur, The Netherlands). The autosampler temperature was kept at 5°C and the column oven at 30°C. The mobile phase A consisted of
0.1% formic acid in water and mobile phase B was methanol. Gradient elution was applied at a ﬂow rate of 0.50 mL/min through an XBridge BEH Phenyl column (50 x 2.1 mm
internal diameter, particle size 5 µm; Waters). The following mobile phase gradient was
applied: 10 to 15% B (0.0-0.1 min), 15% B (0.1-0.5 min), 15 to 50% B (0.5-2.5 min), 50% B
(2.5-3.5 min), 50 to 80% B (3.5-3.6 min), 80% B (3.6-4.5 min), 80 to 10% B (4.5-5.6 min). The
divert valve directed the ﬂow to the mass spectrometer between 0.2 and 3.0 min; the eluent during the remainder of the run was sent to the waste container.
Omacetaxine, 4’-DMHHT and cephalotaxine were analysed on a QTrap 5500 mass spectrometer (MS) (AB Sciex, Thornhill, ON, Canada). This instrument is equipped with a
turbo ion spray interface, operating in positive mode and conﬁgured in multiple reaction
monitoring (MRM) mode. The LC-MS/MS data were acquired and processed with AnalystTM software version 5.1.2 (AB Sciex). Table 1 summarises the MS operating parameters. For 2H5-cephalotaxine a product mass (m/z 286) that was not analogous to the
non-labeled cephalotaxine fragment (m/z 229) was chosen because this fragment was the
most abundant.

Validation procedures
The assay validation was performed in accordance to the OECD principles of GLP [9].
Calibration model, accuracy and precision, selectivity, dilution integrity, lower limit of
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Heater gas

Nebuliser gas

Turbo gas temperature

Ionspray voltage

Run duration

General setings

40 psi

40 psi

40 psi

500 °C

+ 4.0 kV

5.6 min

QTrap 5500

Table 1. Mass spectrometric parameters for the analysis of omacetaxine, 4’-DMHHT and cephalotaxine with the internal standards 2H5-omacetaxine,
H5-4’ DMHHT and 2H5-cephalotaxine.
2

Curtain gas

Collision energy

Dwell time

Product mass

Parent mass

141 V

10 V

45 V

50 ms

298.0 m/z

546.0 m/z

141 V

10 V

45 V

50 ms

303.0 m/z

551.0 m/z

10 V

186 V

10 V

45 V

50 ms

298.0 m/z

532.0 m/z

1.8 min

10 V

186 V

10 V

45 V

50 ms

303.0 m/z

537.0 m/z

4’-DMHHT-2H5

0.8 min

10 V

121 V

24 V

41 V

50 ms

229.0 m/z

316.0 m/z

Cephalotaxine

0.8 min

10 V

121 V

24 V

41 V

50 ms

286.0 m/z

321.0 m/z

Cephalotaxine-2H5

9 psi

Collision exit potential

10 V

1.8 min

Collision gas

Declustering potential

10 V

2.2 min

Omacetaxine-2H5 4’-DMHHT

Entrance potential

2.2 min

Analyte speciﬁc parameters Omacetaxine

Typical retention time
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quantitation, matrix eﬀect, carry-over, eﬀect of hemolysis and stability under various conditions were established according to the latest US FDA and EMA guidelines on bioanalytical method validation [10, 11].
The accuracy is expressed as the bias and the following equations were used:
Within-run bias (%)=
100% ∙ ((mean measured conc.per run-nominal conc.))/((nominal conc.))

(1)

Between-run bias (%)=
100% ∙((overall mean measured conc.-nominal conc.))/((nominal conc.))

(2)

The precision is expressed as the coeﬃcient of variation (CV) and the following equations were used:
Within-run CV (%)=
(3)
100% ∙ ((SD of the measured conc.per run))/((mean measured conc.per run))
Between-run CV (%)=
(4)
100% ∙ ((SD of the overall measured conc.))/((overall mean measured conc.))

Results and discussion
Calibration model
Calibration standards were prepared and analysed in duplicate during three analytical
runs. The linear regression of peak area ratios versus the concentrations was weighted
1/x2 to obtain the lowest total bias over the range. The calibration range of omacetaxine,
4’-DMHHT and cephalotaxine in plasma was 0.1 to 100 ng/mL and in urine was 0.1 to 50
ng/mL.
Calibration curves were accepted if 75% of the non-zero calibration standards and 50% of
each calibration level, including a LLOQ and an ULOQ, had a deviation within ± 15% of
the nominal concentration (± 20% at the LLOQ). All calibration curves of the analytes met
these criteria and correlation coeﬃcients (r2) of 0.9994 or beter were obtained.

Accuracy and precision
To assess the accuracy and precision of the assays, ﬁve replicates of QC LLOQ, QC low,
QC mid and QC high in plasma were analysed during three analytical runs.
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Table 2 summarises the intra- and inter-assay accuracies and precisions of the assay. The
biases and CVs were within the acceptance criteria (i.e., within ± 20% and ≤ 20%, respectively, at the LLOQ level and within ± 15% and ≤ 15% at the other QC levels).
Table 2. Assay performance data for the analysis of omacetaxine, 4’-DMHHT and cephalotaxine
in human plasma and urine. A bold number of replicates indicates that there was an outlier in
one or more runs.
Intra-assay
Matrix
Plasma

Analyte
Omacetaxine

4’-DMHHT

Cephalotaxine

Urine

Omacetaxine

4’-DMHHT

Cephalotaxine

a

Inter-assay
a

Nom. conc.
(ng/mL)

n

Bias
(%)

CV
(%)

Bias
(%)

CV
(%)

0.102

15

-1.1 – 6.9

1.5 – 5.1

5.7

6.1

0.305

15

5.7 – 7.0

0.9 – 2.9

6.2

1.9

45.7

15

4.6 – 6.0

1.1 – 1.7

5.4

1.5

76.2

15

4.7 – 5.3

0.9 – 1.2

5.1

1.0

0.0987

15

4.5 – 10.8

4.4 – 7.6

6.8

6.3

0.296

15

6.6 – 7.6

2.1 – 2.5

7.0

2.2

44.4

15

5.1 – 7.7

0.9 – 1.3

6.7

1.5

74.0

15

6.4 – 8.3

1.7 – 1.7

7.5

1.8

0.993

14

-9.8 – 12.4

4.7 – 7.9

5.0

11.0

0.298

15

3.6 – 8.3

4.3 – 5.1

6.6

4.8

44.7

15

3.4 – 6.3

1.2 – 1.5

5.1

1.7

74.5

15

3.7 – 7.2

1.7 – 2.3

5.7

2.3

0.102

14

0.8 – -4.8

1.2 – 3.2

-0.7

4.0

0.307

15

-0.1 – 0.1

1.6 – 1.9

0.0

1.6

20.5

15

-0.6 – 0.6

0.8 – 2.0

0.0

1.4

38.4

15

-2.4 – 0.0

0.4 – 2.3

-1.1

1.9

0.103

14 -10.3 – -0.6

1.9 – 3.8

-4.0

5.1

0.308

15

-1.9 – 1.0

2.0 – 3.0

-0.8

2.6

20.5

15

-1.1 – 1.7

0.5 – 1.1

0.2

1.4

38.5

15

1.4 – 3.5

0.7 – 1.5

2.1

1.6

0.104

13

-0.7 – 3.6

2.7 – 8.5

1.8

5.7

0.311

15

-1.5 – 5.2

0.5 – 1.9

0.7

3.5

20.7

15

-1.4 – 0.7

0.9 – 2.3

-0.5

1.7

38.9

15

0.2 – 2.0

0.9 – 1.3

1.2

1.3

Nom.: nominal; conc.: concentration; n: number of replicates; CV: coeﬃcient of variation. Bold:
statistical outlier. a The range of accuracy and precision during the 3 validation runs is presented.

205

11

OMACETAXINE MEPESUCCINATE

Selectivity
Six diﬀerent batches of control plasma were spiked at the LLOQ level with omacetaxine,
4’-DMHHT and cephalotaxine to investigate the selectivity. The mean deviations from
the nominal concentrations for the plasma assay were -8.4%, 0.3% and -11.5% with CV values of 4.9%, 4.7% and 2.1%, respectively. For the urine assay, the mean deviations were
0.5%, -2.4% and 2.0% with CV values of 1.8%, 2.5% and 5.2%, respectively. There were no
peaks observed with areas > 20% of the LLOQ in double-blank samples of these batches
for any of the analytes and also no interferences were detected at the retention times of
the internal standards for both assays. Selectivity was therefore considered acceptable.
Cross-analyte and internal standard interference was tested by spiking control human
plasma at ULOQ level with all analytes and all internal standards separately at the nominal concentration (one level). The cross-analyte and internal standard interference at the
retention time of omacetaxine was less than the allowable 20% of the peak area of the
LLOQ level. For the internal standard the interference was less than 5% and thus also
within the acceptance criteria.
In the plasma assay, the interference at the retention time of 4’-DMHHT from omacetaxine at the ULOQ was 7 times the area of the LLOQ of 4’-DMHHT and the interference
at the retention time of cephalotaxine from 4’-DMHHT at the ULOQ was 10 times of the
area of the LLOQ of cephalotaxine. The cross-analyte interference was investigated and
no conversion was found to have occurred during sample processing for sample analysis. However, the reference standards contained impurities: a relative interference of
0.34% 4’-DMHHT in the omacetaxine reference standard and 0.96% cephalotaxine in the
4’-DMHTT reference standard. Since the relative interference is less than 1%, this will not
have consequences for the accuracy of the method since all calibration standards are
spiked with analytes at equal concentration levels. Therefore, analyte and internal standard interferences for these analytes were considered acceptable. The same interferences
were detected during validation of the urine method, since the same batches of reference
standards were used.

Dilution integrity
Five replicate plasma and urine samples of omacetaxine, 4’-DMHHT and cephalotaxine
at a concentration level of 2,000 ng/mL for plasma and 1,000 ng/mL for urine were diluted 25-fold with control human plasma and control human urine, respectively (20 µL of
sample was added to 480 µL of control human matrix). For the plasma assay, 100 µL was
processed, and for the urine assay, 400 µL. In the plasma samples, the maximum bias was
-5.9% and the precisions were less than 2.0%; in the urine samples, the maximum bias
was -10.6% and the precisions were less than 1.7%, all within the required limits [10, 11].
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Lower limit of quantitation
The analyte responses at the LLOQ were at least 5 times the response of a blank in three
validation runs for both assays. In the plasma assay, the signal-to-noise ratio was at least
13.3, and in the urine assay, the signal-to-noise ratio was at least 10.3. Figure 2 shows representative chromatograms of omacetaxine, 4’-DMHHT and cephalotaxine in QC LLOQ
samples and double-blank samples in plasma; Figure 3 shows chromatograms for the corresponding samples in urine.

11

Figure 2. MRM chromatograms of omacetaxine (A1), 4’-DMHHT (B1) and cephalotaxine (C1) in
extracted plasma at LLOQ level (0.100 ng/mL) and the corresponding internal standard signals of
2H -omacetaxine (A2), 2H -4’-DMHHT (B2) and 2H -cephalotaxine (C2) at 20 ng/mL.
5
5
5
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Carry-over
Carry-over was investigated by injecting two double-blank samples after a ULOQ sample in three analytical runs. Eluting peaks with areas > 20% of the LLOQ were not observed in the blank samples injected directly after ULOQ samples, and therefore the criteria
for carry-over were fulﬁlled.

Matrix factor
The matrix factor (MF) was determined in six plasma batches and six urine batches at
low and high concentration levels of omacetaxine, 4’-DMHHT and cephalotaxine and the

Figure 3. MRM chromatograms of omacetaxine (A1), 4’-DMHHT (B1) and cephalotaxine (C1) in
urine at LLOQ level (0.100 ng/mL) and the corresponding internal standard signals of 2H5-omacetaxine (A2), 2H5-4’-DMHHT (B2) and 2H5-cephalotaxine (C2) at 20 ng/mL.
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internal standards. Single determinations were performed. Processed blank samples were
spiked with neat solutions and compared to matrix-free neat solutions. The matrix factor
was determined by using the following equation:
MF=
(Area of blank sample spiked with neat solution (matrix present))/
(Area of neat solution (matrix absent))

(5)

In addition to the MF the internal standard-normalised MF was calculated by dividing the
MF of the analyte through the MF of the internal standard. The coeﬃcients of variation
(CV) of the internal standard-normalised MF calculated from the six plasma batches for
the low and high concentration were less than 4.4% and 0.8%, respectively, fulﬁlling the
acceptance criteria. The matrix factor in plasma ranged from 0.927 to 1.08. The maximum
coeﬃcient of variation (CV) of the internal standard-normalised MF calculated from the
six urine batches for the low and high concentration was 4.4% and 0.8%, respectively, and
fulﬁlled the criteria. The matrix factor in urine ranged from 0.917 to 1.16. These results (MF
around 1) indicate that the use of the stable isotope-labeled compounds as internal standards is eﬀectively minimising the inﬂuence of matrix eﬀects.

Eﬀect of hemolysis
The eﬀect of hemolysis was evaluated by spiking hemolysed control human plasma. Hemolysed human plasma was obtained by adding 5% (v/v) of whole blood that had undergone one freeze (-20°C)/thaw cycle to control human plasma. Concentrations equal to
low and high QC levels were tested and analysed in triplicate. The results are shown in
Table 3. No eﬀect of hemolysis was demonstrated since the bias of the mean concentration was within ± 15% of the nominal concentration for all analytes.
Table 3. Eﬀect of hemolysis on the quantiﬁcation of omacetaxine, 4’-DMHHT and cephalotaxine
in human plasma. All experiments were performed in triplicate at QC low and QC high concentration levels.
Analyte
Omacetaxine

4’-DMHHT

Cephalotaxine

Nominal conc.
(ng/mL)

Measured conc.
(ng/mL)

Bias (%)

C.V. (%)

n

0.305

0.320

4.8

1.8

3

76.2

78.7

3.3

0.1

3

0.296

0.303

2.3

1.0

3

74.0

78.5

6.1

1.7

3

0.298

0.322

8.2

4.2

3

74.5

75.6

1.4

2.3

3
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Conditions

Matrix

Nominal conc. Measured conc.
Bias (%) C.V. (%) n
(ng/mL)
(ng/mL)

Analyte

Stock solutions
Ambient, 4 h

-20°C, 2 months

DMSO

DMSO

Omacetaxine

1.00E+06

1.04E+06

3.6

4.6

4’-DMHHT

1.00E+06

1.01E+06

1.3

3.1

3
3

Cephalotaxine

1.00E+06

9.62E+05

-3.8

2.2

3
3

Omacetaxine

1.00E+06

9.98E+05

-0.2

0.8

4’-DMHHT

1.00E+06

9.92E+05

-0.8

6.7

3

Cephalotaxine

1.00E+06

1.02E+06

1.7

7.8

3

Working solutions
Ambient, 16 h

50% MeOH Omacetaxine
4’-DMHHT
Cephalotaxine

-20°C, 2 months

50% MeOH Omacetaxine
4’-DMHHT
Cephalotaxine

2.02

2.03

0.3

0.9

3

10,100

10,118

0.2

1.0

3

1.99

2.03

2.1

0.5

3

9,940

10,043

1.0

1.5

3

2.13

2.07

-3.0

0.8

3

10,600

10,684

0.8

2.3

3

2.02

2.10

3.8

1.5

3

10,100

10,298

2.0

2.5

3

1.99

1.99

0.0

3.3

3

9,940

9,789

-1.5

1.8

3

2.13

2.18

2.5

1.4

3

10,600

10,544

-0.5

0.8

3

0.305

0.317

3.8

0.7

3

76.2

79.3

4.0

0.5

3

4’-DMHHT

0.296

0.301

1.7

3.5

3

74.0

77.7

5.0

1.7

3

Cephalotaxine

0.298

0.297

-0.3

3.8

3

74.5

76.8

3.1

0.4

3

Omacetaxine

0.305

0.311

1.9

1.9

3

76.2

77.9

2.2

1.8

3

0.296

0.329

11.1

3.6

3

74.0

81.5

10.1

1.0

3

0.298

0.310

3.9

3.5

3

74.5

81.1

8.9

1.9

3

0.305

0.340

11.4

0.9

3

76.2

82.5

8.3

0.6

3

0.296

0.333

12.4

1.7

3

74.0

80.1

8.3

2.4

3

0.298

0.324

8.7

2.4

3

74.5

80.4

7.9

1.9

3

Plasma
5 freeze-thaw cycles Biomatrix
(-70°C/ambient)

Ambient, 24 h

Biomatrix

Omacetaxine

4’-DMHHT
Cephalotaxine
2-8°C, 9 days

Final extract Omacetaxine
4’-DMHHT
Cephalotaxine
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Conditions

Matrix

Analyte

Biomatrix

Omacetaxine

Nominal conc. Measured conc.
Bias (%) C.V. (%) n
(ng/mL)
(ng/mL)

Whole blood
Ambient, 1 h

Ice-water, 1 h

Biomatrix

0.341

0.304

-11.3

1.0

3

85.3

78.2

-8.7

1.4

3

4’-DMHHT

0.453

0.465

2.5

3.1

3

114

115

0.6

0.9

3

Cephalotaxine

0.275

0.275

-0.2

7.5

3

66.6

69.1

3.6

3.4

3

Omacetaxine

0.341

0.330

-3.1

2.7

3

85.3

82.3

-3.6

1.0

3

4’-DMHHT

0.453

0.466

2.8

3.3

3

114

116

1.2

2.8

3

0.275

0.260

-5.7

3.4

3

66.6

68.4

2.7

0.5

3

0.307

0.304

-1.1

1.3

3

38.4

38.0

-1.0

1.6

3

0.308

0.303

-1.5

5.6

3

38.5

38.4

-0.2

1.3

3

0.311

0.301

-3.1

2.5

3

38.9

37.9

-2.7

0.4

3

Omacetaxine

0.307

0.299

-2.7

1.7

3

38.4

37.7

-1.7

0.2

3

4’-DMHHT

0.308

0.309

0.2

4.1

3

38.5

39.1

1.6

1.6

3

0.311

0.301

-3.2

5.8

3

38.9

38.7

-0.5

1.1

3

0.307

0.306

-0.2

0.9

3

38.4

38.5

0.2

1.7

3

0.308

0.294

-4.7

1.1

3

38.5

38.3

-0.6

4.5

3

0.311

0.324

4.1

3.5

3

38.9

40.0

2.8

1.5

3

Cephalotaxine
Urine
5 freeze-thaw cycles Biomatrix
(-70°C/2-8°C)

Omacetaxine
4’-DMHHT
Cephalotaxine

Ambient, 24 h

Biomatrix

Cephalotaxine
2-8°C, 15 days

Final extract Omacetaxine
4’-DMHHT
Cephalotaxine

Table 4. Stability data for omacetaxine, 4’-DMHHT and cephalotaxine in stock/working solutions,
plasma and urine. All experiments in the biomatrices were performed in triplicate at low and high concentrations. Abbreviations: Conc.: concentration; C.V. Coeﬃcient of Variation; n: number of replicates.
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Stability
The results of the stability experiments are shown in Table 4. In DMSO stock solution
omacetaxine, 4’-DMHHT and cephalotaxine are stable for at least 4 h at ambient temperature and for at least 2 months at -20°C. In working solution in methanol-water (50:50,
v/v) all analytes are stable for at least 16 h at ambient temperature and for at least 2
months at -20°C. Omacetaxine, 4’-DMHHT and cephalotaxine are stable in plasma when
using the esterase inhibitor paraoxon to stabilise the compounds, with a demonstrated stability at -70°C for almost 4 years (data not shown). After an hour at room temperature
there is a substantial decrease measured in the omacetaxine concentration in whole blood.
Therefore the stability of the analytes in whole blood was tested on ice-water, and under
these conditions the analytes were stable for at least one hour. The compounds are stable
in urine at -70°C for at least 3.5 years (data not shown) and for at least 24 h at room temperature.
Reinjection reproducibility experiments demonstrated that processed plasma and urine
samples can be successfully reinjected after 6 and 3 days, respectively, when stored at 28°C (data not shown).

Clinical application
The purpose of the validated assays was to support clinical pharmacokinetic studies of
omacetaxine. To demonstrate their applicability, we present the concentration proﬁles
over time of omacetaxine, 4’-DMHHT and cephalotaxine in plasma of a representative
patient treated with omacetaxine.
A 1.25-mg/m2 dose of omacetaxine was administered as a subcutaneous injection to a cancer patient as part of a clinical phase I study investigating the metabolism and excretion
of omacetaxine in patients with relapsed and/or refractory hematologic malignancies or
advanced tumors. Blood samples were collected at pre-selected time points using tubes
containing K2EDTA and put on ice. Within 5 min after collection, samples were centrifuged for 10 min at 1,800 x g and 4°C. Plasma was isolated and stabilised with 5% of a 0.4%
ethanolic paraoxon solution, vortex-mixed and stored at -80°C pending analysis. Figure
4 shows the plasma concentration-time curves for omacetaxine and 4’-DMHHT in plasma
of a patient. The metabolite cephalotaxine was quantiﬁable in urine but only in one
plasma sample from a single patient.

212

BIOANALYSIS

Figure 4. Representative plasma concentration-time curves of omacetaxine and its metabolite 4’DMHHT following a single 1.25-mg/m2 subcutaneous injection of omacetaxine administered to a
patient suﬀering from cancer. Cephalotaxine was not detected in the plasma samples.

11

Conclusion
A sensitive LC-MS/MS assay for the quantiﬁcation of omacetaxine, 4’-DMHHT and cephalotaxine in human plasma and urine was developed and validated. The validated range
for all analytes in plasma is from 0.1 to 100 ng/mL using 100-µL plasma aliquots and in
urine from 0.1 to 50 ng/mL using 400-µL urine aliquots. Dilution integrity experiments
show that samples can be diluted 25-fold in control matrix prior to analysis. The extended concentration range for plasma is therefore from 0.1 to 2,000 ng/mL and for urine,
from 0.1 to 1,000 ng/mL. Omacetaxine, 4’-DMHHT and cephalotaxine are stable at -70°C
in plasma stabilised with paraoxon for almost 4 years and in urine for almost 3.5 years.
The assays are considered ﬁt to support clinical pharmacologic studies of omacetaxine.

Footnote
This work was supported by Teva Branded Pharmaceutical R&D, Inc.
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Abstract
Background: Omacetaxine mepesuccinate (omacetaxine) is a semisynthetic cephalotaxine ester approved in the United States for adults with chronic myeloid leukemia after ≥2 tyrosine kinase inhibitor treatments. This phase I study assessed the
disposition, elimination, and safety of 14C-omacetaxine in patients with solid tumors.
Methods: Study comprised a 7-day pharmacokinetic assessment followed by a treatment period of up to six 28-day cycles. A single subcutaneous dose of 1.25 mg/m2
14
C-omacetaxine (approximately 95 µCi) was administered to six patients. Blood,
urine, and feces were collected through 168 hours or until radioactivity excreted within 24 hours was <1% of the administered dose. Total radioactivity (TRA) and concentrations of omacetaxine, 4’-desmethylhomoharringtonine (4’-DMHHT), and
cephalotaxine were measured in all samples. For each treatment cycle, patients received 1.25 mg/m2 omacetaxine twice daily for 7 days.
Results: Mean TRA recovered was approximately 81% of the administered dose,
with approximately half of the radioactivity present in feces and half in urine. Approximately 20% of the administered dose was excreted unchanged in urine; cephalotaxine (0.4% of administered dose) and 4’-DMHHT (9%) were also present.
Plasma concentrations of TRA were higher than the sum of omacetaxine and known
metabolites, suggesting the presence of other 14C omacetaxine-derived compounds.
Fatigue and anemia were common, consistent with the known toxicity proﬁle of
omacetaxine.
Conclusion: Both renal and hepatic processes are signiﬁcant contributors to the elimination of 14C-omacetaxine-derived radioactivity in cancer patients. Previously unknown 14C-omacetaxine-derived materials may be present in both plasma and urine.
Omacetaxine was adequately tolerated, with no new safety signals.
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Introduction
Omacetaxine mepesuccinate (henceforth referred to as omacetaxine, Figure 1) is a cephalotaxine ester that is approved by the US Food and Drug Administration (FDA) as Synribo® for the treatment of adult patients with chronic myeloid leukemia (CML) with
resistance and/or intolerance to two or more tyrosine kinase inhibitors [1]. Omacetaxine
is a semisynthetic product from the leaves of Cephalotaxus fortunei; the chemical structure of omacetaxine is identical to that of the natural product homoharringtonine, found
in the bark of this tree [2]. Omacetaxine is a protein synthesis inhibitor that has demonstrated activity in CML, acute promyelocytic leukemia, acute myelogenous leukemia, and
myelodysplastic syndrome [1, 3-11]. Omacetaxine’s activity is independent of direct binding to breakpoint cluster region-abelson (Bcr-Abl) tyrosine kinase. Instead, it binds to the
A-side cleft of ribosomes, thus reducing levels of multiple short-lived oncoproteins involved in cell survival and proliferation pathways [12, 13]. For patients with CML, the
induction dose is 1.25 mg/m2 administered by subcutaneous injection twice daily for 14
days every 28 days; the maintenance dosage and route are the same as for induction, with
omacetaxine administered for 7 days of a 28-day cycle [14].
To date, litle is known about the metabolism, disposition, and elimination of omacetaxine. In a previous in vivo metabolite study in mice, 4’-desmethylhomoharringtonine
(4’-DMHHT, Figure 1) was the primary metabolite identiﬁed [15]. In mice, conversion occurred quickly (within 5 minutes of intravenous administration), and in vitro assessments
suggested that the process of hydrolysis was mediated primarily by plasma esterase [15].
The formation of 4’-DMHHT was also shown to occur when omacetaxine was incubated
with liver microsomes isolated from rats and rabbits [16]. Cephalotaxine (Figure 1) is a
minor, inactive metabolite of omacetaxine [15]. In a previous phase I study, 4’-DMHHT

Figure 1. Chemical structure of 14C-omacetaxine and its known metabolites 4’-DMHHT and cephalotaxine. The asterisk in the 14C-omacetaxine structure indicates the position of the 14C-label.
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and cephalotaxine concentrations were determined in plasma and urine; cephalotaxine
was undetectable in most patients, and the steady-state area under the curve (AUC) estimate for 4’-DMHHT was approximately 13% of that for omacetaxine [17].
The primary objective of the present study was to characterize the disposition and elimination pathway of 14C-omacetaxine in patients with solid tumors or relapsed/refractory
hematologic malignancies.

Material and Methods
Study Design
This was a phase I, open-label, single-institution study conducted in accordance with International Conference on Harmonisation guidelines for Good Clinical Practice, the US
Code of Federal Regulations, and the European Union Directive. The protocol was approved by The Netherlands Cancer Institute Independent Ethics Commitee. All patients
provided writen, informed consent at the time of screening.
The study was divided into two assessment periods; period A comprised 7 days during
which the mass balance and pharmacokinetics of 14C-omacetaxine were investigated, and
period B was an extended-use period of 28-day cycles with nonlabeled omacetaxine.
Safety was assessed during both periods.

Patients
Eligible patients were at least 18 years of age and had histologically or cytologically conﬁrmed relapsed and/or refractory hematologic malignancies or advanced solid tumors
considered unresponsive or poorly responsive to standard care. Only patients with advanced solid tumors participated; none had hematologic malignancies. Other eligibility
criteria included World Health Organization performance status of 2 or lower; estimated
life expectancy of at least 3 months; QTc less than 450 msec; normal hepatic function (deﬁned as ≤upper limit of the normal range [ULN] for aspartate aminotransferase [AST]
and total bilirubin, or mild hepatic dysfunction (deﬁned as bilirubin ≤1.5 times the ULN
and AST greater than the ULN, or bilirubin >1.0 to 1.5 times the ULN and any AST); and
adequate renal function (creatinine clearance ≥60 mL/min). Patients with nonhematologic malignancies were required to have absolute neutrophil counts of at least 1000
cells/mm3, platelet counts of at least 100,000 cells/mm3, and hemoglobin values of at least
8 g/dL. Male patients were required to be surgically sterile or currently using an approved method of birth control for at least 90 days after drug discontinuation, and female patients were required to be surgically sterile or 2 years postmenopausal.
Patients were excluded if they had received mitomycin C within 42 days; chemotherapy,
radiotherapy, radioimmunotherapy, or immunotherapy within 28 days; or hematopoie-
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tic growth factors within 14 days prior to the ﬁrst dose or if they had not recovered from
adverse events (AEs) caused by previously administered agents. Other reasons for exclusion included pregnancy or breastfeeding; New York Heart Association Class III or IV
heart disease; myocardial infarction; solid tumor with symptomatic central nervous system metastases; systemic infection or medical/psychiatric condition; other treatments for
hematologic or nonhematologic malignancy; known hypersensitivity to omacetaxine,
mannitol, or other components of the study drug; previous treatment with omacetaxine;
or signiﬁcant constipation or obstruction of the urinary tract.

Study Treatment
Labeled 14C-omacetaxine (chemical purity 99%, radiochemical purity 98%, chiral purity
100%) was prepared by Selcia Limited (Ongar, Essex, UK) and supplied by Teva Pharmaceuticals (North Wales, PA, USA). Drug product for period A was manufactured for
each patient by PRA Early Development Services (Zuidlaren, The Netherlands) and contained a mixture of 14C-omacetaxine and nonlabeled omacetaxine in a 1-mL plastic syringe, with approximately 95 µCi of 14C. The speciﬁc activity and concentration of the
mixture were approximately 135 µCi/mL and 3 mg/mL, respectively. Therefore, both the
14
C-labeled and nonlabeled dose were adjusted based on the body surface area (BSA) of
each individual patient. Nonlabeled omacetaxine was provided in a lyophilized vial containing 3.5 mg of omacetaxine and 10 mg of mannitol in an 8-mL clear glass vial by Teva
Pharmaceuticals.
On day 1 of period A, each patient received a single subcutaneous dose of 14C-omacetaxine 1.25 mg/m2 at the study center. The ﬁrst 72 hours of assessment in period A were
conducted on an inpatient basis. Blood samples and excreta were collected for up to 168
hours after administration. If necessary, excreta collections were continued on an outpatient basis until total radioactivity (TRA) excreted in the urine and feces collections in a
24-hour period were less than 1% of the administered dose. The TRA measurements for
each patient were adjusted based on the speciﬁc activity of the individual dose. During
period A, patients received a high-ﬁber diet and adequate ﬂuid intake (≥2 L/day) to expedite intestinal transit and reduce the potential for retention of radioactivity.
Period B started on day 4 of period A (following the 72-hour pharmacokinetic sample collection). During period B, patients were treated with nonlabeled omacetaxine 1.25 mg/m2
subcutaneously twice daily for 7 days (solid tumors) or 14 days (hematologic malignancies) of each 28-day cycle for a maximum of six cycles. If this dose was not tolerated, it
could be started at or lowered to 1.0 mg/m2, as allowed in the protocol, and the number
of dosing days modiﬁed.

Sample Collection
For pharmacokinetics analyses, blood samples of 6 mL were collected in K2EDTA tubes
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prior to the injection and at 15, 30, 45, and 60 minutes and 2, 4, 8, 12, 24, 32, 48, and 72
hours after 14C-omacetaxine injection, and 4-mL samples were collected 96, 120, 144, and
168 hours after injection. The tubes were placed in ice water after collection and centrifuged (1800 g, 4°C, 15 minutes) within 5 minutes. Plasma was isolated and aliquoted for
TRA measurements; samples collected through 72 hours were stabilized with 5% of a
0.4% ethanolic paraoxon solution for bioanalysis. Paraoxon has been shown to be an effective inhibitor of omacetaxine hydrolysis by plasma esterases [18]. In addition, 1 mL of
whole blood was collected 30 minutes and 8, 72, and 168 hours after injection and optionally twice every week thereafter for TRA measurements.
Urine samples were collected before 14C-omacetaxine injection and then as voided
through 168 hours after injection, until the total excreted radioactivity per day (urine and
feces combined) was less than 1% of the total administered dose (whichever was earlier)
or through more than 168 hours if TRA represented at least 1% of the radiochemical dose
in the 144- to 168-hour collection period. Each urine sample was aliquoted for measurement of TRA, and additional aliquots for samples collected through 72 hours were prepared for bioanalysis.
Fecal samples were collected per portion, before 14C-omacetaxine injection and then as
voided through 168 hours after injection, until the total excreted radioactivity per day
was less than 1% of the total administered dose (whichever was earlier), or longer if TRA
represented at least 1% of the radiochemical dose in the 144- to 168-hour collection of
feces. The fecal portions were weighed, stored refrigerated, and homogenized after addition of water (1:3 w/v). The homogenized fecal samples were aliquoted for measurement
of TRA.
Plasma aliquots, urine aliquots, whole blood aliquots, and fecal homogenate aliquots were
stored within a range between −70°C and −90°C. The plasma, urine, and fecal samples
collected were also used for metabolic proﬁling and identiﬁcation. The results of these
analyses are reported elsewhere [18].

Total Radioactivity Analysis
The TRA in plasma, whole blood, urine, and feces was determined by liquid scintillation
counting. Plasma (0.2 mL) and urine (1 mL) samples were mixed directly with 10 mL liquid scintillation cocktail (Ultima GoldTM, Perkin Elmer Inc., Waltham, MA, USA). To the
whole blood samples (0.2 mL), 1 mL Solvable (Perkin Elmer Inc.), 0.1 mL 0.1 M EDTA, and
0.5 mL 30% hydrogen peroxide were added to dissolve and decolorize the samples. Feces
homogenates (0.2 mL) were ﬁrst dissolved and decolorized using 1 mL Solvable (Perkin
Elmer Inc.), 1 mL isopropanol, and 0.4 mL 30% hydrogen peroxide. The decolorization reaction was started by warming the samples in a shaking water bath of approximately
43°C, after which the samples were placed in a dark cool place for at least 1 hour before
liquid scintillation cocktail (10 mL) was added. Samples were counted on a Tri-Carb®
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2800TR liquid scintillation counter (Perkin Elmer Inc.). Quench correction was applied
with a calibration curve of quenched radioactive reference standards. Samples were counted to a sigma 2 counting error of 5% or for 60 minutes at most. The lower limit of quantitation (LLOQ) was approximated to be 1.2 to 1.4 ng-eqv/g using the counting error as
described previously [18, 19].

Analysis of Omacetaxine, 4’-DMHHT, and Cephalotaxine
Plasma and urine samples collected through 72 hours after injection were additionally
analyzed using validated liquid chromatography-tandem mass spectrometry assays, described elsewhere [20], to quantify unchanged omacetaxine and the metabolites 4’DMHHT and cephalotaxine (Figure 1).
Plasma samples were prepared using protein precipitation with acetonitrile-methanol
(80:20, v/v), and urine samples were prepared using solid-phase extraction. Both plasma

Table 1. Baseline patient characteristics (N=6).
Characteristic

Value

Median age, years (range)

57.5 [43.0-69.0]

Sex, n (%)
Male

1 (17)

Female

5 (83)

Race, n (%)
White

6 (100)

Ethnicity, n (%)
Not Hispanic or Latino

6 (100)

Median weight (kg [range])

85.1 [70.6-90.2]

Median height (cm [range])

170.5 [165.0-184.0]
2

Median body surface area (m [range])

2.0 [1.8-2.1]

Median time since cancer diagnosis (months [range])

26.6 [18.1-42.0]

Primary cancer types, n (%)
Lung

2 (33)

Colorectal

3 (50)

Ovarian

1 (17)

History of cancer drug therapy, n (%)

6 (100)

ECOG performance status, n (%)
1

4 (67)

2

2 (33)

ECOG: Eastern Cooperative Oncology Group; n: number.
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and urine samples were separated on an XBridge BEH Phenyl column (50 x 2.1 mm internal diameter, particle size 5 µm; Waters, Eten-Leur, The Netherlands). Detection was
performed with a QTrap 5500 MS/MS (Sciex, Thornhill, ON, Canada) equipped with a
turbo ion spray interface, operating in positive mode and conﬁgured in multiple-reaction monitoring. The validated calibration range of omacetaxine, 4’-DMHHT, and cephalotaxine in plasma was 0.1 to 100 ng/mL; in urine it was 0.1 to 50 ng/mL. Thus, the
LLOQ was deﬁned as <0.10 ng/mL for of omacetaxine and its metabolites. Quality control samples were prepared and analyzed together with the study samples. Acceptance
criteria for bioanalytical data during routine sample analysis, as described in the FDA
and European Medicines Agency (EMA) guidelines, were applied [21, 22].

Pharmacokinetic Analysis
The pharmacokinetic analysis set included those patients for whom at least one pharmacokinetic parameter could be calculated postbaseline. Pharmacokinetic parameters were
estimated using noncompartmental analysis with Phoenix™ WinNonlin® (version 6.3,
Pharsight Corporation, Mountain View, CA, USA). The following pharmacokinetic parameters were estimated for omacetaxine, 4’-DMHHT, cephalotaxine, and TRA when possible: maximum observed plasma concentration (Cmax), time to Cmax (tmax), terminal
elimination half-life (t1/2), and area under the plasma concentration-time curve (AUC).
For omacetaxine, the apparent plasma clearance (CL/F), apparent volume of distribution

Figure 2. Mean (+ standard deviation) log-linear plasma concentration-time curves of total radioactivity, omacetaxine and 4’-DMHHT in plasma.
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(Vz/F), renal clearance (CLR), and metabolite-to-parent AUC ratios were also determined.

Safety Assessments
The safety of omacetaxine was assessed by grading AEs according to National Cancer Institute Common Terminology Criteria for AEs (NCI CTCAE) version 4.0, clinical laboratory test results (hematology, serum chemistry, and/or urinalysis), vital signs and body
weight measurements, electrocardiography and physical examination results, and concomitant medication usage.

Statistical Analysis
No formal statistical analysis was applied in this study; descriptive statistics were used
when appropriate.

Results
Patients
Six patients with advanced solid tumors (three with colorectal, two with lung, and one
with ovarian) were enrolled and completed period A of the study (Table 1). One patient
with colorectal cancer was withdrawn from the study at the end of period A because of

Figure 3. Mean (+standard deviation) log-linear plasma concentration-time curves of total radioactivity (TRA), omacetaxine, 4’-DMHHT (DMHHT), and cephalotaxine (CT) in plasma.

225

12

OMACETAXINE MEPESUCCINATE

a grade 2 serious AE of constipation (not related to study treatment). Five patients continued into period B. None of the patients completed six cycles of omacetaxine; three patients completed one cycle, and two completed two cycles. Reasons for early
discontinuation were lack of eﬃcacy (three patients), patient decision (one patient), and
general deterioration (one patient).
All six patients were white; ﬁve were female and one was male, with a mean age of 56.7
years (range 43-69), a mean weight of 81.9 kg (range 70.6-90.2), a mean height of 174 cm
(range 170-184), and a mean body surface area of 2.0 m2 (range 1.8-2.1). All patients completed period A and were evaluable for safety and pharmacokinetic analysis.

Pharmacokinetics
Plasma concentration-time curves of TRA, omacetaxine, and 4’-DMHHT through 72 hours
after the administration of 14C-omacetaxine are presented in Figure 2. A summary of pharmacokinetic parameters is displayed in Table 2.
After administration of a single dose of 14C-omacetaxine, tmax of TRA and omacetaxine

Table 2. Plasma pharmacokinetic parameters for total radioactivity, omacetaxine, and its metabolite 4’-DMHHT following a single subcutaneous dose of 1.25 mg/m2 (95 µCi) 14C-omacetaxine.
Cmax
(ng/mL)a

tmax
(h)

AUC0-t
(ng.h/mL)b

AUC0-inf.
(ng.h/mL)b

t1/2
(h)

Vz/F
(L)

CL/F
(L/h)

M:P ratio
(AUC0-inf )

Mean

30.9

0.6c

262.1

291.9

11.3

ND

ND

ND

SD

6.1

NA

126.7

134.4

2.5

ND

ND

ND

Mean

28.6

0.48c

180.4

187.9

14.6

267.9

14.4

ND

SD

6.5

NA

75.4

79.9

5.5

59.3

6.2

ND

Mean

3.5

3.98c

45.3

49.6

10.7

ND

ND

0.27

SD

1.3

NA

33.0

34.1

2.9

ND

ND

0.14

TRA

Omacetaxine

4'-DMHHT

AUC0-t: area under the plasma concentration-time curve from time zero to time of the last quantiﬁable concentration; AUC0-72: area under the plasma concentration-time curve from time zero to 72
h; AUC0-inf : area under the plasma concentration-time curve from time zero to inﬁnity; CL/F: total
plasma clearance; Cmax: maximum observed plasma concentration; M:P: metabolite-parent; NA:
not applicable; ND: not determined; SD: standard deviation; t1/2: terminal elimination half-life; tmax:
time to maximum observed plasma concentration; TRA: total radioactivity; Vz/F: apparent volume
of distribution.
a
Units are ng-eqv/g for TRA;
b
Units are ng-eqv∙h/g for TRA;
c
Median values presented.

226

MASS BALANCE STUDY

were recorded at approximately 0.5 hours. After reaching peak levels, the mean plasma
concentrations of omacetaxine declined in a biphasic manner that was characterized by
an initial rapid phase followed by a slower terminal phase with a mean half-life of 14.6
hours (Figure 2). Observed plasma concentrations for 4’-DMHHT were substantially
lower than for omacetaxine. After reaching peak levels, 4’-DMHHT concentrations declined in a monophasic manner.
The metabolite cephalotaxine was quantiﬁable in only one plasma sample from a single
patient at 15 minutes after administration of 14C-omacetaxine.
During the ﬁrst hour postdose, TRA concentrations were comparable to those for omacetaxine (Figure 2). Subsequently, the TRA and omacetaxine concentration-time proﬁles
began to diverge but declined in parallel. In a comparison of the concentrations of omacetaxine, 4’-DMHHT, and cephalotaxine to TRA concentrations within the ﬁrst hour postdose, more than 90% of the TRA was accounted for by the sum of the three compounds
(Figure 3). At subsequent time points through 32 hours postdose, these three compounds
comprised approximately 70% to 80% of the TRA.
At 0.5 hours and 8 hours postdose, the plasma-to-whole blood concentration ratios of
TRA were 1.40 and 1.39, respectively. The ratios were not calculable for samples collec-

Mean (%)

SD (%)

Cumulative % recovered in urine up to 72 h
Omacetaxine

20.7

6.0

4'-DMHHT

9.2

2.6

Cephalotaxine

0.4

0.2

Total

30.3

–

TRA

35.2

6.4

Table 3. Mean recovery (+ standard
deviation) of omacetaxine and metabolites in urine after 72 hours,
and of total radioactivity in excreta
after 168 hours and after the total
recovery period (range, 144-312
hours postdose) (N=6).

Cumulative % TRA recovered up to 168 h
Urine

36.9

7.6

Feces

39.3

16.6

Total

76.2

9.7

Cumulative % TRA recovery after total collection period
Urine

37.0

7.7

Feces

43.5

13.7

Total

80.5

8.7
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ted at 72 or 168 hours postdose, because TRA concentrations in both matrices at those
time points were below the limit of quantitation.

Excretion Balance
Table 3 and Figures 4 and 5 summarize the mean cumulative excretion in urine of TRA,
unchanged omacetaxine, 4’-DMHHT, and cephalotaxine during the ﬁrst 72 hours and the
mean cumulative urinary, fecal, and total recovery of TRA during 168 hours after administration of a single subcutaneous dose of 14C-omacetaxine.
Urinary recovery of omacetaxine and 4’-DMHHT was 20.7% and 9.2%, respectively, of the
administrated dose, and recovery of cephalotaxine was low (0.4%) in the ﬁrst 72 hours
(Table 3). Excretion was moderately slow for all three compounds, with the bulk of urinary recovery occurring within 36 hours postdose (Figure 4).
Over the 168 hours of sample collection, the mean cumulative urinary recovery of TRA
was 36.9% of the administered radiolabeled dose. Most of this TRA (35.2%) was excreted
in the ﬁrst 72 hours postdose. The recovery of TRA in 72 hours was slightly higher than
the sum of the recoveries of omacetaxine and its two metabolites over this same period
(35.2% versus 30.3%).
Substantial fecal excretion of TRA was also observed in these patients. After 168 hours, the
mean total recovery of TRA in feces was 39.3% of the administered radiolabeled dose. In

Figure 4. Mean (+standard deviation) cumulative urinary excretion of total radioactivity; unchanged omacetaxine; and metabolites 4’-DMHHT and cephalotaxine up to 72 hours after a subcutaneous injection (1.25 mg/m2) of 14C-omacetaxine.
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contrast to urinary recovery, in which the majority of the TRA was excreted during the
ﬁrst day, fecal excretion occurred much more slowly (Figure 5).
The mean total recovery in excreta at 168 hours after administration represented 76.2% of
the administered radiolabeled dose; however, small amounts of radioactivity were still
present in the last scheduled collection of excreta of some patients. Therefore, urine and/or
feces collections continued beyond 168 hours for all but one patient, whose collections
ended at 144 hours because less than 1% of the administered radioactivity had been excreted in both matrices on that day. The mean total recovery in excreta after the total collection period (range, 144-312 hours postdose for individual patients) was 80.5% of the
administered dose.

Safety
Each of the six enrolled patients experienced at least one AE (100%). A summary of treatment-emergent AEs is presented in Table 4; the most frequently reported were fatigue
(83%), anemia (50%), nausea (50%), and back pain (50%). The majority of AEs were grade
1 or 2 in severity (NCI CTCAE v4.0). The most common grade 3 AE was anemia (33%).
Other grade 3 AEs experienced by one patient each were abdominal pain, fatigue, hypophosphatemia, and dyspnea. Thrombocytopenia was the most common grade 4 AE;
grade 4 neutropenia was experienced by one patient. Three patients experienced a total

12

Figure 5. Mean (+standard deviation) cumulative recovery of radioactivity in urine, in feces, and
in total during 168 hours after a subcutaneous injection (1.25 mg/m2) of 14C-omacetaxine.
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of 4 serious AEs that included grade 2 constipation, grade 4 thrombocytopenia, grade 3
anemia, and grade 3 dyspnea.
No deaths occurred in this study. One patient with colorectal cancer experienced grade
2 constipation on day 2 of the study that necessitated hospitalization and was resolved on
day 7. This patient withdrew from the study on day 8 because of a second serious AE of
constipation. The lowest recovery of TRA was obtained in this patient (68.7% versus 70.6%
to 89.9% for the other ﬁve patients), but the patern of excretion between urine and feces
was similar. This event was reported as recovered/resolved with sequelae on day 15, but

Table 4. Treatment-emergent adverse events (N=6).
System organ class: MedDRA 16.0 preferred term

Patients, n (%)
Grade 1
AE

Grade 2
AE

Grade 3
AE

Grade 4
AE

0

0

1 (17)

2 (33)

Anemia

0

1 (17)

2 (33)

0

Neutropenia

0

0

0

1 (17)

Thrombocytopenia

0

0

0

2 (33)

0

1 (17)

0

0

Blood and lymphatic system disorders

Cardiac disorders
Atrial ﬁbrillation

0

1 (17)

0

0

2 (33)

3 (50)

1 (17)

0

Abdominal pain

1 (17)

0

1 (17)

0

Abdominal pain upper

1 (17)

0

0

0

0

2 (33)

0

0

Diarrhea

1 (17)

1 (17)

0

0

Nausea

3 (50)

0

0

0

Vomiting

1 (17)

0

0

0

0

4 (67)

1 (17)

0

Gastrointestinal disorders

Constipation

General disorders and administration site conditions
Fatigue

0

4 (67)

1 (17)

0

Inﬂuenza-like illness

1 (17)

0

0

0

Injection site rash

1 (17)

0

0

0

Pyrexia

1 (17)

0

0

0

0

1 (17)

0

0

0

1 (17)

0

0

Infections and infestations
Cystitis

AE: adverse event; MedDRA: Medical Dictionary for Regulatory Activities.
If a patient reported an AE more than once, the greatest severity is presented for that AE. Patients
were counted only once in each preferred term category and only once in each system organ class
category, at the greatest severity for each.

230

MASS BALANCE STUDY

the patient continued to experience further grade 1 constipation. None of these events
were considered to be related to omacetaxine.
Assessment of clinical laboratory parameters revealed grade 1 serum chemistry changes
for alkaline phosphatase, calcium, glucose, potassium, and aspartate aminotransferase/alanine aminotransferase. One patient experienced a grade 3 serum glucose increase
that was related to an underlying medical condition and unrelated to study treatment. Laboratory hematologic ﬁndings included grade 4 neutropenia, grade 3/4 leucopenia, and
grade 3/4 thrombocytopenia in three patients each and grade 3 lymphopenia in two pa-

System organ class: MedDRA 16.0 preferred term

Patients, n (%)
Grade 1
AE

Investigations

Grade 2
AE

Grade 3
AE

Grade 4
AE

0

0

0

1 (17)

Blood bilirubin increased

0

1 (17)

0

0

Neutrophil count decreased

0

0

0

1 (17)

Platelet count decreased

0

0

1 (17)

0

White blood cell count decrease

0

0

1 (17)

0

1 (17)

0

1 (17)

0

Hypocalcaemia

1 (17)

0

0

0

Hypokalemia

1 (17)

0

0

0

0

0

1 (17)

0

Metabolism and nutrition disorders

Hypophosphatemia
Musculoskeletal and connective tissue disorders

3 (50)

2 (33)

0

0

Back pain

1 (17)

2 (33)

0

0

Myalgia

2 (33)

0

0

0

Pain in extremity

1 (17)

0

0

0

0

1 (17)

0

0

0

1 (17)

0

0

1 (17)

0

0

0

1 (17)

0

0

0

0

2 (33)

1 (17)

0

Cough

0

1 (17)

0

0

Dyspnea

0

1 (17)

1 (17)

0

1 (17)

0

0

0

1 (17)

0

0

0

1 (17)

0

0

0

1 (17)

0

0

0

Psychiatric disorders
Anxiety
Reproductive system and breast disorders
Pelvic pain
Respiratory, thoracic and mediastinal disorders

Skin and subcutaneous tissue disorders
Erythema
Vascular disorders
Flushing
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tients. All grade 3/4 hematologic ﬁndings were not serious and were considered related
to study drug. One patient experienced grade 3 anemia and grade 4 thrombocytopenia reported as a serious AE. The hematologic ﬁndings were consistent with the known sideeﬀect proﬁle of omacetaxine and with ﬁndings in a patient population heavily pretreated
with chemotherapy.
No signiﬁcant changes in electrocardiography were atributed to omacetaxine, and no
QTc prolongation was evident. One patient, with a history of atrial ﬁbrillation, experienced nonserious grade 2 atrial ﬁbrillation on day 1 was treated with an increased dose of
digoxin. The atrial ﬁbrillation was considered not related to the study drug and resolved
on day 3. Changes in performance status were based on progression of disease, and physical ﬁndings were otherwise those expected for this patient population.

Discussion and Conclusions
This study investigated the disposition and elimination of 14C-omacetaxine in adult patients with solid tumors following a single subcutaneous dose. After administration, the
observed pharmacokinetic proﬁles of omacetaxine and 4’-DMHHT were consistent with
results from a previous study in patients with cancer [17]. The high apparent volume of
distribution suggests that omacetaxine is distributed extensively into the tissues; this is
consistent with previous reports in which the drug was administered either as a subcutaneous injection or an intravenous infusion [17, 23]. The longer half-life and larger systemic exposure (AUC) to omacetaxine and 4’-DMHHT observed in this study compared
with the previous study are atributed to the longer sampling period used (72 versus 12
hours).
The summed concentrations of omacetaxine and its metabolites accounted for more than
90% of the TRA concentrations through the ﬁrst hour after administration. Subsequently,
the concentration proﬁles diverged, and, at 32 hours postdose, the three compounds accounted for approximately 70% of the TRA. These results suggest that other 14C-omacetaxine-derived materials are present in plasma at later hours postdose.
The ratio of plasma to blood TRA concentrations were close to unity over the two time
points assessed, suggesting that there was no preferential association of 14C-omacetaxinederived radioactivity with cellular components of the blood.
The mean total recovery of TRA in excreta during the collection period of up to 312 hours
was 80.5%. The large apparent volume of distribution and associated potential tissue binding might explain why higher excretion recovery was not achieved. This is in line with
the radioactivity recovery in previous mass balance studies of chemotherapy agents [24].
Samples were collected until excretion declined to less than 1% of the administered dose
over 24 hours. A higher recovery could have been obtained if the collection time had been
extended, but the added value of additional excretion data was considered limited.
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Half of the radioactivity was excreted in urine and half in feces, which suggests that both
hepatic and renal processes contribute to the elimination of omacetaxine. The elimination of omacetaxine, 4’-DMHHT, and cephalotaxine in urine was moderately slow, with
the majority excreted within 36 hours postdose. The excretion data reported here for omacetaxine, 4’-DMHHT, and cephalotaxine within the ﬁrst 24 hours after administration correspond to results reported previously by Nemunaitis et al, who found urinary excretion
of omacetaxine, 4’-DMHHT, and cephalotaxine to be 12% to 15%, 4% to 5%, and 0.07%,
respectively [17]. The recovery of TRA in 72 hours was slightly higher than the sum of the
recoveries of omacetaxine and its two metabolites over this same period (35.2% versus
30.3%), suggesting that other 14C-omacetaxine-derived materials may be present. Fecal
excretion occurred much more slowly than did excretion in urine and showed larger deviations, likely related to variation in the amount of fecal excretion per patient. Metabolites of omacetaxine have not been extensively characterized in preclinical studies, but
the amount of radioactivity and unchanged omacetaxine in urine and feces suggests that
the processes involved in the elimination of omacetaxine are similar in humans, dogs,
and mice [15, 23, 25].
Treatment with omacetaxine in this heavily pretreated patient population with advanced solid tumors was tolerated, with an AE proﬁle consistent with that known for omacetaxine and those related to the underlying malignancies of these patients. Fatigue,
anemia, thrombocytopenia, neutropenia, diarrhea, and nausea were the most common
treatment-related AEs reported and were expected. There were no clinically meaningful
changes from baseline in serum chemistries, and the hematologic parameter changes were
consistent with the known side-eﬀect proﬁle of omacetaxine. Therefore, no new safety
signals were observed during the course of this study.
In conclusion, results from this study suggest that both renal and hepatic processes contribute to the elimination of 14C-omacetaxine-derived radioactivity in patients with solid
tumors. In addition to omacetaxine and its known metabolites, other 14C-omacetaxinederived materials appear to be present in both plasma and urine. Omacetaxine was adequately tolerated by these patients with end-stage cancer, and no new safety signals were
observed.

Compliance with Ethical Standards
This study was conducted in full accordance with the International Conference on Harmonisation Good Clinical Practice Consolidated Guideline (E6) and any applicable national and local laws and regulations. Writen informed consent was obtained from each
patient before any study procedures or assessments were initiated. Potential conﬂicts of
interest are as follows: CMN, JHB, ADRH, LL, MM-R, HR, and JHMS report employment
from Netherlands Cancer Institute and research support from Teva Branded Pharma-
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ceutical Products R&D during the conduction of the study; EH, LR-G, and PR Jr. report
employment and stock options from Teva Branded Pharmaceutical Products R&D during the conduction of the study; OS and DH report employment from Teva Branded
Pharmaceutical Products R&D during the conduction of the study; MM has nothing to
disclose.
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OMACETAXINE MEPESUCCINATE

Abstract
Omacetaxine mepesuccinate (hereafter referred to as omacetaxine) is a protein translation inhibitor approved by the FDA for adult patients with chronic myeloid leukemia (CML) with resistance and/or intolerance to two or more tyrosine kinase
inhibitors (TKIs).
The objective was to investigate the metabolite proﬁle of omacetaxine in plasma,
urine and feces samples collected up to 72 h after a single 1.25-mg/m2 subcutaneous
dose of 14C omacetaxine in cancer patients.
High-performance liquid chromatography (HPLC) mass spectrometry (MS) (high
resolution) in combination with oﬀ-line radioactivity detection was used for metabolite identiﬁcation.
In total, six metabolites of omacetaxine were detected. The reactions represented
were mepesuccinate ester hydrolysis, methyl ester hydrolysis, pyrocatechol conversion from the 1,3-dioxole ring. Unchanged omacetaxine was the most prominent
omacetaxine-related compound in plasma. In urine, unchanged omacetaxine was
also dominant, together with 4’-DMHHT. In feces very litle unchanged omacetaxine
was found and the pyrocatechol metabolite of omacetaxine, M534, and 4’-desmethyl
homoharringtonine (4’-DMHHT) were the most abundant metabolites.
Omacetaxine was extensively metabolized, with subsequent renal and hepatic elimination of the metabolites. The low levels of the metabolites found in plasma indicate that the metabolites are unlikely to contribute materially to the eﬃcacy and/or
toxicity of omacetaxine.
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Introduction
In 2012, omacetaxine mepesuccinate (SYNRIBO®, Teva Oncology), hereafter referred to
as omacetaxine, was approved by the US Food and Drug Administration (FDA) for adult
patients with chronic myeloid leukemia (CML) with resistance and/or intolerance to two
or more tyrosine kinase inhibitors (TKIs) [1-4]. Omacetaxine is the ﬁrst protein translation
inhibitor approved by the FDA. The mechanism of action begins with binding to the Aside cleft of free ribosomes, which causes inhibition of protein elongation [5, 6], and thus
reducing formation of proteins such as the Bcr-Abl fusion protein, which is the main
driver of CML [7-9]. Since the Bcr-Abl protein has a short half-life and a fast turn over, this
tyrosine kinase is very vulnerable to the inhibition of protein translocation [10-12].
Minimal metabolism results for omacetaxine have been published (Figure 1 shows the
chemical structure of omacetaxine). In 1986, Savaraj et al., studied the clinical pharmacokinetics of 3H-homoharringtonine (HHT), they found that through 72 h after administration, 28.2% of the administered 3H-HHT was excreted in urine, with 10.8% of the dose
excreted as unchanged HHT [13]. However no further metabolite identiﬁcation was performed and therefore the full metabolite proﬁle of omacetaxine remains not fully elucidated. The pharmacokinetics of 3H-HHT were also studied in dogs; over a time period of
72 h after administration, 40.1% of the administered dose was recovered in urine, of which
17.8% as unchanged drug [14]. In mice, 29% of the administered dose was excreted as unchanged HHT and 20% as 4’-DMHHT [15]. In previous studies, the metabolites cephalotaxine and 4’-desmethyl homoharringtonine (4’-DMHHT) have been described and
quantiﬁed [15, 16]. Hydrolysis of the mepesuccinate ester of omacetaxine leads to the for-

Figure 1. Chemical structure of 14Comacetaxine. The asterisk in the 14Comacetaxine structure indicates the
position of the 14C-label.
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mation of cephalotaxine and 4’-DMHHT is formed by methyl ester hydrolysis of omacetaxine. The steady-state area under the curve (AUC) in plasma of 4’-DMHHT was approximately 13% of that of omacetaxine. Cephalotaxine was undetectable in most patients
[16]. In urine, the excretion of omacetaxine, 4’-DMHHT and cephalotaxine represented
respectively 12%, 4% and 0.07% of the administered dose on day 1. Both cephalotaxine
and 4’-DMHHT are known to be inactive [16].
The metabolism of omacetaxine was further investigated in this study as part of a regulatory phase IV postmarketing commitment to the FDA. The objective of this study was
to further investigate the metabolism of 14C-omacetaxine after subcutaneous injection in
cancer patients. Samples obtained from a human mass balance study with 14C-omacetaxine were selected, and metabolites were identiﬁed using high-performance liquid chromatography (HPLC), followed by oﬀ-line liquid scintillation counting (LSC) and ion-trap
mass spectrometry characterization (high resolution). The plasma exposure of the metabolites and the percentages of the individual metabolites that were excreted in urine and
feces were determined up to 72 h after administration.

Materials and Methods
Reference standards
Reference standards of omacetaxine (C29H39NO9, m/z 316), 4’-DMHHT (C28H36NO9, demethylated omacetaxine, m/z 532) and cephalotaxine (C18H21NO4, m/z 546) were provided by Teva Pharmaceuticals (North Wales, PA, USA).

Chemicals
Labeled 14C-omacetaxine (chemical purity 99%, radiochemical purity 98%, chiral purity
100%) was prepared by Selcia Limited (Ongar, Essex, UK) and supplied by Teva Pharmaceuticals (North Wales, PA, USA). Methanol (Supra-Gradient grade), acetonitrile
(Supra-Gradient grade) and water (Supra-Gradient grade) were purchased from Biosolve
Ltd (Amsterdam, The Netherlands). Formic acid (98%) and hydrogen peroxide, were obtained from Merck (Darmstadt, Germany). Water (used for sample preparation) was obtained from B Braun (Melsungen, Germany), 2-propanol from Fluka (Buchs, Swizerland)
and ammonium acetate (LC-MS grade) from Fluka (Zwijndrecht, The Netherlands). Solvable® and Ultima Gold liquid scintillation cocktail were purchased from PerkinElmer
(Waltham, MA, USA).

Ethics
The protocol for the human study was approved by the institutional ethics commitee,
and all human patients provided writen informed consent before participating in this
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study. The human study was conducted in compliance with the principles set forth in the
Declaration of Helsinki, International Conference on Harmonization Guideline for Good
Clinical Practice and Food and Drug Administration Good Clinical Practice regulations.

Sample collection and storage
The samples used for the metabolite proﬁling were collected during a single-center, openlabel, mass balance study of 14C-omacetaxine in cancer patients at the Antoni van Leeuwenhoek Hospital/The Netherlands Cancer Institute. Enrollment was open to patients
with hematologic malignancy or solid tumors in order to ensure faster inclusion of patients. In total, six patients with solid tumors (3 with colorectal, 2 with lung and 1 with
ovarian) received a single 1.25-mg/m2 subcutaneous dose of 14C-omacetaxine. Mean total
radioactivity administered to each patient was 109 ± 7 µCi (range, 97.7-117 µCi). All 6 patients were Caucasian, 5 were female and 1 was male, with a mean age of 56.7 years (range
43 – 69).
Predose and postdose blood samples were collected at speciﬁc time points in K2EDTA
tubes and stored as plasma after centrifugation (4°C, 10 min, 2000g). The samples were
stored at nominally -80°C pending pooling and analysis.
For urine and feces a predose sample was collected, and after administration, the urine
and feces samples were collected as voided until the total radioactivity in each 24-h collection period was less than 1% of the total administered dose (range from 144 h to 312 h
post-dose). Urine samples were aliquoted and stored at nominally -80°C pending pooling
and analysis. The fecal portions were weighed, stored refrigerated and homogenized after
addition of water (1:3 w/v, depending on the consistency of the stool). The homogenized
feces samples were aliquoted and stored at nominally -80°C pending pooling and analysis.

Selection of samples
Samples were collected up to 312 h post-dose for individual patients, but for the metabolite proﬁling samples up to 72 h post-dose were analyzed because the majority of the
radioactivity was excreted at this point.
The metabolite proﬁling approach consisted of two parts: 1) metabolite screening and
identiﬁcation and 2) metabolite quantiﬁcation.
Inter-patient pooled plasma, urine and feces samples were analyzed during the metabolite screening and identiﬁcation using LC-LSC-MSn. For the plasma and urine screening,
samples from all 6 patients were used for pooling. For feces, the samples of 3 patients
were pooled instead of 6 patients, because the recovery in feces samples collected through
72 h was too low in the other 3 patients (range 0.39% to 5.71%). Plasma samples collected
up to 4 h after administration were pooled across patients. From each patient sample, 100
µL was used to obtain 600 µL in total, and this was done for each time point (predose, 15
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min, 30 min, 45 min, 1 h, 2 h and 4 h). For total radioactivity (TRA) analysis (to determine
the pooling accuracy), 200 µL was used and 300 µL aliquoted for LTQ-analysis. Since
urine and feces samples were collected as voided, pools of 24-h intervals were made
(intra-patient pools and subsequently inter-patient pools). Urine and feces samples were
pooled in proportion to the weight of the excreta collected [17]. For all matrices, a pooled
blank sample was analyzed and the pooling accuracy was determined in all matrices by
the assessment of the radioactivity using a liquid scintillation counter (LSC) Model TRICARB 2800 TR (Perkin Elmer Life and Analytical Sciences, Inc., Waltham, MA, USA),
equipped with a quenching correction system.
For the metabolite quantiﬁcation, individual plasma samples and intra-patient pooled
urine and feces samples were analyzed by LC-LSC-MSn. The plasma samples were selected up to 24 h after administration because the TRA was too low after 24 h to construct
radiochromatograms (15 min, 30 min, 1 h, 2 h, 8 h and 24 h after administration). Since
urine and feces samples were collected as voided, pools of 24-h intervals were made for
each patient individually up to 72 h (intra-patient pooling). For feces, intra-patient pooled
samples from 3 patients were analyzed instead of samples from all 6 patients, because
the recovery in feces samples collected through 72 h was too low in 3 patients. For all matrices, a blank sample was analyzed for each patient.

Preparation of biological samples
Plasma
Plasma samples were pretreated by adding 900 µL of acetonitrile/methanol (50:50, v/v) to
300 µL of plasma, followed by mixing (10 s), shaking (10 min at 1,250 rpm) and centrifuging (10 min at 23,100 g) to precipitate proteins. The clear supernatant was evaporated to
dryness using nitrogen at 40°C and reconstituted with 100 µL of acetonitrile/water/formic
acid (100:900:1, v/v/v). For the recovery calculations, 20 µL of the ﬁnal extract was used
for LSC analysis and the remaining extract was transferred to an auto sampler vial and
stored at -70°C until further testing.
Urine
The urine samples were vortex mixed and directly injected onto the HPLC system. The
recovery was not determined in these samples.
Feces
Feces samples were pretreated by adding 300 µL of acetonitrile/methanol (50:50, v/v) to
300 µL of feces homogenate, followed by mixing (10 s), shaking (10 min at 1250 rpm) and
centrifuging (1 min at 23,100g). The clear supernatant was transferred to another tube
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and the extraction was repeated. The combined supernatant was then evaporated to dryness using nitrogen at 40°C, and the residue was reconstituted with 300 µL of acetonitrile/water/formic acid (100:900:1, v/v/v). After mixing and centrifugation, 20 µL of the
ﬁnal extract was used for LSC analysis for recovery calculations and the remaining extract
was transferred to an auto sampler vial and stored at -70°C pending further analysis.

LC-MS systems
In this study, two chromatographic methods were used, each with a run time of 60 min.
One method was used to obtain radiochromatographic data and normal resolution MS
data (LC-LSC-MSn) (this method will be referred to as method 1) and the other method
was used to obtain high resolution data (LC-MSn) (this method will be referred to as method 2).
The LC-LSC-MS setup for method 1 included a Shimadzu LC-20AD pump and SIL-HTc
autosampler (4°C) (Shimadzu, Kyoto, Japan). A Synergi Hydro RP 80Å column (150x4.6
mm ID, 4 µm particles; Phenomenex, Torrance, CA, USA) was preceded by a 0.2-µm inlet
ﬁlter (Upchurch Scientiﬁc, Oak Harbor, WA, USA), and the column heater was set to 35°C.
Mobile phase A was 0.1% formic acid in water and mobile phase B was 0.1% formic acid
in acetonitrile, with a gradient starting at 5% B for 5 min, increasing to 18% B over 40 min,
increasing to 40% B over 5 min, increasing to 90% B in 6 min, where it stayed to 55 min,
after which it was reequilibrated at 5% B for 5 min. The 1-mL/min ﬂow was split post-column using an accurate spliter (LC packings, Sunnyvale, CA, USA), directing ¼ of the
ﬂow to the mass spectrometer and ¾ of the ﬂow to a fraction collector (LKB-FRAC-100,
Amersham Biosciences AB, Uppsala, Sweden), collecting 1-min fractions in liquid scintillation vials. After addition of 4 mL of scintillation cocktail, the total radioactivity of each
fraction was determined on the Tri-carb 2800TR liquid scintillation counter, using a counting time of 20 min. The resulting values were used to construct the radiochromatograms.
When the peak in the radiochromatogram was above the lower limit of quantitation
(LLOQ) in a pooled sample, this indicated a potential metabolite and was further quantiﬁed.
A linear ion trap mass spectrometer (LTQ XL, Thermo Electron, Waltham, MA, USA) was
used for the LC-LSC-MS analysis (method 1), applying positive ionization and using a
scan range of 100-1100 amu. The sheath gas, aux gas and sweep gas were 40, 5 and 0 arbitrary units. The spray voltage was 4.5 kV and the normalized collision energy was 35
V. Data Dependent acquisition using a predeﬁned parent list was used to collect the MS
data. Total ion current (TIC) chromatograms were obtained and from each m/z signal
above a threshold of 750 cps, MS/MS spectra were generated when a match was found
with a (predicted) parent list.
The LC-MS setup for method 2 was an Ultimate 3000 Standard LC System (Dionex, Sunnyvale, CA, USA), with the autosampler set on room temperature. This method used a Sy-
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nergi Hydro RP 80 Å (150x0.5 mm ID, 4 µm particles; Phenomenex) with the same mobile phases as method 1. The gradient was slightly diﬀerent, starting with 3% B for 5 min,
increasing to 10% B over 40 min, increasing to 40% B over 5 min, increasing to 90% B in 6
min, where it stayed to 55 min, after which the column was reequilibrated to 3% B for 5
min.
Two samples were selected on the basis of the results from the LTQ XL data. A plasma and
a urine sample containing all metabolites with low noise levels were chosen and were additionally analyzed with a high resolution mass spectrometer, an LTQ Orbitrap (Thermo
Electron). All setings were similar to the setings of the LTQ XL. Relative retention times
were used to identify the metabolites and high resolution MS2 spectra of ions were obtained using a full data scan and a parent scan.

Metabolite screening and identiﬁcation
LC-MSn was used as primary tool to elucidate the molecular structures of the metabolites. The metabolites were identiﬁed by comparing the HPLC retention times and fragmentation paterns to the results from the available reference standards. If reference
standards were not available, the mass of the molecular ions (high-resolution, if available)
and fragmentation paterns were used to identify the metabolite. In addition, the ratio of
non-labeled omacetaxine and 14C-omacetaxine in the formulation given to the patients
was approximately 60:40, which showed a distinct isotope patern in the full MS spectrum of two ions 2 Da apart (from 14C and 12C) with a proportion of 6:4.
The metabolites were named after their non-labeled, protonated m/z values (for instance
M520), except for omacetaxine (6), 4’-DMHHT (5) and cephalotaxine (1), because these
metabolites were already known and named. In previous studies (no published data), a
leter (for instance M548A) was added to the metabolite name if there was already a metabolite with the same m/z value. In this study this nomenclature was also used. In addition, the metabolites were assigned an ID number, which was assigned according to the
retention time of the metabolite.

Calculations
The limit of detection (LOD) of the total radioactivity measurements was calculated with
formula (1) [18]:

LOD =

2.71
B
+ 4.65
TE
TE

(1)

With a counting time (T) of 20 min, an observed background (B) of 11.0 DPM (disintegrations per minute) and a counting eﬃciency (E) of 93% the LOD is 3.7 DPM, which was
rounded to 4 DPM.
At the lower limit of quantiﬁcation (LLOQ) a maximum precision error of 20% was con-
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sidered acceptable, therefore, formula (2) was used to calculate the LLOQ above background [19]:

LLOQ =

50 
2TEB 
 1 + 1 +

TE 
25 

(2)

Using the same values for T, E and B as before, the calculated LLOQ was 14 DPM.
The area under the concentration-time curve from 0 to 24 h after drug administration
(AUC0-24h) was calculated with the trapezoidal rule (3), using time since administration
and concentration at data point i (ti and Ci, respectively) and n as the total number of data
points:

AUC( 0− 24 h ) = ∑ in=−01

ti +1 − ti
⋅ (Ci + Ci +1 )
2

(3)

Results
Metabolites in plasma
The mean recovery after protein precipitation of all samples (including inter-patient
pooled plasma samples and individual patient samples) was 92.6%, which was considered to be acceptable. The pooling accuracy of the analyzed inter-patient pooled samples
was between -3.8% and -1.5%.
For the metabolite proﬁling of plasma, samples after 24 h were not analyzed due to low
radioactivity. Radiochromatograms could therefore not be constructed for the samples
collected after 24 h. The compound names are derived from the unit mass results, and
the ID numbers were assigned in the order of elution (retention time). The proﬁle in all
selected samples was similar: Omacetaxine (6) is the main peak in plasma with a mean
AUC0-24h of 66.1% of the TRA AUC0-24h. The mean omacetaxine (6) concentration showed
a decrease in time both in absolute and relative terms, representing a mean of 86.9% of the
TRA at 15 min after administration and 60.4% at 24 h after administration. Figure 2 shows
the concentration-time proﬁles of radioactive components in plasma.
4’-DMHHT (5) was also a major peak in plasma with a mean AUC0-24h of 13.7% of the TRA
AUC0-24h. The mean 4’-DMHHT (5) concentration showed an increase over time up to 8 h
and then the concentration decreased. At 15 min, 8 h and 24 h after administration, the
concentration was 1.5%, 21.2% and 7.2% of the TRA, respectively.
M562A (7) was less abundant and showed a large variation between the patients. The
mean AUC0-24h was 6.2% (range 0.0% to 16.9%) of the TRA AUC0-24h. The mean M562A (7)
concentration also showed an increase over time up to 2 h, followed by a decrease, representing a mean of 1.3%, 9.1% and 2.2% of TRA at 15 min, 2 h and 24 h after administration, respectively. However, the AUC0-24h and concentrations of M562A (7) might be
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Figure 2. Concentration-time proﬁles of radioactive components in plasma.

slightly overestimated because M562A (7) co-elutes with other, lower concentration radioactive compounds at the end of the gradient proﬁle (high percentage of strong eluent). For the quantiﬁcation, the fractions that corresponded with the MS data were used,
but these fractions may have contained other low-abundance radioactive metabolites as
well.
The sum of these three compounds (ie, omacetaxine, 4’-DMHHT and M562A) account for
86% of the TRA AUC0-24h. Table 1 summarizes the relative AUC0-24h for each metabolite.
Figure 3 displays the radiochromatograms showing the metabolite proﬁle of omacetaxine
in plasma over time from a representative patient. The peaks were designated based on
the LC-MSn data. The metabolite proﬁles in plasma show the conversion of omacetaxine
into the more polar metabolite, 4’-DMHHT (5), formed by hydrolysis of the methyl ester
which resulted in demethylation, and small amounts of M562A (7), which is presumably
formed by oxidation.

Metabolites in urine
Urine was analyzed without sample pretreatment; so recovery was not determined. The
pooling accuracy for the inter-patient pooled samples (used for metabolite screening and
identiﬁcation) was between -0.8% and 1.4%. The pooling accuracy for the intra-patient
pooled samples (used for the metabolite quantiﬁcation) was between -5.7% and 2.7%.
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RT (min) Proposed metabolic pathway(s)

Compound

Table 1. Summary of omacetaxine metabolite proﬁling.

Compound (ID)

M534 (4)

M548A (3)

M520 (2)

40.9

30.3

28.3

25.8

21.2

Parent drug

Methyl ester hydrolysis

1,3-Dioxole ring opening to pyrocatechol

Methyl ester hydrolysis + oxidation of cephalotaxine ring system

Methyl ester hydrolysis + 1,3-dioxole ring opening to pyrocatechol

Mepesuccinate ester hydrolysis

4’-DMHHT (5)

Cephalotaxine (1) 11.1

Omacetaxine (6)

Plasma exposure1

Relative AUC0-24h

Feces

Amount excreted1

Urine

Total

ND

ND

ND

3.4%

0.6%

1.3%

NQ

2.0%

11.6%

11.8%

0.3%

1.2%

ND

21.0%

19.4%

15.2%

0.9%

2.5%

NA

(% of AUC0-24h
(0-72 h) (0-72 h)3 (0-72 h)
from total 14C)2

ND

7.8%

1.7%

13.7%

0.8%

66.1% 19.0%

0.9%

NA

72.9%

6.2%4

37.7%

Oxidation of cephalotaxine ring system

30.4%

NA

43.9

NA6

100% 35.2%

27.9%

NA

M562A (7)

86.0% 33.0%

9.8%

92.0%5

2.2%

Radioactivity in matrix
Total accounted for via radiochromatograms

14.3%

Supernatant after sample preparation
Unaccounted for (sample pretreatment loss + not detected in radiochromatogram)

1 Factions < LOD (4 DPM) were regarded as containing 0 DPM;
2 Calculated from plasma concentrations at 15 min, 30 min, 1 h, 2 h, 8 h and 24 h after administration;
3 The amount excreted for feces was determined for 3 patients instead of 6 patients;
4 The AUC
0-24h might be slightly overestimated because M562A co-elutes with other, lower concentration radioactive compounds at the end of the gradient proﬁle;
Mean plasma sample recovery from plasma concentrations at 15 min, 30 min, 1 h, 2 h, 8 h and 24 h after administration from 6 patients;
Urine samples were analyzed without sample pretreatment.
5
6

ND: Not Detected (<LOD (4 DPM)); NA: Not Applicable; NQ: Not Quantiﬁed.
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Plasma
t=15 min

t=2 h

t=30 min

t=8 h

t=1 h

t=24 h

Figure 3. Representative radiochromatograms of human plasma samples (after background subtraction) collected 15 min, 30 min and 1 h, 8 h and 24 h after administration of a single subcutaneous 1.25-mg/m2 dose of 14C-omacetaxine. The numbers in the radiochromatograms correspond
with the ID number. Designation of the peaks was based on LC-MSn data. Note that the scale of
the y-axis is diﬀerent in each radiochromatogram.
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Urine

Feces

t=0-24 h

t=0-24 h

t=24-48 h

t=24-48 h

13
t=48-72 h

t=48-72 h

Figure 4. Representative radiochromatograms of human urine and feces samples (after background
subtraction) collected over diﬀerent time (0-24 h, 24-48 h and 48-72 h) intervals after administration of a single subcutaneous 1.25-mg/m2 dose of 14C-omacetaxine. The numbers in the radiochromatograms correspond with the ID numbers. Designation of the peaks was based on LC-MSn data.
Note that the scale of the y-axis is diﬀerent in each radiochromatogram.
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The results show that a mean of 35.2% of the administered radioactivity was recovered in
urine through 72 h after administration. Unchanged 14C-omacetaxine was the largest labeled component in urine, accounting for a mean of 19.0% of the total dose administered.
4’-DMHHT (5) and M534 (4) were the main metabolites in urine accounting for a mean
of 7.8% and 3.4% of the administered radioactivity, respectively. M520 (2), M548A (3) and
M562A (7) accounted for small portions of the radioactivity, ie, means of 1.3%, 0.6% and
0.9% of the administered radioactivity, respectively. A mean of 2.2% of the administered
radioactivity found in urine was not accounted for in the radiochromatograms. Table 1
summarizes the amount excreted in urine for each metabolite.
Figure 4 displays the radiochromatograms showing the metabolite proﬁle of omacetaxine
in urine over time from a representative patient. The peaks were designated based on the
LC-MSn data. The proﬁles show conversion of omacetaxine into more polar metabolites.
Even though omacetaxine is converted into metabolites, unchanged omacetaxine stays
predominant in urine. Metabolites formed over time are cephalotaxine (1) formed by ester
hydrolysis, M534 (4) formed by transformation of the 1,3-dioxole ring to pyrocatechol,
M520 (2) formed by demethylation of M534 (4), 4’-DMHHT (5) which is a demethylated
form of omacetaxine, M548A (3) formed by methyl ester hydrolysis and oxidation of the
cephalotaxine ring system and M562A (7) which is formed also by oxidation of the cephalotaxine ring system. Cephalotaxine (1) was detected in several urine samples, but the
measured radioactivity in the collected fractions was not above the LLOQ. Hence, cephalotaxine (1) was therefore not further quantiﬁed in urine.

Metabolites in feces
The mean sample pretreatment recovery of all feces samples (including inter-patient
pooled feces samples and intra-patient pooled samples) was 80.8%, which was considered to be acceptable. The pooling accuracy of the inter-patient pooled samples (used for
metabolite screening and identiﬁcation) was between -3.9% and 0.8%. The pooling accuracy of the intra-patient pooled samples (used for the metabolite quantiﬁcation) was between -5.1% and 2.7%.
The results show that a mean of 37.7% of the administered radioactivity was recovered in
feces through 72 h after administration. Unchanged 14C-omacetaxine excreted in feces accounted only for 2.0% of the total dose administered. M534 (4) and 4’-DMHHT (5) were
the main metabolites found in feces, representing means of 11.8% and 11.6% of the administered radioactivity, respectively. M520 (2), M548A (3) and M562A (7) accounted for
means of 1.2%, 0.3% and 0.8% of the administered radioactivity, respectively. A mean of
9.8% of the administered radioactivity recovered in feces was not accounted for as individual components.
Figure 4 displays the radiochromatograms showing the metabolite proﬁle of omacetaxine
in feces over time from a representative patient. The peaks were designated based on the
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LC-MSn data. The metabolite proﬁles show the conversion of omacetaxine into several
metabolites. Unlike in urine, unchanged omacetaxine concentrations in feces are very low
through 72 h after administration. The metabolites M520 (2), M548 (3), M534 (4), 4’DMHHT (5) and M562A (7) were detected and quantiﬁed in human feces.

Identiﬁcation of metabolites
Table 2 summarizes the accurate mass data (high resolution) and structural information
for omacetaxine and its metabolites in human plasma, urine and feces samples. Supplementary Figure 1 shows the proposed metabolite structure and fragmentation and the
MS2 and MS3 spectra of the proposed metabolites. The proposed metabolic pathway in
human is illustrated in Figure 5. The rationale for the structural characterization is described below.
Omacetaxine (6)
The identity of omacetaxine (6) was conﬁrmed with the reference standard of omacetaxine (6). The protonated molecular ion at m/z 546 gave product ions at m/z 316 and 298
(loss of mepesuccinate side chain). The MS, MS/MS spectrum and retention time of 14Comacetaxine (6) in the samples corresponded to the reference standard of omacetaxine (6).
Cephalotaxine (1)
The identity of cephalotaxine (1) was conﬁrmed with the reference standard of cephalotaxine (1). The protonated molecular ion at m/z 316 gave a product ion at m/z 284. The
MS, MS/MS spectrum and retention time of 14C-cephalotaxine (1) in the samples corresponded to the reference standard of cephalotaxine (1). Metabolite cephalotaxine (1), which
has been previously described [16], was also detected in several urine samples. The measured radioactivity in the collected fractions was, however, not above the LLOQ and cephalotaxine (1) was therefore not further quantiﬁed in urine.
M520 (2)
M520 (2) had a protonated molecular ion at m/z 520 which is a loss of 26 Da relative to m/z
546, the mass of omacetaxine (6). The major product ion was m/z 286 (loss of mepesuccinate side chain) and the MS3 spectrum of m/z 286 showed a fragment at m/z 254 (loss of
methyl alcohol). MS/MS fragments of M520 (2) are similar to the fragments of M534 (4),
which indicates that M520 (2) is also a pyrocatechol metabolite of omacetaxine (6). The additional loss of 14 Da to m/z 534 (4), the mass of M534, indicates a potential demethylation
due to hydrolysis of the methyl ester on the mepesuccinate side chain. Therefore it is proposed that M520 (2) is the methyl ester hydrolysis product of the pyrocatechol metabolite, which is supported by the accurate mass data (Table 2).
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254
43.9

M562A (7)

546.2698
562.2647

C29H40NO10

532.2541

C29H40NO9

C28H38NO9

534.2698

548.2490

520.2541

316

ND

546.2672

532.2518

534.2673

ND

520.2518

316

3

MS : 254

MS2: 502, 286, 254

MS3: 266

MS2: 316, 298, 266

MS2: 316, 298, 266
MS3: 266

3

MS : 254

MS2: 286, 254

3

MS : 240

NA MS2: 544, 314, 240

4.8

4.3

4.7

NA MS2: 530, 372, 314, 282, 255
MS3: 282, 166

4.4

MS3: 266, 254, 242, 229, 226, 149

NA MS2: 298, 284

Calculated Observed Δppm1 MS Data2
m/z
m/z

2

1

Δppm: mass deviation expressed in parts per million = (measured mass - theoretical mass) / theoretical mass x 1 x 106
MS2 and MS3 spectra were found during LC-LTQ analysis
3 The proposed structure was not conﬁrmed by the Orbitrap data. The signal of the metabolites was too low
ND: Metabolite was not detected during the Orbitrap measurements.
NA: Metabolite was not detected during the Orbitrap measurements so therefore no Δppm could be calculated
Matrix: U: urine; F: feces; P: plasma

Unknown

40.9

30.3

C28H40NO9

1,3-Dioxole ring opening 28.3
to pyrocatechol

Methyl ester hydrolysis

C28H38NO10

25.8

Omacetaxine (6) Parent drug

4’-DMHHT (5)

M534 (4)

M548A (3)

3

C27H38NO9

21.2

Methyl ester hydrolysis
+ 1,3-dioxole ring opening to pyrocatechol
Methyl ester hydrolysis
+ hydroxylation of cephalotaxine ring system

C18H22NO4

Cephalotaxine (1) Mepesuccinate ester hy- 11.1
drolysis

M520 (2)

Formula

Proposed metabolic
pathways(s)
Rt
(min)

Compound
(ID no)

Proposed

Proposed

Proposed

Conﬁrmed by
authentic standard

P, U, F Proposed

P, U, F Conﬁrmed by
authentic standard

P, U, F Conﬁrmed by
authentic standard

U, F

U, F

U, F

U

Matrix Structure
characterization

Table 2. Summary of accurate mass data and structural information for omacetaxine and its metabolites in human plasma, urine and feces samples.
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M548A (3)
M548A (3) had a protonated molecular ion at m/z 548, which is an additional mass of 16
Da relative to m/z 532, the mass of 4’-DMHHT (5). The major product ion was m/z 314
and the MS3 spectrum of m/z 314 (loss of mepesuccinate side chain) showed a fragment
at m/z 282 (loss of methyl alcohol). The MS/MS fragments of M548A (3) also show an additional mass of 16 Da relative to the corresponding fragments of 4’-DMHHT (5). Hence,
M548A (3) represents a metabolite that has undergone hydrolysis of the methyl ester and
hydroxylation of the cephalotaxine ring system.
M534 (4)
M534 (4) has a protonated molecular ion at m/z 534 which is a loss of 12 Da relative to m/z
546, the mass of omacetaxine (6). The major product ion was m/z 286 (loss of mepesuccinate side chain) and the MS3 spectrum of m/z 286 showed a fragment at m/z 254 (loss of
methyl alcohol). The MS/MS fragments of M534 (4) also show a loss of 12 Da compared
to the corresponding fragments of omacetaxine (6). This indicates transformation to a pyrocatechol of the 1,3-dioxole ring. M534 (4) is therefore proposed to be the pyrocatechol
metabolite of omacetaxine (6), which is supported by the accurate mass data (Table 2).
4’-DMHHT (5)
The identity of 4’-DMHHT (5) was conﬁrmed with the reference standard of 4’-DMHHT
(5). The protonated molecular ion at m/z 532 gave product ions at m/z 316 and 298. The MS,
MS/MS spectrum and retention time of 14C-4’-DMHHT (5) in the samples corresponded
to the reference standard of 4’-DMHHT (5). The loss of 14 Da relative to m/z 546, the mass
of omacetaxine, and the similar MS/MS fragments to omacetaxine (6) indicates that 4’DMHHT (5) represents a metabolite that has undergone hydrolysis of the methyl ester.
M562A (7)
M562A (7) had a protonated molecular ion at m/z 562, which is an additional mass of 16
Da relative to m/z 546, the mass of omacetaxine (6). The major product ion was m/z 314
(loss of mepesuccinate side chain) and the MS3 spectrum of m/z 314 showed a fragment
at m/z 314. The additional mass indicates the presence of an oxygen atom (or hydroxyl
group). It was not possible to elucidate the exact chemical structure of M562A (7).

Discussion
This study describes the metabolite proﬁle of 14C-omacetaxine in plasma, urine and feces
samples of adult patients suﬀering from cancer. In total, 6 omacetaxine-related compounds were detected in addition to unchanged omacetaxine. Metabolic conversions on
the mepesuccinate side chain were complete ester hydrolysis and hydrolysis of the me-
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Figure 5. Proposed metabolite pathway of omacetaxine mepesuccinate including mepesuccinate
ester hydrolysis, oxidation, demethylation and transformation of the 1,3-dioxole ring to pyrocatechol.

thyl ester of the side chain. In addition, the opening of the 1,3-dioxole ring to form a pyrocatechol partial structure was observed, as was oxidation of the cephalotaxine ring system. Combinations of methyl ester hydrolysis and 1,3-dioxole ring opening or oxidation
of the cephalotaxine ring system were also observed. Figure 5 displays the proposed metabolite pathways of omacetaxine.
In plasma, only unchanged omacetaxine (6), 4’DMHHT (5) and M562A (7) were detected.
Unchanged omacetaxine was the most prominent omacetaxine-related compound in
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plasma. The relative AUC0-24h of metabolite 4’-DMHHT (5) was 13.7%, which indicates
that 4’-DMHHT (5) is a major metabolite [20, 21]. However, 4’-DMHHT (5) is far less toxic
than omacetaxine, as was shown previously in mice. The lethal dose of omacetaxine affecting 50% (LD50) of mice was 6.7 mg/kg, but 4’-DMHHT (5) produced no apparent toxic
eﬀects at doses up to 280 mg/kg [15].
So far, the structure of M562A (7) remains unknown. The metabolite could not be elucidated via high resolution mass spectrometry, but the unit resolution MS indicated an addition of 16 Da; therefore, this metabolite was identiﬁed as omacetaxine+O. Since the
relative AUC0-24h of M562A (7) is 6.2%, the metabolite is considered a minor metabolite [20,
21]. The calculated relative AUC0-24h might also be overestimated because M562A (7) coeluted with other, lower-concentration radioactive compounds at the end of the gradient
proﬁle.
Overall, the same metabolites were found in urine and feces. The only exception was cephalotaxine (1), which was detected only in urine, although at concentrations too low for
quantitation. Unchanged omacetaxine (6) was the largest single component in urine, but
it was a minor component in feces. However, recovery of parent drug was predominantly
within the ﬁrst 24 h after administration. The pyrocatechol metabolite of omacetaxine,
M534 (4), and 4’-DMHHT (5) were the most abundant metabolites in feces. 4’-DMHHT (5)
was also the second most abundant omacetaxine-related compound in urine. M520 (2), the
demethylated pyrocatechol metabolite of omacetaxine, M548A (3), another demethylated metabolite of omacetaxine which is oxidized on the cephalotaxine moiety, and M562A
(7) (omacetaxine+O) were detectable, but at low levels, in both urine and feces.
Omacetaxine has been of interest for its anti-tumor eﬀects since the 1970s, and since that
time several metabolism studies have been performed. The excretion of unchanged omacetaxine and its main metabolite, 4’-DMHHT, in urine in the current study were generally consistent with the previously reported results. In this study, 35.2% of the
administered dose was recovered in urine 72 h after administration, with 19.0% found to
be unchanged omacetaxine and 7.8% found to be 4’-DMHHT. In previous studies, they
did not test for other metabolites, but the similarities between the amount of omacetaxinerelated compounds excreted in urine and the amount of unchanged omacetaxine do suggest that the processes involved in the metabolic elimination of omacetaxine are similar
in humans, dogs and mice [13-15].

Conclusion
Omacetaxine was extensively metabolized, with subsequent renal and hepatic elimination
of the metabolites. Renal excretion of unchanged omacetaxine is a prominent elimination
pathway. The major metabolite, 4’-DMHHT is known to be inactive and non-toxic [15].
The other metabolites circulate and are excreted in low quantities. The low levels of the
metabolites found in plasma compared to the relatively high levels of unchanged oma-
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cetaxine in plasma indicate that the metabolites are unlikely to contribute materially to the
eﬃcacy of the compound, also suggesting that they have limited contribution to its toxicity.
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MS2 spectrum

Supplementary Figure 1. MS2 and MS3 spectra and proposed metabolite structure and fragmentation.
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m/z 548 → 314

m/z 534 → 286

M534 (4)

MS2 spectrum

M548A (3)

Proposed metabolite structure and fragmentation

Supplementary Figure 1 continued. MS2 and MS3 spectra and proposed metabolite structure and fragmentation.
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M562A (7)

Proposed metabolite structure and fragmentation

m/z 562 → 314

MS2 spectrum

Supplementary Figure 1 continued. MS2 and MS3 spectra and proposed metabolite structure and fragmentation.
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VOSAROXIN

Abstract
Vosaroxin is a ﬁrst-in-class anticancer quinolone derivative topoisomerase II inhibitor that is currently in development in combination with cytarabine for the treatment of acute myeloid leukemia (AML). To investigate vosaroxin pharmacokinetics
(PK) in patients, liquid chromatography tandem mass spectrometry (LC-MS/MS)
assays to quantify vosaroxin and the two metabolites N-desmethylvosaroxin and Odesmethylvosaroxin in human plasma and urine were developed and validated.
Immediately after collection the samples were stored at -80°C. Prior to analysis, the
plasma samples were subjected to protein precipitation and the urine samples were
diluted. For both assays the reconstituted extracts were injected on a Symmetry
Shield RP8 column and gradient elution was applied using 0.1% formic acid in water
and acetonitrile-methanol (50:50, v/v). Analyses were performed with a triple quadruple mass spectrometer in positive-ion mode. A deuterated isotope of vosaroxin
was used as internal standard for the quantiﬁcation.
The validated assays quantify vosaroxin and N-desmethylvosaroxin in the concentration range of 2 – 500 ng/mL in plasma and urine. For O-desmethylvosaroxin the
concentration range of 4 – 500 ng/mL in plasma and urine was validated. Dilution integrity experiments show that samples can be diluted 25 fold in control matrix prior
to analysis. The expanded concentration range for plasma and urine for vosaroxin
and N-desmethylvosaroxin is therefore from 2 to 15,000 ng/mL and in plasma for Odesmethylvosaroxin from 4 to 15,000 ng/mL.
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Introduction
Vosaroxin is a ﬁrst-in-class anticancer quinolone derivative that interacalates deoxyribonucleic acid (DNA) and inhibits topoisomerase II, inducing replication-dependent DNA
damage that leads to apoptosis [1]. A recently completed pivotal phase 3 clinical trial evaluating vosaroxin plus cytarabine in relapsed or refractory acute myeloid leukemia (AML)
suggested that this combination may beneﬁt patients 60 years of age or older [2]. In preclinical studies, the presence of the metabolites N-desmethylvosaroxin and O-desmethylvosaroxin was found in rat urine and bile [3].
To support clinical pharmacology studies, assays for quantiﬁcation of vosaroxin and its
metabolites in plasma and urine are needed. This article is the ﬁrst to describe the validation of bioanalytical assays for these compounds, although assays were reported previously [4-7]. Herein we describe a full validation of two assays quantifying vosaroxin,
N-desmethylvosaroxin and O-desmethylvosaroxin in plasma and in urine. The validation was performed in compliance with the OECD principles of Good Laboratory Practice (GLP) [8] and according to the FDA and latest EMA guidelines on bioanalytical
method validation [9, 10]. These assays were used in a human mass balance study (manuscript in preparation) and passed ISR.

Experimental
Chemicals
Vosaroxin, N-desmethylvosaroxin and O-desmethylvosaroxin (Figure 1) were manufactured by Albany Molecular Research, Inc. (AMRI, Albany, NY, USA) and provided by Sunesis Pharmaceuticals, Inc. (South San Francisco, CA, USA). A deuterated stable isotope
(2H6-vosaroxin) was used as internal standard for all analytes and was manufactured by
Syngene International (Bangalore, India) and provided by Sunesis Pharmaceuticals, Inc.

Figure 1. Chemical structure of the analytes (A) vosaroxin, (B) N-desmethylvosaroxin and (C) Odesmethylvosaroxin) and their proposed fragmentation pathways.
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All reference standards have been certiﬁed by AMRI. Methanol (HPLC grade), water
(HPLC grade) and acetonitrile (HPLC grade) were obtained from Biosolve Ltd (Valkenswaard, the Netherlands). Formic acid, ammonium acetate (98%) and sodium hydroxide
(50%) were purchased from Merck (Darmstadt, Germany). Water (distilled) used for sample preparation came from B. Braun Medical (Melsungen, Germany). K2EDTA plasma
and drug-free control human urine was obtained from healthy volunteers (MC Slotervaart).

Stock solutions, calibration standards and quality control samples
Stock solutions
Separate 100 µg/mL stock solutions for calibration standards and quality control (QC)
samples were prepared for each analyte (corrected for potency using the chemical purity): vosaroxin in 0.1 N sodium hydroxide and N-desmethylvosaroxin and O-desmethylvosaroxin in acetonitrile-5mM sodium hydroxide (20:80, v/v). Since all analytes are
light sensitive, light exposure was minimized with amber colored vials and polypropylene (PP) tubes. These stock solutions were stored at -20°C in silanized amber glass vials.
The stock solutions of the diﬀerent analytes were mixed and further diluted in serial with
acetonitrile-5 mM sodium hydroxide (20:80, v/v) to obtain working solutions. The working solutions were stored at -20°C in silanized amber glass vials since adsorption to polypropylene material was observed. Long-term stability in the working solutions could
not be demonstrated under these conditions; therefore, fresh working solutions were
made for the preparation of calibration standards and QC samples in plasma and urine
for all analyses.
The stock solution of the internal standard 2H6-vosaroxin (IS) was prepared at a concentration of 100 µg/mL in 0.1 N sodium hydroxide. The IS working solution, was 200 ng/mL
IS in methanol-10 mM ammonium acetate (50:50, v/v). The IS stock solution was stored
at -20°C and the IS working solution was stored at 2-8°C. This internal standard was used
for all analytes since no stable isotopes were available for N-desmethylvosaroxin and Odesmethylvosaroxin.
Calibration standards and quality control samples of the plasma assay
Human K2EDTA plasma was used as control plasma. During the validation, calibration
standards and QC samples were prepared freshly before each validation run by adding
10 µL of working solution to 190 µL control human plasma. Calibration standards were
prepared in amber colored PP tubes; concentrations were 2, 5, 25, 50, 125, 250, 400 and 500
ng/mL for vosaroxin and N-desmethylvosaroxin; and 4, 10, 25, 50, 125, 250, 400 and 500
ng/mL for O-desmethylvosaroxin. Aliquots of 50 µL were used for sample preparation.
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Final concentrations for the QC samples at the lower limit of quantiﬁcation (LLOQ), QC
low, QC mid and QC high were 2, 6, 150 and 375 ng/mL for vosaroxin and N-desmethylvosaroxin; for O-desmethylvosaroxin the ﬁnal concentrations were 4, 12, 150, and
375 ng/mL. Calibration standards and QC samples were stored in aliquots of 50 µL at
-70°C in amber 1.5 mL PP tubes.
The QC sample above the upper limit of quantiﬁcation (>ULOQ) was prepared by evaporating 30 µL of each stock solution (vosaroxin, N-desmethylvosaroxin and O-desmethylvosaroxin) and reconstituting the evaporated stocks with 200 µL human control
plasma creating a sample with a ﬁnal concentration of 15,000 ng/mL.
Calibration standards and quality control samples of the urine assay
During the validation calibration standards and QC samples were prepared freshly before
each validation run by adding 10 µL of working solution to 190 µL human urine. Calibration standards with the following concentrations were obtained for vosaroxin and Ndesmethylvosaroxin: 2, 5, 25, 50, 125, 250, 400 and 500 ng/mL; and 4, 10, 25, 50, 125, 250,
400 and 500 ng/mL for O-desmethylvosaroxin. Aliquots of 50 µL were used for sample
preparation.
Final concentrations for the QC samples at the lower limit of quantiﬁcation (QC LLOQ),
QC low, QC mid and QC high were 2, 6, 150 and 375 ng/mL for vosaroxin and N-desmethylvosaroxin; for O-desmethylvosaroxin the ﬁnal concentrations were 4, 12, 150, and
375 ng/mL. Also, urine calibration samples and QC samples were stored in aliquots of 50
µL at -70°C in amber 1.5 mL PP tubes. The QC >ULOQ (15,000 ng/mL for all analytes) was
prepared as described in the quality control samples of the plasma assay.

14

Sample preparation
Sample collection
Whole blood samples were obtained by venipuncture and placed immediately on ice prior
to centrifugation at 2000 g at 4°C for 10 minutes to obtain plasma. Plasma samples were
stored at -80°C pending analysis for a maximum of three months after which they were
transferred to a -70°C freezer pending analysis. Urine samples were collected and stored
at 2-8°C. Samples were pooled and then homogenized by shaking; 1 mL aliquots were stored at -80°C and were also transferred to a -70°C freezer pending analysis.
Plasma and urine pretreatment
Plasma or urine samples were thawed prior to processing and 50 µL aliquots were placed in amber colored PP tubes on ice during pretreatment for analysis. The sample pretreatment procedure for both matrices was identical. Twenty-ﬁve µL of IS working
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solution (200 ng/mL) were added and the samples were vortex mixed for 30 sec. Subsequently, 150 µL of 0.1% formic acid in acetonitrile were added, the samples were mixed
again (30 sec) and were then centrifuged for 5 min at 23,000 g. A volume of 100 µL was
transferred to an amber colored PP tube and 300 µL of water was added. Samples were
vortex mixed for 10 sec and transferred to an amber autosampler vial with insert. A volume of 10 µL was injected onto the HPLC column.

Liquid chromatography-tandem mass spectrometry
The chromatographic separation of vosaroxin and N-desmethylvosaroxin in plasma and
urine and of O-desmethylvosaroxin in plasma was carried out using a HP1100 binary
pump, a degasser, a HP1100 autosampler and a switching valve (Agilent technologies,
Palo Alto, CA, USA). The autosampler temperature was kept at 4°C and the column oven
at 50°C. The mobile phase A consisted of 0.1% formic acid in water and mobile phase B
was acetonitrile-methanol (50:50, v/v). Gradient elution was applied at a ﬂow rate of 0.35
mL/min through a Symmetry Shield RP8 (100Å, 150 x 2.1mm ID, particle size 3.5 µm; Waters, Eten-Leur, The Netherlands). The following gradient was applied: 20% B (0.00-1.50
min), 20 to 95% B (1.5-1.51 min), 95% B (1.51-6.00 min), 95 to 20% B (6.00-6.01), 20% B
(6.01-9.00). The divert valve directed the ﬂow to the mass spectrometer between 0.1 and
8.8 min.
These samples were analyzed using an API4000 quadrupole mass spectrometer (MS)
(Sciex, Framingham, MA, USA). The instrument is equipped with a Turbo IonSpray (TIS)
interface, operating in positive mode and conﬁgured in multiple reaction monitoring
(MRM). The LC-MS/MS data were acquired and processed with AnalystTM software
(Sciex). Table 1 summarizes the MS operating parameters.
For the analysis of O-desmethylvosaroxin in urine a separate method was developed, due
to initial failed ISR with the method described above for O-desmethylvosaroxin. This will
be further discussed in the results. The chromatographic separation was carried out using
a UPLC I Class pump, column oven and autosampler (Waters, Eten-Leur, The Netherlands). The autosampler temperature was kept at 5°C and the column oven at 40°C. The
mobile phase A and mobile phase B were the same as described above. Gradient elution
was applied at a ﬂow rate of 0.30 mL/min through an Synergi Hydro-RP C18 (150 x 2.0
mm internal diameter, particle size 4 µm; Phenomenex). The following mobile phase gradient was applied: 20% B, 0.3 mL/min (0.0 to 1.0 min); 20 to 85% B, 0.3 mL/min (1.0 to 5.6
min); 85 to 100% B, 0.3 mL/min (5.6 to 5.61 min); 100% B, 0.3 to 0.7 mL/min (5.61 to 5.63
min); 100% B, 0.7 mL/min (5.63 to 8.00 min); 100 to 20% B, 0.7 mL/min (8.00 to 8.01 min);
20% B, 0.7 mL/min (8.01 to 8.50 min); 20% B, 0.7 to 0.3 mL/min (8.50 to 8.51 min); 20% B,
0.3 mL/min (8.51 to 9.50). The divert valve directed the ﬂow to the mass spectrometer between 2.0 and 5.5 min; the eluent during the remainder of the run was sent to the waste
container.
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O-desmethyl
vosaroxin

O-desmethyl
vosaroxin

49 V

388 m/z

32 V

388 m/z

43 V

5 ms
22 V

161 V

318 m/z

66 V

3.4 min

100 ms

1.75 min

318 m/z

500 °C

9 au

40 au

40 au

40 au

4000 V

9.50 min

API5500

Table 1. Mass spectrometric parameters for the analysis of vosaroxin, N-desmethylvosaroxin and O-desmethylvosaroxin with the internal standard
vosaroxin-2H6.

N-desmethyl
vosaroxin

API4000

80 au

H6-Vosaroxin

388 m/z

General setings

500 °C

2

100 ms

318 m/z

10.0 min

Collision gas

Vosaroxin

408 m/z

45 V

4500 V

Temperature

402 m/z

100 ms

338 m/z

20 V

Run duration

Analyte speciﬁc parameters

332 m/z

43 V

Ionspray voltage

Parent mass

100 ms

22 V

70 au

Product mass

43 V

Nebulizer gas

Dwell time

22 V

66 V

20 au

Collision energy

66 V

2.75 min

60 au

Collision exit potential

66 V

2.70 min

Turbo gas / Heater gas

Declustering potential

2.70 min

Curtain gas

Typical retention time
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O-desmethylvosaroxin in urine was analysed on a QTrap 5500 mass spectrometer (MS)
(AB Sciex, Thornhill, ON, Canada). This instrument is equipped with a TIS interface, operating in positive mode and conﬁgured in multiple reaction monitoring (MRM) mode.
The LC-MS/MS data were acquired and processed with AnalystTM software version 5.1.2
(AB Sciex). Table 1 summarises the MS operating parameters.

Validation procedures
The validation of the assays was performed in accordance to the OECD principles of Good
Laboratory Practice (GLP) [8]. Calibration model, accuracy and precision, selectivity, dilution integrity, lower limit of quantitation, matrix eﬀect, carryover, and stability under
various conditions were established according to the US FDA and latest EMA guidelines
on bioanalytical method validation [9, 10].
The accuracy is expressed as the bias and the following equations were used:
Intra-run bias (%)=
100% ∙ ((mean measured conc.per run-nominal conc.))/((nominal conc.))

(1)

Overall bias (%)=
100% ∙((overall mean measured conc.-nominal conc.))/((nominal conc.))

(2)

The precision is expressed as the coeﬃcient of variation (CV) and the following equations were used:
Intra-run CV (%)=
(3)
100% ∙ ((SD of the measured conc.per run))/((mean measured conc.per run))
To calculate the inter-run variation a one-way ANOVA was used.

Results and discussion
Development
Chromatography
Initially a method was developed using a Synergi Hydro RP column (80Å, 150 x 2.0mm
ID, particle size 4.6 µm; Phenomenex, Utrecht, The Netherlands) with the same eluents
and a slightly adjusted gradient. However, during development and pre-validation high
carryover was observed in both plasma and urine. Carryover was investigated by injec-

276

BIOANALYSIS

ting two double blank samples after a ULOQ sample. In plasma, for vosaroxin up to 301%
of the LLOQ value was detected in the ﬁrst blank and up to 113% in the second blank. For
N-desmethylvosaroxin up to 374% of the LLOQ value was detected in the ﬁrst blank and
up to 137% in the second blank. For O-desmethylvosaroxin no speciﬁc carryover peak
was detected however, very high noise was observed in a double blank after an ULOQ
level sample. This high carryover indicated that the analytes have a very high aﬃnity for
the stationary phase that is used in the Synergi Hydro RP column. Therefore, a column
with a lower aﬃnity for the compounds was chosen (Symmetry Shield RP8 column).
When using this column and with adjustment of the gradient the carryover decreased to
approximately 20% of the LLOQ in the ﬁrst blank. This result was considered adequate
for proceeding with method validation. To achieve separation within a reasonable run
time, a steep block gradient was developed. This gradient was chosen because the delay
volume of the Agilent system is considerable, which causes a delay in the eluent composition and in the retention time of the analytes. In addition the divert valve was mainly directed to the mass spectrometer to maintain a consistent source spray.
The method that was developed for O-desmethylvosaroxin in urine using a Symmetry
Shield RP8 column ﬁnally resulted in a failed ISR. The initial failed ISR was due to the
combination of endogenous interferences, the use of an analogue internal standard for
O-desmethylvosaroxin instead of a stable isotope and ion suppression eﬀects of vosaroxin on the internal standard response, since the clinical samples contained very high
concentrations of vosaroxin compared to O-desmethylvosaroxin. The study samples were
only diluted to quantify vosaroxin and N-desmethylvosaroxin. Therefore the concentration of vosaroxin was especially high in the undiluted samples, to quantify O-desmethylvosaroxin, causing ion suppression of the internal standard. Therefore a separate
O-desmethylvosaroxin in urine assay was developed and validated using a Synergi
Hydro RP column since for O-desmethylvosaroxin no speciﬁc carry over was detected
previously.
Solubility and stability in neat solutions
Vosaroxin stock solutions were prepared in 0.1 N sodium hydroxide; N-desmethylvosaroxin and O-desmethylvosaroxin stock solutions were prepared in acetonitrile-5 mM sodium hydroxide (20:80, v/v). The analytes were not soluble in methanol and DMSO.
To prevent absorption of the analytes to the surface of the vials and to reduce the inﬂuence of light, stock solutions and working solutions are stored in silanized amber glass
vials. When the stock solutions are stored at -20°C analytes were stable for at most 43
days (see stabiliy results and Table 4). However, the analytes in working solutions were
not stable when stored at -20°C. Low concentrations (40 ng/mL for vosaroxin and N-desmethylvosaroxin and 80 ng/mL for O-desmethylvosaroxin) of working solution in acetonitrile-5 mM sodium hydroxide (20:80, v/v) showed decreased concentrations over time
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Table 2. Assay performance data for the analysis of vosaroxin, N-desmethylvosaroxin and Odesmethylvosaroxin in human plasma and urine.

Inter-run

Intra-run
Matrix
Plasma

Urine

a

a

Bias

CV

(%)

(%)

(%)

6.0 – 8.8

-2.5

-*

2.4 – 5.8

-1.0

1.9

2.5 – 5.5

1.3 – 4.9

3.9

0.2

0.5 – 3.5

2.0 – 5.8

2.5

-*

15

-6.6 – 10.4

6.0 – 8.4

3.9

8.3

6.00

15

-3.4 – 4.4

4.5 – 6.5

-1.0

4.0

150

15

6.1 – 8.9

2.0 – 2.4

7.2

1.0

375

15

5.8 – 10.1

2.5 – 4.5

8.0

1.0

O-desmethyl

4.00

15

-3.4 – 6.2

2.8 – 8.9

2.7

4.3

vosaroxin

12.0

15

2.8 – 6.0

2.9 – 5.3

4.3

-*

150

15

0.0 – 10.0

2.9 – 5.0

3.3

5.3

Bias

Nom. conc.
(ng/mL)

n

(%)

2.00

15

-4.1 – 0.0

6.00

15

-4.0 – 1.2

150

15

375

15

N-desmethyl

2.00

vosaroxin

Analyte
Vosaroxin

CV

375

15

-2.2 – 8.9

5.6 – 7.8

4.4

4.6

2.00

15

1.7 – 9.0

7.2 – 11.2

4.5

-*

6.00

15

1.3 – 2.9

3.3 – 6.3

2.3

-*

150

15

-2.8 – 4.7

2.5 – 7.3

1.6

3.3

375

15

0.2 – 4.3

2.2 – 5.7

1.9

1.3

N-desmethyl

2.00

15

0.5 – 4.3

4.3 – 11.8

2.3

-*

vosaroxin

6.00

15

4.3 – 9.2

5.9 – 8.8

6.8

-*

150

15

3.1 – 10.0

1.7 – 4.3

7.3

3.2

375

15

5.3 – 10.8

0.7 – 3.6

7.5

2.4

O-desmethyl

4.00

5

-9.4

6.8

NA

NA

vosaroxin

12.0

5

1.7

5.1

NA

NA

150

5

-0.3

6.3

NA

NA

375

5

-4.3

0.5

NA

NA

Vosaroxin

Nom.: nominal; conc.: concentration; n: number of replicates; NA: not applicable. a The range of
accuracies and precisions is listed if more than one run was performed; *: Inter-run precision
could not be calculated (mean square between the groups is less than the mean square within
the groups), meaning that there is no additional signiﬁcant variation in performing the assay in
diﬀerent runs.
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(bias of >15% after 30 days). High concentration working solution (10,000 ng/mL) appeared to be stable at -20°C (bias of <5%). This indicates that at low concentrations absorption of the analytes still plays a signiﬁcant role although silanized glass was used.
Therefore, working solutions were freshly prepared out of the stock solutions before use.

Validation procedures
Calibration model
Calibration standards were prepared and analysed in duplicate in three analytical runs
and in one analytical run for O-desmethylvosaroxin in urine. The quadratic regression of
peak area versus the concentration 1/x2 was weighted to obtain the lowest total bias across
the range with the simplest model since non-linearity was observed. The observed nonlinearity may be caused by observed adsorption of the analytes at low concentrations in
the working solutions. For the calibration standards this was however not further investigated. The calibration range of vosaroxin and N-desmethylvosaroxin in plasma and
urine was 2-500 ng/mL and for O-desmethylvosaroxin the range in plasma and urine was
4-500 ng/mL. These calibration ranges ware chosen to cover the concentration ranges in
the study samples in combination with the extended range which was investigated in the
dilution integrity experiments. A wider calibration range was not desirable, since non-linearity was already observed within these ranges.
Calibration curves were accepted if at least 75% of the non-zero calibration standards and
50% of each calibration level, including a LLOQ and an ULOQ, had a deviation within
±15% of the nominal concentration (±20% at the LLOQ). All calibration curves of the analytes met these criteria and correlation coeﬃcients (r2) of 0.998 or beter were obtained.
Accuracy and precision
To assess the accuracy and precision of the assays, ﬁve replicates of QC LLOQ, QC low,
QC mid and QC high in plasma were analysed in three analytical runs.
Table 2 summarizes the intra- and inter-run accuracy and precision values of the assay.
Assays met the acceptance criteria (within ±20% and ≤20%, respectively, at the LLOQ
level and within ±15% and ≤15% at the other QC levels).
Selectivity
Six diﬀerent batches of control K2EDTA plasma and urine were spiked at the LLOQ level
with vosaroxin, N-desmethylvosaroxin and O-desmethylvosaroxin to investigate the selectivity. The mean deviations from the nominal concentrations for the plasma assay were
-1.1%, 1.9% and -1.3% with CV values of 8.2%, 10.0% and 16.3%, respectively. For the
urine assay, the mean deviations for vosaroxin and N-desmethylvosaroxin were respec-
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Figure 2. MRM chromatograms of vosaroxin (A1), N-desmethylvosaroxin (B1), O-desmethylvosaroxin (C1) and 2H6-vosaroxin (D1) in plasma at LLOQ level (2 ng/mL for vosaroxin and N-desmethylvosaroxin, 4 ng/mL for O-desmethylvosaroxin and 200 ng/mL for 2H6-vosaroxin) and
chromatograms in a blank sample of vosaroxin (A2), N-desmethylvosaroxin (B2), O-desmethylvosaroxin (C2) and 2H6-vosaroxin (D2).
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Figure 3. MRM chromatograms of vosaroxin (A1), N-desmethylvosaroxin (B1), O-desmethylvosaroxin (C1) and 2H6-vosaroxin (D1) in urine at LLOQ level (2 ng/mL for vosaroxin and N-desmethylvosaroxin, 4 ng/mL for O-desmethylvosaroxin and 200 ng/mL for 2H6-vosaroxin) and
chromatograms in a blank sample of vosaroxin (A2), N-desmethylvosaroxin (B2), O-desmethylvosaroxin (C2) and 2H6-vosaroxin (D2).

281

VOSAROXIN

tively -3.8% and -2.8% with CV values of 6.3% and 5.0% respectively. For the assay of Odesmethylvosaroxin in urine the mean deviation was -7.1% and the CV 7.2%. Selectivity
was therefore considered acceptable.
Cross-analyte and IS interference were tested by spiking control plasma or urine at ULOQ
level with all analytes and with IS separately at the nominal concentration (one level).
The cross-analyte and IS interference at the retention time of vosaroxin were less than
20% of the peak area of the LLOQ level. For the IS, interference was less than the required 5%. No cross-analyte interference was detected in either matrix.
Dilution integrity
Five replicate plasma samples of vosaroxin, N-desmethylvosaroxin and O-desmethylvosaroxin at QC >ULOQ level were diluted 25-fold with control human plasma (20 µL of
sample was added to 480 µL control human matrix). This experiment was also performed for vosaroxin and N-desmethylvosaroxin in urine with the same concentrations as
described for plasma. For the plasma and urine assay 50 µL was processed. The mean
bias for the three analytes was in plasma 7.3%, 3.5% and 3.6% and the precision 4.3%,
1.3% and 2.7% respectively. The mean bias for the two analytes in urine were 9.7% and
2.7% and the precision 3.2% and 1.6%. The bias and precision were within ±15% and ≤15%
which indicates that the study samples can be diluted and maintain adequate accuracy
and precision values.
Lower limit of quantitation
The analytes responses at the LLOQ were at least 5 times the response compared to a
blank response in three validation runs for both assays. During the validation the lowest
signal to noise for vosaroxin, N-desmethylvosaroxin and O-desmethylvosaroxin were 7.5,
8.0 and 11.5 in plasma, respectively. In urine the signal to noise was at least 7.8, 13.1 and
19.0 for vosaroxin, N-desmethylvosaroxin and O-desmethylvosaroxin, respectively. Figure 2 shows representative chromatograms of vosaroxin, N-desmethylvosaroxin and Odesmethylvosaroxin in QC LLOQ samples and double blank samples in plasma and

Table 3. Carryover (maximum measured responses compared to the LLOQ) data observed during
the plasma and urine method validation in the ﬁrst blank and second blank after the ULOQ.
Plasma carryover (%)
Analyte
Vosaroxin

st

nd

Urine carryover (%)
st

1 blank

2 blank

1 blank

2nd blank

18.8

6.6

22.0

7.4

NDM-vosaroxin

21.3

16.4

22.0

10.9

ODM-vosaroxin

31.5

12.0

24.7

13.5

282

BIOANALYSIS

Figure 3 in urine.
Carryover
Carryover was investigated in all analytical runs and the highest observed values are displayed in Table 3. In plasma, up to 18.8% of the LLOQ for vosaroxin was detected in the
ﬁrst blank and up to 6.6% in the second blank. For N-desmethylvosaroxin up to 21.3% (of
the LLOQ) was found in the ﬁrst blank and up to 16.4% in the second blank. For O-desmethylvosaroxin up to 31.5% (of the LLOQ) for O-desmethylvosaroxin was found in the
ﬁrst blank and up to 12.0% in the second blank. During the urine validation peaks with
areas >20% of the LLOQ were also found in the blanks injected after the ULOQ. For vosaroxin up to 22.0% (of the LLOQ) was detected in the ﬁrst blank and up to 7.4% in the
second blank. Up to 22.0% (of the LLOQ) for N-desmethylvosaroxin in the ﬁrst blank and
up to 10.9% in the second blank. For O-desmethylvosaroxin up to 24.7% in the ﬁrst blank
and up to 13.5% in the second blank. During the application of the validated method to
study sample analysis, an extra blank should be injected after samples with an expected
high concentration before the analysis of the next study sample (e.g. ULOQ samples and
QC high samples). During the validation a carryover evaluation was conducted to determine if carryover aﬀects any of the outcomes of the validation results. The evaluation demonstrated that carryover did not have an impact on the results.
Matrix factor
The matrix factor (MF) was determined in six plasma batches and six urine batches (12
urine batches for O-desmethylvosaroxin), at low and high concentration levels of vosaroxin, N-desmethylvosaroxin and O-desmethylvosaroxin in singlicate. Processed blank
samples were spiked with working solutions and compared to matrix free working solutions using the following equation:
MF=
(Area of blank sample spiked with neat solution (matrix present))/
(Area of neat solution (matrix absent))

(4)

In addition to the MF the internal standard-normalised MF was calculated by dividing the
MF of the analyte through the MF of the internal standard. The coeﬃcients of variation
(CV) of the standard-normalised MF calculated from the six batches plasma for the low
and high concentrations were less than 11.5% and 12.9%, respectively, fulﬁlling the acceptance criteria. The matrix factor (low and high concentration levels combined) in
plasma for vosaroxin, N-desmethylvosaroxin and O-desmethylvosaroxin ranged from
0.926 to 1.00, 1.16 to 1.27 and 1.78 to 2.88, respectively. The maximum coeﬃcient of variation (CV) of the internal standard-normalised MF calculated from the six urine batches
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Table 4. Stability data for vosaroxin, N-desmethylvosaroxin and O-desmethylvosaroxin in plasma and
urine. All experiments in the biomatrix were performed in triplicate in QC low and QC high samples.
Conditions

Nominal
Measured
Bias (%) C.V. (%) n
conc. (ng/mL) conc. (ng/mL)

Matrix

Analyte

0.1N NaOH

Vosaroxin

1.00E+5

1.01E+5

1.3

4.9

3

ACN:5mM NaOH* NDM-vos

1.00E+5

9.57E+4

-4.3

2.1

3

Stock solutions
Ambient, 20 h

ACN:5mM NaOH* ODM-vos

1.00E+5

9.79E+4

-2.1

2.5

3

-20°C, 51 d

0.1N NaOH

Vosaroxin

1.00E+5

9.99E+4

-0.1

1.1

3

-20°C, 43 d

ACN:5mM NaOH* NDM-vos

1.00E+5

9.96E+4

0.5

2.5

3

-20°C, 113 d

ACN:5mM NaOH* ODM-vos

1.00E+5

1.02E+5

2.2

0.4

3

ACN:5mM NaOH* Vosaroxin

40.0

38.1

-4.7

4.0

3

10.0

10.2

2.4

2.8

3

40.0

31.9

-20.2

2.6

3

10.0

7.89

-21.1

1.7

3

80.0

83.8

4.7

6.6

3

10.0

9.55

-4.5

1.6

3

6.00

6.72

11.9

1.9

3

375

399

6.5

4.2

3

6.00

6.44

7.4

9.4

3

375

400

6.6

3.9

3

12.0

11.9

-0.6

9.9

3

375

341

-9.0

6.2

3

6.00

5.41

-9.9

6.1

3

375

376

0.3

4.3

3

6.00

6.08

1.4

9.0

3

375

388

3.5

3.0

3

ODM-vos

12.0

12.3

2.5

5.6

3

375

373

-0.4

4.8

3

Vosaroxin

6.00

6.02

0.3

4.2

3

375

363

-3.3

5.1

3

NDM-vos

6.00

5.70

-5.1

3.4

3

375

351

-6.3

5.3

3

ODM-vos

12.0

12.6

4.7

5.6

3

375

351

-6.5

5.5

3

Working solutions
-20°C, 7 d

NDM-vos
ODM-vos

Plasma
5 freeze-thaw cycles Biomatrix

Vosaroxin

(-70°C/2-8°C)
NDM-vos
ODM-vos
Ambient, 24 h

Biomatrix

Vosaroxin
NDM-vos

2-8°C, 34 days

Final extract
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Conditions

Matrix

Nominal
conc. (ng/mL)

Measured
conc. (ng/mL)

Vosaroxin

2.25

2.45

9.1

11.0

3

NDM-vos

2.15

2.11

-1.7

8.3

3

Analyte

Bias (%) C.V. (%) n

Whole blood
Ambient, 1 h

Ice-water, 1 h

Biomatrix

Biomatrix

ODM-vos

3.84

3.84

-0.2

1.8

3

Vosaroxin

2.25

3.02

-10.0

4.2

3

NDM-vos

2.15

1.83

-14.9

2.3

3

ODM-vos

3.84

3.97

3.4

2.3

3

Vosaroxin

6.00

6.72

11.9

1.9

3

375

399

6.5

4.2

3

NDM-vos

6.00

6.14

2.3

6.9

3

375

383

2.1

3.1

3

ODM-vos

12.0

12.2

1.9

10.0

3

375

370

-1.2

1.5

3

6.00

6.12

2.1

6.2

3

375

340

-9.3

1.1

3

6.00

5.41

-9.8

6.4

3

375

359

-4.4

4.5

3

12.0

13.0

8.3

4.7

3

375

425

13.2

4.4

3

6.00

5.28

-11.9

6.5

3

375

327

-12.8

3.2

3

NDM-vos

6.00

5.52

-8.1

2.1

3

375

346

-7.6

4.6

3

ODM-vos

12.0

12.5

3.9

5.3

3

375

415

10.6

4.3

3

Urine
5 freeze-thaw cycles Biomatrix
(-70°C/2-8°C)

Ambient, 24 h

Biomatrix

Vosaroxin
NDM-vos
ODM-vos

2-8°C, 22 days

Final extract Vosaroxin

NDM-vos: N-desmethylvosaroxin; ODM-vos: O-desmethylvosaroxin; Conc.: concentration; C.V.: Coeﬃcient of Variation; n: number of replicates; Bold: not accepted; *: ACN:5mM NaOH (2:8, v/v).
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for the low and high concentration was 11.3% and 9.8%, respectively, and also fulﬁlled the
criteria. The matrix factor (low and high concentration levels combined) in plasma for
vosaroxin, N-desmethylvosaroxin and O-desmethylvosaroxin ranged from 0.861 to 1.02,
0.991 to 1.36 and 1.10 to 1.76, respectively.
An MF of around 1 indicates that the stable isotope as IS is most eﬀective minimizing the
inﬂuence of matrix eﬀects. The used IS minimizes the matrix eﬀects for vosaroxin and Ndesmethylvosaroxin, but less eﬀective for O-desmethylvosaroxin. However, for all analytes the CV of the IS-normalised MF was less than the required 15% indicating that the
MF was constant over the tested six batches and two matrices.
Stability
The results of the stability experiments are displayed in Table 4. Vosaroxin, N-desmethylvosaroxin and O-desmethylvosaroxin are stable in plasma and urine for at least 665
days and 236 days at -70°C. Immediately after sample collection the samples were stored
at -80˚C on the clinical site for a maximum period of three months, since there was no 70˚C freezer available in the clinic, after which the samples were transferred to a -70°C
freezer. Since the study samples were stored at -80˚C for a speciﬁed period and since the
temperature of -80˚C is lower than the -70˚C at which the stability was investigated, it

Figure 4. Representative plasma concentration-time curves of vosaroxin and its metabolite N-desmethylvosaroxin following a single 60 mg/m2 intravenous injection of vosaroxin administered to
a patient with advanced solid tumor cancer. O-desmethylvosaroxin was not detected in the plasma
samples.

286

BIOANALYSIS

was concluded that the data integrity was not compromised. In whole blood vosaroxin,
N-desmethylvosaroxin and O-desmethylvosaroxin are stable for at least 1 hour at room
temperature and in ice-water. Therefore, no special precautions need to be taken during
sample collection. Reinjection reproducibility experiments demonstrated that runs with
plasma and urine can be reinjected after respectively 37 and 34 hours when samples are
kept at 4°C in case of an instrumental failure.

Clinical application
These assays were developed to support clinical pharmacology studies of vosaroxin. To
demonstrate their applicability, concentration proﬁles over time of vosaroxin and N-desmethylvosaroxin in plasma of a representative patient treated with vosaroxin is presented. Blood and urine samples were collected as described previously and analyzed with
the described validated methods.
Figure 4 displays the plasma concentration-time curves for vosaroxin and N-desmethylvosaroxin in plasma of this patient. In plasma, O-desmethylvosaroxin could not be quantiﬁed because possible levels were below the LLOQ.
ISR was performed on 5% of the clinical plasma and urine samples. In these samples the
vosaroxin, N-desmethylvosaroxin and O-desmethylvosaroxin concentrations were determined and compared with the original accepted values. At least 2/3 (66.7%) of the ISR
samples needed to be within ±20% diﬀerence to pass.
The following equation was used to calculate the ISR:
%Diﬀerence =
(ISR – original)/mean of ISR and original * 100%

(5)

ISR herein is the concentration obtained after re-assay of the sample and original is the original accepted concentration after the ﬁrst analysis. All the ISR results were accepted and
within ±20% diﬀerence for vosaroxin and N-desmethylvosaroxin in plasma and urine. Odesmethylvosaroxin concentrations in plasma samples were all below the LLOQ value.
For O-desmethylvosaroxin in urine 70% of the reanalysed samples were within ±20% difference and the other samples deviated between 26.6% and 55.3%, which is acceptable
according to the used guidelines. When the chromatographic peaks of O-desmethylvosaroxin in spiked samples were compared to the peak of study samples, it became clear
that in the study samples another compound co-eluted with O-desmethylvosaroxin. This
peak was not detected in the blank study samples. An explanation for this observation
might be the formation of an O-desmethylvosaroxin related metabolite. Since O-desme-
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thylvosaroxin is a minor metabolite, the observed deviations during ISR do not have clinical implications.

Conclusion
Assays for the quantiﬁcation of vosaroxin, N-desmethylvosaroxin and O-desmethylvosaroxin in human plasma and urine in urine were validated. The validated range vosaroxin and N-desmethylvosaroxin in plasma and urine is from 2 to 500 ng/mL and for
O-desmethylvosaroxin in plasma and urine from 4 to 500 ng/mL. It is possible to dilute
study samples containing higher concentrations 25-fold with control human plasma prior
to analysis. With this additional dilution step the range expands to 15,000 ng/mL for all
analytes in both matrices. These assays were used in a human mass balance study of vosaroxin.
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VOSAROXIN

Abstract
Background: Vosaroxin is a ﬁrst-in-class anticancer quinolone derivative that is being
investigated for patients with relapsed or refractory acute myeloid leukemia (AML).
The primary objective of this study was to quantitatively determine the pharmacokinetics of vosaroxin and its metabolites in patients with advanced solid tumors.
Methods: This mass balance study investigated the pharmacokinetics (distribution,
metabolism, and excretion) of vosaroxin in cancer patients after a single dose of 60
mg/m2 14C-vosaroxin, administered as short intravenous injection. Blood, urine and
feces were collected over 168 h after injection or until recovered radioactivity over 24
h was less than 1% of the administered dose (whichever was earlier). Total radioactivity (TRA), vosaroxin and metabolites were studied in all matrices.
Results: Unchanged vosaroxin was the major species identiﬁed in plasma, urine, and
feces. N-desmethylvosaroxin was the only circulating metabolite detected in plasma,
accounting for <3% of the administered dose. However, in plasma the combined vosaroxin + N-desmethylvosaroxin AUC0-∞ was 21% lower than TRA AUC0-∞, suggesting the possible formation of protein bound metabolites after 48 h when the
concentration-time proﬁles diverged. The mean recovery of TRA in excreta was
81.3%. Of the total administered dose, 53.1% was excreted through feces and 28.2%
through urine.
Conclusions: Unchanged vosaroxin was the major compound found in the excreta,
although 10 minor metabolites were detected. The biotransformation reactions were
demethylation, hydrogenation, decarboxylation and phase II conjugation including
glucuronidation.
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Introduction
Vosaroxin is a ﬁrst-in-class anticancer quinolone derivative that intercalates DNA and inhibits topoisomerase II, leading to cell cycle inhibition, double strand DNA breaks and apoptosis in replicating cells [1-3]. Vosaroxin’s core quinolone scaﬀold is related to the
quinolone antibacterials and is structurally distinct from other topoisomerase II inhibitors
used as anticancer therapies, such as anthracyclines, anthracenediones or epipidophyllotoxins. Due to its stable quinolone structure, vosaroxin is relatively minimally metabolized and not associated with signiﬁcant production of free radicals, reactive oxygen
species (ROS) or toxic metabolites [1-3]. Vosaroxin is currently in development for the
treatment of acute myeloid leukemia (AML) [4-7]. Currently, there is no standard treatment for relapsed and refractory patients with AML. In a phase III randomized trial, vosaroxin in combination with an intermediate dose of cytarabine was compared with
placebo plus cytarabine [5]. Vosaroxin plus cytarabine prolonged overall survival (OS) by
1.4 months (7.5 months versus 6.1 months with placebo plus cytarabine; hazard ratio [HR]
0.87, 95% conﬁdence interval [CI] 0.73- 1.02; unstratiﬁed log-rank p = 0.061) and the complete response rate with vosaroxin plus cytarabine was nearly double that with placebo
plus cytarabine (30% [95% CI 25.3-35.1] versus 16% [95% CI 12.6-20.6], p < 0.0001). This clinical beneﬁt observed in the overall VALOR population is driven by the beneﬁt in patients ≥ 60 years of age. Although the primary analysis of OS did not reveal statistically
signiﬁcant diﬀerence between treatment groups, prespeciﬁed subgroup analyses demonstrated a signiﬁcant OS beneﬁt in patients ≥ 60 years of age (OS 7.1 months vs 5.0
months with placebo/cytarabine; HR 0.75, 95% CI 0.62-0.92; p = 0.003) and in those with
early relapse (OS 6.7 months vs 5.2 months; HR 0.77, 95% CI 0.59-1.00; p = 0.039).
The pharmacokinetics (PK) of vosaroxin have been studied previously in clinical studies;
vosaroxin plasma levels showed a biphasic elimination, a rapid initial decline followed by
a prolonged terminal phase, after a short (<10 min) intravenous (IV) injection [4, 5, 8].

Figure 1. Chemical structure of
14
C-vosaroxin. The asterisk in
the 14C-vosaroxin structure indicates the position of the 14Clabel.
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Litle is known, however, about the metabolism of vosaroxin in humans. The metabolism
of vosaroxin was investigated in rats and in vitro using human, monkey, and rat liver microsomes [1]. In rats, 37.9% of the administered radioactive dose was recovered in bile,
32.5% in feces, and 19.6% in urine, which indicates excretion partially through bile and
partially through direct secretion into the intestine [1]. Metabolite proﬁles in rat plasma,
urine and bile, and after microsomal incubation suggest that the metabolic pathways of
vosaroxin include glucuronidation, oxidation, N-dealkylation, and O-dealkylation [1]. Ndesmethylvosaroxin was the only metabolite identiﬁed with cytotoxic activity [1]. This
metabolite has also been identiﬁed in the urine of patients [4]. The urinary excretion after
an IV dose of 18 mg/m2 or 27 mg/m2 vosaroxin up to 24 h after administration was 2.35%
for vosaroxin and 0.99% for N-desmethylvosaroxin.
The primary objective of this study was to quantitatively determine the PK (distribution,
metabolism, and excretion) of 14C-vosaroxin and its metabolites in patients with advanced solid tumors. The safety and tolerability of vosaroxin in these patients was a secondary objective.

Material and Methods
Study design and treatment
This was a phase I, open-label, single-center study. The study was conducted in accordance with International Conference on Harmonisation guidelines for Good Clinical Practice, the code of Federal Regulations, and the European Union Directive. The protocol
was approved by The Netherlands Cancer Institute Independent Ethics Commitee. All
patients provided writen, informed consent at the time of screening.
The study consisted of 2 assessment periods. Period A (PK sampling period) took place
on days 1-8 of cycle 1; during this period a single dose of radiolabeled 14C-vosaroxin (60
mg/m2, up to a maximum body surface area [BSA] of 1.67 m2 or 100 µCi total dose of radioactivity) was administered as a short IV injection (over ≤10 min) on day 1, followed by
7 days of PK sampling on an inpatient basis. Patients who completed assessment period
A had the option to continue treatment in period B. Period B took place from day 9 of
cycle 1 through day 28 of cycle 4; during this period, non-radiolabeled vosaroxin (60
mg/m2, up to a maximum BSA of 2.0 m2) was administered as a short IV injection on day
1 of cycles 2 through 4 on an outpatient basis, with weekly safety assessments.

Study drug and reference compounds
Vosaroxin, N-desmethylvosaroxin (Figure 1), O-desmethylvosaroxin and N,O-bisdesmethylvosaroxin were provided by Sunesis Pharmaceuticals, Inc. (South San Francisco,
CA, USA) and certiﬁed by Albany Molecular Research, Inc. (Albany, NY, USA). Labeled
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C-vosaroxin (chemical purity 99.7%, radiochemical purity 98.6%) was prepared by Quotient Bioresearch (Cardiﬀ, UK). The vosaroxin injection for period A was supplied by
Quotient Clinical (Notingham, UK) and contained a mixture of 14C-vosaroxin and nonlabeled vosaroxin at 10 mg/mL (10 µCi/mL, 11 mL volume per vial). Each mL also contained 45 mg of D-sorbitol to maintain isotonicity between 270 and 310 mOsmol/kg. In
addition, methanesulfonic acid, 2.6 mg/mL, was added to assist in the solubilization of vosaroxin at 10 mg/mL.

14

Patients
Patients ≥18 years of age with histologically or cytologically conﬁrmed advanced solid
tumors considered unresponsive to accepted available therapies were eligible for this
study. Patients must have been able to understand and provide writen informed consent. Other eligibility criteria included World Health Organization (WHO) performance
status ≤2; adequate renal function (serum creatinine ≤1.5 x the upper limit of normal
(ULN) and calculated creatinine clearance (CLCR) ≥40 mL/minute); and adequate hepatic
function (bilirubin ≤1.5 x upper limit of normal [ULN], aspartate aminotransferase (AST)
≤2.5 x ULN, and alanine aminotransferase (ALT) ≤2.5 x ULN).
Exclusion criteria were prior treatment with vosaroxin within 60 d of enrollment; prior treatment with hematopoietic growth factors within 14 d of enrollment; pregnancy or lactation; presence of symptomatic brain metastases or active central nervous system (CNS)
disease; New York Heart Association (NYHA) Class 3 or 4 heart disease, active ischemia,
any uncontrolled, unstable cardiac condition; myocardial infarction within the previous
12 weeks; active, uncontrolled systemic infection; known positive test for hepatitis B surface antigen, hepatitis C antibodies, or human immunodeﬁciency virus (HIV); inﬂammatory bowel disease, occlusion of the gastrointestinal (GI) tract, signiﬁcant constipation,
or any signiﬁcant obstruction of the GI tract; any signiﬁcant obstruction of the urinary
tract; history of biliary obstruction or cholecystectomy; known hypersensitivity to vosaroxin or any other components of the study treatment; any other serious medical or psychiatric condition that should preclude participation in the opinion of the investigator.

Sample collection and processing
Blood samples (6 mL) were collected via venipuncture or indwelling catheter prior to the
start of 14C-vosaroxin injection, at the end of injection (EOI), and 15 min, 30 min, 1 h, 1.5
h, 2 h, 4 h, 6 h, 8 h, 10 h, 24 h, 48 h, 72 h, 96 h, 120 h, 144 h, and 168 h after EOI. Samples
were collected in dipotassium ethylene-diamine-tetraacetic acid (K2EDTA) tubes, placed
on ice, and centrifuged (2000 g, 4°C, 10 min) within 30 min of collection. Plasma was isolated and aliquoted for total radioactivity (TRA) measurements and bioanalysis; one portion was stabilized with phosphoric acid for the screening of acyl glucuronides. In
addition, 1 mL blood samples were collected 30 min, 8 h, 72 h, and 168 h after EOI for
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TRA analysis to determine the blood to plasma ratio of vosaroxin derived compounds.
When possible, a urine sample and feces sample was collected prior to the administration
of 14C-vosaroxin and used as a predose control. After 14C-vosaroxin administration, urine
samples were collected over 0-2 h, 2-4 h, 4-6 h, 6-12 h, and 12-24 h; thereafter urine was
collected over 24-h intervals. Feces samples were collected as voided. Urine and feces
were collected through 168 h post- administration; if the TRA measured on the ﬁnal scheduled collection day (144-168 h) was ≥1% of the administered radioactive dose, urine or
feces collection was continued until the excreted TRA per day was less than 1% of the administered dose.
Plasma, urine, whole blood and feces homogenate aliquots were stored within the range
of −70°C and −80°C.

Safety assessments
Adverse events (AEs) were graded according to National Cancer Institute Common Terminology Criteria for AEs (NCI CTCAE) version 4.03.

Total radioactivity analysis
The TRA in plasma, whole blood, urine and feces was determined by liquid scintillation
counting (LSC). Plasma (0.2 mL) and urine (1 mL) samples were directly mixed with 10
mL liquid scintillation cocktail (Ultima GoldTM., Perkin Elmer Inc., Waltham, MA, USA).
To the whole blood samples (0.2 mL) 1 mL Solvable (Perkin Elmer Inc.), 0.1 mL 0.1 M
EDTA, and 0.5 mL 30% hydrogen peroxide was added to dissolve and to decolorize the
samples. Feces homogenates (0.2 mL) were ﬁrst dissolved and decolorized using 1 mL
Solvable (Perkin Elmer Inc.), 1 mL isopropanol, and 0.4 mL 30% hydrogen peroxide. The
decolorization reaction was started by warming the samples in a shaking water bath of approximately 43°C after which the samples were placed at a dark cool place for at least 1
hour before adding liquid scintillation cocktail. Samples were counted on a Tri-Carb®
2800TR Liquid Scintillation Counter (Perkin Elmer Inc.). Quench correction was applied
with a calibration curve of quenched radioactive reference standards. Samples were counted to a sigma 2 counting error of 1% or for a maximum of 60 min.

Concentrations of vosaroxin, N-desmethylvosaroxin, and O-desmethylvosaroxin in plasma and urine
Plasma and urine samples were analyzed using validated liquid chromatography tandem mass spectrometry (LC-MS/MS) (Nijenhuis et al, 2016, submited) to quantify unchanged
vosaroxin
and
the
metabolites
N-desmethylvosaroxin
and
O-desmethylvosaroxin.
Plasma samples were pretreated to precipitate proteins; urine samples were diluted with
human plasma to stabilize the analytes. Prepared plasma and urine extracts were injec-
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ted on a Symmetry Shield RP8 column, and gradient elution was applied using 0.1% formic acid in water and acetonitrile-methanol (50:50, v/v); O-desmethylvosaroxin in urine
was separated using a Synergi Hydro RP column using the same eluent. Analyses were
performed with a triple quadruple mass spectrometer in positive-ion mode. A deuterated isotope of vosaroxin was used as internal standard. The validated plasma and urine
assays quantify vosaroxin and N-desmethylvosaroxin in the concentration range of 2-500
ng/mL, and O-desmethylvosaroxin in the concentration range of 4-500 ng/mL. Quality
control samples were prepared and analyzed together with the study samples, and acceptance criteria for bioanalytical data during routine drug analysis, as described in the
US Food and Drug Administration (FDA) and European Medicines Agency (EMA) guidelines, were applied [9, 10].

Pharmacokinetic analysis
PK parameters for vosaroxin, N-desmethylvosaroxin, O-desmethylvosaroxin and TRA
in plasma were estimated by noncompartmental methods using Phoenix® WinNonlin
software (Version 6.4, Pharsight Corporation, Mountain View, CA, USA, 2003).

Metabolite profiling
The metabolite proﬁling approach consisted of two parts: 1) metabolite screening and
identiﬁcation and 2) metabolite quantiﬁcation.
Pooling of samples
Pooled plasma, urine and feces samples were analyzed during the metabolite screening
and identiﬁcation using LC-LSC-MSn. From each plasma collection time point up to 24 h
(n=6 per time point) 100 µL plasma was pooled to obtain a 600 µL sample. For plasma
samples collected after 24 h (72 h and 96 h), 200 µL of each samples was pooled to obtain
a 1200 µL sample. In addition, plasma samples stabilized with phosphoric acid were
screened for acyl glucuronides. Urine and feces samples were pooled in 24-h intervals
(intra-patient pools and subsequently inter-patient pools). Pooling accuracy was determined by calculating the diﬀerence between the theoretical radioactivity of the pooled
sample to the actual radioactivity as measured using LSC model Tri-carb 2800 TR or Tricarb 4810 TR (Perkin Elmer Life and Analytical Sciences, Inc., Waltham, MA), equipped
with a quenching correction system.
Sample preparation
Plasma samples from EOI to 24 h were pretreated using protein precipitation by adding
900 µL acetonitrile/methanol (50:50, v/v) to 300 µL plasma followed by mixing (10 s), shaking (10 min at 1250 rpm) and centrifugation (10 min at 23,100 g). The clear supernatant
was evaporated to dryness using nitrogen at 40°C and reconstituted with 100 µL aceto-
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nitrile/water/formic acid (100:900:1, v/v/v). For the recovery calculations 20 µL of the ﬁnal
extract was used for LSC analysis and the remaining extract was transferred to an auto
sampler vial and stored at −70°C until further analysis. The plasma samples used for screening that were collected after 24 h were pretreated using protein precipitation by adding
3 mL acetonitrile/methanol (50:50, v/v) to 1 mL plasma followed by the same procedures
as described above. The radioactivity recovery after sample pretreatment was determined.
Urine samples were vortex mixed and directly injected onto the high-performance liquid
chromatography (HPLC) system.
Feces samples were pretreated by adding 600 µL of 50 mM formic acid in
acetonitrile/water (50:50, v/v) to 300 µL feces homogenate followed by mixing (10 s), ultrasonication (10 min), mixing (10 s) shaking (1 h at 1250 rpm) and centrifugation (10 min
at 23,100 g). The clear ﬁnal extract was transferred to an auto sampler vial and stored at
−70°C until further analysis and 20 µL of the ﬁnal extract was used for LSC analysis for
recovery calculations. The radioactivity recovery after sample pretreatment was determined.
LC-MS systems for metabolite profiling
Two chromatographic systems were used: one to obtain radiochromatographic data and
normal resolution MS data (LC-LSC-MSn) and the other to obtain high-resolution MS data
(LC-MSn). The chromatographic and MS setings on both systems were the same.
The LC-LSC-MS method used a Shimadzu LC-20AD pump and SIL-HTc autosampler
(4°C) (Shimadzu, Kyoto, Japan). A Synergi Hydro RP 80Å column (150x4.6 mm ID, 4 µm
particles; Phenomenex, Torrance, CA, USA) was preceded by a 0.2 µm inlet ﬁlter (Upchurch Scientiﬁc, Oak Harbor, WA, USA) and warmed to 35°C. Mobile phase A was 0.1%
formic acid in water and mobile phase B was acetonitrile. The gradient started at 10% B
for 2 min, increasing to 25% B over 43 min, then increasing to 90% over 2 min, after which
the mobile phase was switched several times from 10% B to 90% B as a washing step, and
ﬁnally the system was stabilized at 10% B for 3 min. The total run time was 60 min. The
ﬂow rate was 1 mL/min; a post-column spliter (Accurate Spliter, LC Packings, Sunnyvale, CA, USA) was used to direct one-quarter of the ﬂow to the mass spectrometer and
three-quarters of the ﬂow to a fraction collector (LKB-FRAC-100, Amersham Biosciences
AB, Uppsala, Sweden), which collected 1-min fractions in liquid scintillation vials. After
addition of 4 mL scintillation cocktail, the TRA of each fraction was determined on the Tricarb 2800TR liquid scintillation counter, using a counting time of 20 min. The resulting values were used to construct the radiochromatograms. If the peak in the
radiochromatogram was above 14 dpm, the metabolite was quantiﬁed.
A linear ion trap mass spectrometer (LTQ XL, Thermo Electron, Waltham, MA) was used
for the LC-LSC-MS analysis, applying positive ionization and using a scan range of 1001100 amu. The sheath gas, aux gas, and sweep gas were 30, 15, and 5 arbitrary units. The
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spray voltage was 5.0 kV and the normalized collision energy was 35 V. Data-dependent
acquisition using a predeﬁned parent list was used to collect the MS data. Total ion current (TIC) chromatograms were obtained and MS/MS spectra were generated from each
m/z signal above a threshold of 750 cps when a match was found with a (predicted) parent list. Spectra of unpredicted metabolites were obtained by comparing TIC chromatograms of predose samples with those of postdose samples. Most abundant ions at the
retention time of the potential metabolite were selected and added to the parent list. Samples were re-injected and the MS/MS spectra of the unpredicted metabolites were obtained.

Table 1. Patient characteristics.
Characteristic

Value

Median age (years [range])

60.0 [42-71]

Sex (n [%])
Male

4 [67]

Female

2 [33]

Race (n [%])
Caucasian

6 [100]

Median weight (kg [range])

73.60 [52.0-86.0]

Median height (cm [range])

176.5 [162-187]

Median body surface area (m [range])

1.92 [1.5-2.1]

2

Primary cancer types (n [%])
Colon

1 [17]

Gastric

1 [17]

Lung, non-small cell

1 [17]

Lung, small cell

1 [17]

Ovarian

1 [17]

Rectal

1 [17]

Median time since diagnosis (months [range])

30.0 [18.5-76.1]

Disease stage at study entry (n [%])
IV

5 [83%]

IVA

1 [17%]

ECOG performance status (n [%])
0

5 [83%]

1

1 [17%]

ECOG: Eastern Cooperative Oncology Group; n: number.
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Based on the normal resolution MS results, one urine sample was selected that contained
all potential metabolites and was analyzed with a high resolution mass spectrometer for
accurate mass determination. The high resolution LC-MS setup consisted of an Ultimate
3000 Standard LC System (Dionex, Sunnyvale, CA, USA) with the autosampler set to
10°C. A Synergi Hydro RP 80 Å column (150x0.5 mm ID, 4 µm particles; Phenomenex)
was used with the same mobile phases and gradient described for the LC-LSC-MC analysis. This system was coupled to an LTQ Orbitrap XL system (Thermo Electron) using the
same setings as described previously for the LTQ XL. Relative retention times were used
to identify the metabolites and high-resolution MS1 and MS2 spectra of ions were obtained using a full data scan and a parent scan.
Metabolite identification and quantification
LC-MSn was used as primary tool to elucidate the molecular structures of the metabolites. The metabolites were identiﬁed by comparing the HPLC retention times and fragmentation paterns (MS1, MS2, and MS3 spectra) to the results from the available reference
standards. If reference standards were not available, the mass of the molecular ions (highresolution if available) and fragmentation paterns were used to identify the metabolite.

Figure 2. Mean (+SD) log-linear plasma concentration-time curves of total radioactivity (TRA), vosaroxin and N-desmethylvosaroxin in plasma.
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Because vosaroxin and N-desmethylvosaroxin in feces were not separated chromatographically, LC-MSn data from the ion trap MS were used to determine the ratio between
these compounds.

Results
Patients and safety
Seven patients with solid tumors were enrolled in the study. One patient died of intracranial hemorrhage prior to treatment; therefore, six patients received treatment. Patient
characteristics are summarized in Table 1.
All 6 treated patients completed period A. One patient died of disease progression prior
to period B; the remaining 5 patients received treatment with non-radiolabeled vosaroxin.
Of these 5 patients, 1 patient completed 8 cycles of treatment and was ongoing at the time
of database lock, and 4 patients discontinued treatment prior to completing all 4 planned
treatment cycles (1 due to a serious treatment-emergent adverse event (TEAE) of grade 3
bone pain related to disease progression; 2 due to disease progression per RECIST v 1.1;

Table 2. Plasma pharmacokinetic parameters for total radioactivity, vosaroxin and its metabolite
N-desmethylvosaroxin following a single intravenous injection of 60 mg/m2 (100 µCi) 14C-vosaroxin.
Parameter

Vosaroxin

N-desmethylvosaroxin

Total radioactivitya

Cmax (ng/mL)

7200 ± 3750

18.3 ± 2.75

6800 ± 3700

AUC0-∞ (ng·hr/mL)

29300 ± 7000

963 ± 240

38700 ± 8570

t1/2 (hr)

25.5 ± 5.02

35.8 ± 9.29

35.1 ± 9.39

Vss,normalized (L/m )

56.8 ± 8.49

NA

63.5 ± 11.3

CLnormalized (mL/hr/m2)

1860 ± 370

NA

1400 ± 272

Vz (L)

128 ± 32.5

NA

131 ± 33.6

CL (mL/hr)

3500 ± 774

NA

2660 ± 639

CLR (mL/hr)

193 ± 94.9

NA

782 ± 201

2

Concentration unit for total radioactivity is ng eq/mL; NA: Not applicable; Cmax: maximum plasma
concentration; tmax: time at which the maximum plasma concentration was reached; AUC0-t: area
under the plasma concentration-time curve from zero to last observed quantiﬁable concentration;
AUC0-24: area under the plasma concentration-time curve from zero to 24 h; AUC0-inf.: area under
the plasma concentration-time curve from zero up to inﬁnity; t1/2: terminal exponential half-life;
Vss,normalized: the estimated normalized volume of distribution; CLnormalized: the normalized plasma
clearance; Vz: the apparent volume of distribution; CL: plasma clearance; CLR: renal clearance.
a
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and 1 due to clinical disease progression). Among all treated patients, the median number of doses received was 2.5 (range 1 to 8), and the median duration of exposure was 43
days (range 1 to 203 days).
The most common TEAEs (occurring in 2 or more patients) were: neutrophil count decreased (n = 6), nausea (n = 4), abdominal pain (n = 2), constipation (n = 2), fatigue (n = 2),
pyrexia (n = 2), and vomiting (n = 2). All other TEAEs were reported in 1 patient and indicative of the underlying disease and/or treatment. Two patients experienced one or
more grade 3 TEAEs: grade 3 gastroesophageal reﬂux disease, neutrophil count decreased, white blood count (WBC) count decreased, bone pain and musculoskeletal pain were
each reported in 1 patient. Four patients experienced one or more grade 4 TEAEs: grade
4 neutrophil count decreased was reported in 4 patients and grade 4 WBC count decreased was reported in 1 patient. No patient had a grade 5 TEAE. Two patients had a serious TEAE (grade 3 bone pain and grade 2 gastroesophageal reﬂux disease); neither
considered related to study treatment. Vosaroxin dose was reduced in 4 patients due to

Figure 3. Overview of the average mass balance of 14C-vosaroxin in 6 cancer patients following a
60 mg/m2 (100 µCi) intravenous injection of 14C-vosaroxin up to 168 h after administration.
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reduced WBC count (n = 2) or neutrophil count (n = 2).
There were no clinically meaningful shifts in hematology values, serum chemistry, urinalysis, vital signs and Eastern Cooperative Oncology Group (ECOG) performance status. As expected for this patient population, the majority of patients had low values
related to WBC (and diﬀerential) counts both at baseline and throughout the study.

Quantitative bioanalysis and total radioactivity
Pharmacokinetics
Table 2 summarizes the mean PK parameters for TRA, vosaroxin, and N-desmethylvosaroxin after the administration of 60 mg/m2 14C-vosaroxin. Corresponding plasma concentration-time curves are presented in Figure 2. Plasma levels of O desmethylvosaroxin
were below the limit of quantiﬁcation across all timepoints in all patients, so PK parameters were not derived for this metabolite.
Plasma concentrations of vosaroxin declined in a biphasic manner that was characterized by a short initial distribution phase followed by a prolonged elimination phase with
measurable concentrations up to the last scheduled time point of 168 h. Median Cmax was
7200 ng/mL and median tmax was 2 minutes, approximately coinciding with the end of
the short infusion. The mean AUC0-∞ was 29300 ng·hr/mL with a mean t1/2 of 25.5 hours.
Plasma concentrations of N-desmethylvosaroxin were much lower than vosaroxin plasma
concentrations, with a mean Cmax of 18.3 mg/mL. The shape of the concentration time
curve for TRA in plasma was similar to those for vosaroxin and for the sum of vosaroxin
and N-desmethylvosaroxin. TRA levels in plasma were similar to the sum of vosaroxin
and N-desmethylvosaroxin levels up to 48 h, after which the elimination of vosaroxin
and N-desmethylvosaroxin was somewhat faster than that of TRA, suggesting additional
metabolism. The blood to plasma ratio of TRA was approximately 0.86 with no time dependency, indicating modest distribution to blood cells.
Excretion balance
An overview of the average mass balance up to 168 h after administration is shown in Figure 3. The mean total recovery in excreta after 168 h after administration represented
70.4% of the administered radioactivity. However, small amounts of radioactivity were
still present in the last scheduled collection of excreta of some patients. As such urine
and/or feces collections continued beyond 168 h. The mean total recovery in excreta after
the total collection period (range from 168 h to 528 h postdose for individual patients)
was 81.3% (SD ± 8.60) of the administered radioactivity.
Mean cumulative urinary recovery of TRA and unchanged vosaroxin plus vosaroxin metabolites (N-desmethylvosaroxin and O-desmethylvosaroxin) shown in Figure 4. The
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mean cumulative urinary recovery of TRA over the sampling period up to 192 h was
28.2% (SD ± 2.65) of the administered radioactivity. Over this time interval, the urinary recovery of vosaroxin, N-desmethylvosaroxin and O-desmethylvosaroxin were 5.4%, 4.0%,
and 0.2% of the administered dose, respectively. The sum of these three analytes account
for 9.7% (compared with 28.2% cumulative recovery of TRA), indicating additional metabolism. Urinary excretion reached a plateau by 96 h to 120 h after administration.
The mean cumulative recovery of TRA in urine and feces up to 192 h is shown in Figure
5. Substantial fecal excretion of TRA was observed in these patients but occurred more
slowly than via urine. After 168 h the total recovery of TRA in feces was 41.5% of the administered radioactivity. The mean cumulative recovery of TRA in feces over the entire
sampling period up to 528 h was 53.1% (SD ± 7.00) of the administered dose.

Metabolite profiling
Plasma
Metabolite screening and identiﬁcation in plasma was done with inter-patient pooled
samples. The pooling accuracy was between −2.1% and 8.3%. The mean recovery of ra-

Figure 4. Mean cumulative urinary excretion. Mean cumulative urinary excretion of total radioactivity; unchanged vosaroxin and N-desmethylvosaroxin up to 168 h after a 60 mg/m2 (100 µCi)
intravenous injection of 14C-vosaroxin.
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dioactivity in the inter-patient pooled plasma samples after pretreatment was 79.3%
(76.3% in samples stabilized with phosphoric acid). Mean recovery decreased with sampling time, from 98.5% in the EOI sample to 54.2% in the 96 h sample, suggesting formation of protein-bound metabolites not extracted by sample pretreatment.
Similar radiochromatographic proﬁles were obtained for all plasma samples. Only vosaroxin (8) and N-desmethylvosaroxin (9) were present in plasma, with vosaroxin the predominant species present and N-desmethylvosaroxin contributing a small fraction of total
exposure. In the plasma samples stabilized with phosphoric acid in order to detect and
identify acyl glucuronides, no glucuronide species were found.
Urine
Intra- and inter-patient pooling was done for urine samples. Pooling accuracy for the
inter-patient pooled samples (used for metabolite screening and identiﬁcation) was between −6.3% and −0.5%. Pooling accuracy for the intra-patient pooled samples (used for
the metabolite quantiﬁcation) was between 8.6% and 1.5%. Initially, larger deviations in
pooling accuracy were observed due to adsorption; however, the results reported here
were achieved by thawing the samples at 2-8°C and by using only one freeze/thaw cycle.
Figure 6 displays radiochromatograms showing the metabolite proﬁle in urine over time

15

Figure 5. Mean (+SD) cumulative recovery of 14C-vosaroxin-derived total radioactivity. TRA in
urine, feces and in total during 168 h after an intravenous injection (60 mg/m2) of 14C-vosaroxin.
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Factions < LOD (4 DPM) were regarded as containing 0 DPM; 2Calculated from plasma concentrations at EOI, 15 min, 30 min, 1 h, 2 h, 6 h, 8 h, 10 h,
24 h, 48 h, 72 h, 96 h, 120 h, 144 h and 168 h after EOI (or up to the last point if no data was available); 3The amount excreted for feces was determined
for 5 patients instead of 6 patients; 4This is the total amount excreted of two metabolites (combined radioactive fractions); 5Urine samples were analyzed without sample pretreatment. ND: Not Detected (<LOD (4 DPM)); NA: Not Applicable; NQ: Detected but not quantiﬁed.
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Parent drug

N-desmethyl-vosaroxin

Dihydro-decarboxylic acid vosaroxin

O-desmethyl-vosaroxin

O-desmethyl-vosaroxin related metabolite (phase II conjugate)

N,O-bis-desmethyl-vosaroxin

M9 (10)

Vosaroxin (9)32

19

M6 (3)

Dihydro-vosaroxin

14

M2 (2)

Vosaroxin-glucuronide

12

M1 (1)

Compound RT
(Proposed) identity
(ID)
(min)

Compound

Table 3. Summary of vosaroxin metabolite proﬁling.
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Urine

Feces

t=0-24 h

t=24-48 h

t=24-168 h

t=24-168 h

Figure 6. Representative radiochromatograms of human urine and feces samples collected over different time intervals (urine: 0-24 h and 72-168 h; feces: 24-48 h and 72-168 h) after administration
of a single intravenous 60 mg/m2 dose of 14C vosaroxin. The numbers in the radiochromatograms
correspond with the following ID numbers: 1=M1, 2=M2, 3=M6, 4=M7, 5=M3, 6=M2a, 7= M8, 8=M4,
9=vosaroxin, 10=M9, 11=M5. Note that the scale of the y-axis is diﬀerent in each radiochromatogram.

from a representative patient. The peaks were designated based on the LC-MSn data. Unchanged vosaroxin (9) and N-desmethylvosaroxin (8) were the predominant peaks found
in urine and the metabolite proﬁle did not change considerably over time. Table 3 summarizes the amount excreted in urine for each metabolite. Unchanged 14C-vosaroxin (9)
and N-desmethylvosaroxin (8) were not separated on the chromatographic system used
for metabolic proﬁling; quantiﬁcation of these two compounds using LC-MS/MS showed
recovery of 5.4% of the administered dose for vosaroxin and 4.0% for N-desmethylvosaroxin. All other metabolites that were detected accounted for a small fraction of radioactivity. A mean of 5.3% of the administered radioactivity found in urine was not accounted
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for in the radiochromatograms.
Feces
Intra- and inter-patient pooling was done for feces samples. The mean sample pretreatment recovery of the radioactivity for all feces samples (including inter-patient pooled
feces samples and intra-patient pooled samples) was 79.4%. The pooling accuracy of the
inter-patient pooled samples (used for metabolite screening and identiﬁcation) was between −1.4% and 10.5%. The pooling accuracy of the intra-patient pooled samples (used
for the metabolite quantiﬁcation) was between −4.8% and 6.7%.
Figure 6 displays radiochromatograms showing the metabolite proﬁle of vosaroxin in
feces over time from a representative patient. The peaks were designated based on the LCMSn data. Just as in urine, unchanged vosaroxin (9) was predominant in feces and the
metabolite proﬁle did not change over time. Unchanged 14C-vosaroxin (9) accounted for
a mean of 28.8% of the total administered dose. All other compounds accounted for small
fractions of radioactivity (Table 3). A mean of 9.5% of radioactivity found in feces was not
accounted for in the radiochromatograms.

Identification of metabolites
Metabolites were named in line with previously published data [1]. In addition, the metabolites were assigned a number according to the retention time of the metabolite as
measured in this study. For example, M1 (1): M1 corresponds to the name provided in
the earlier report [1] and (1) corresponds to the number assigned by retention time in this
study. Supplementary Table 1 summarizes the accurate mass data and structural information for vosaroxin and its metabolites in human plasma, urine and feces samples. Supplementary Figure 1 shows the proposed metabolite structure and fragmentation and the
MS2 and MS3 spectra of the proposed metabolites. The proposed metabolic pathway in
human is illustrated in Figure 7. Structural characterization for each metabolite is described below.
Vosaroxin (9)
The identity of vosaroxin (9) was conﬁrmed by comparing to the MS, MS/MS spectrum,
and retention time of the vosaroxin reference standard. The protonated molecular ion at
m/z 402 gave product ions at m/z 384 and 358 (loss of hydroxyl and the total carboxylic acid
group, respectively).
M1 (1)
The MS spectrum of M1 (1) showed an addition of 176 Da relative to m/z 402, the mass of
vosaroxin (9). The formation of a fragment ion at m/z 402 and the addition of 176 Da indicates the formation of a glucuronide conjugate. At the retention time of M1 (1), MS and
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MS/MS spectra identical to the spectra of vosaroxin were observed, which supports the
identiﬁcation of M1 (1) as a glucuronide adduct. The determination of the accurate mass
of this metabolite also supported this proposed identity.
M2 (2)
The MS spectrum of M2 (2) showed an addition of 2 Da relative to the mass of vosaroxin
(9). Two predominant product ions, m/z 360 and 386, also showed an addition of 2 Da relative to the product ions of vosaroxin. Two other product ions with m/z 269 and 332 were
similar to the product ions of vosaroxin. This indicated addition of two hydrogen atoms
on the pyrrolidine ring. The proposed structure is therefore dihydrovosaroxin, which was
supported by the accurate mass data.

15

Figure 7. Proposed metabolite pathway of vosaroxin including demethylation, hydrogenation, decarboxylation and phase II conjugation. The asterisk in the 14C-vosaroxin structure indicates the position of the 14C-label.
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M6 (3)
The MS spectrum of M6 (3) showed a loss of 28 Da relative to the mass of vosaroxin (9).
Three predominant product ions, m/z 356, 330, and 304, also showed a loss of 28 Da relative to the product ions of vosaroxin. One product ion with m/z 269 was similar to the
product ion of vosaroxin. This indicates the loss of two methyl groups. The MS, MS/MS
spectrum and retention time of M6 (3) in the urine samples corresponded to the reference
standard of M6 (3) which is N,O-bis-desmethylvosaroxin.
M7 (4)
The MS spectrum of M7 (4) showed a loss of 14 Da relative to the mass of vosaroxin (9).
Two other metabolites were identiﬁed with a loss of 14 Da compared with vosaroxin (9):
M3 (5) and M4 (8) corresponding to O-desmethylvosaroxin and N-desmethylvosaroxin,
respectively. The MS, MS/MS spectrum of M7 (9) in the urine samples corresponded to
the reference of M3 (5), although the retention time did not correspond. Thus it is proposed that M7 (4) is possibly a conjugate of M3 (5); however, this could not be conﬁrmed.
M3 (5)
The MS spectrum of M3 (5) showed a loss of 14 Da relative to the mass of vosaroxin (9).
This metabolite has previously been identiﬁed as O-desmethylvosaroxin [1]. The MS,
MS/MS spectrum, and retention time of M3 (5) in the urine samples corresponded to the
reference of M3 (5).
M2a (6)
The MS spectrum of M2a (6) showed a loss of 32 Da relative to m/z 402, the mass of vosaroxin (9) and a loss of 34 Da relative to m/z 404, the mass of M2 (2). This indicated the
loss of a carboxylic acid compared with M2 (2). M2a was therefore proposed to be dihydrodecarboxylic acid vosaroxin which was supported by the accurate mass data.
M4 (8)
The MS spectrum of M4 (8) shows a loss of 14 Da relative to the mass of vosaroxin (9). This
metabolite has previously been identiﬁed as N-desmethylvosaroxin [1]. The MS, MS/MS
spectrum, and retention time of M4 (8) in the urine samples corresponded to the reference of M3 (5).
Unknown metabolites
Metabolites M8 (7), M9 (10), and M5 (11) did not yield detectable molecular ions when
subjected to mass spectrometry analysis. Therefore, no structures are proposed for these
potential metabolites.
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Discussion
This study investigated the PK, including the identiﬁcation of major circulating and excretory metabolites, of vosaroxin in adults with advanced solid tumors. In these patients,
vosaroxin 60 mg/m2 was generally well tolerated, with a median of 2.5 doses administered. The TEAEs most frequently reported were GI disorders, decreased neutrophil count,
nausea, abdominal pain, constipation, fatigue, pyrexia, and vomiting, which is consistent
with the previously reported safety proﬁle of vosaroxin [4-8].

Plasma pharmacokinetics
The PK of 14C-vosaroxin was investigated after a single infusion of 14C-vosaroxin. Plasma
concentration time proﬁles showed a biphasic elimination of vosaroxin, consisting of a
rapid decline followed by a prolonged monophasic elimination, that was consistent with
results from previous studies in cancer patients [4, 8]. The mean apparent volume of distribution (126L) exceeded the estimated extracellular ﬂuid volume of 18.2 L [11]), and the
mean plasma CL (3440 mL/hr or 57.3 mL/min) was approximately 4% of the estimated hepatic plasma ﬂow rate of 1450 mL/min [11], suggesting that vosaroxin readily distributes
beyond the extracellular space and is a low clearance drug.

Metabolite profile in humans
N-desmethylvosaroxin was the only metabolite detected in plasma. The relative AUC0-168h
of N-desmethylvosaroxin was 2.5% of the total 14C AUC0-168h, which indicates that N-desmethylvosaroxin is not a major metabolite according to the FDA and ICH guidelines [10,
12]. In preclinical studies, N-desmethylvosaroxin exhibited cytotoxicity levels similar to
vosaroxin [1]; however, as a minor metabolite it is expected that N-desmethylvosaroxin
would provide only a slight contribution to the eﬃcacy and toxicity of vosaroxin treatment. Although no additional metabolites were detected in plasma, the 21% diﬀerence between the AUC0-∞ for vosaroxin and N-desmethylvosaroxin versus the TRA in plasma
suggests the presence of additional metabolites. It is possible that protein bound metabolites were present that were not extracted during sample pretreatment and were therefore not detected.
Unchanged vosaroxin was the largest single component in both urine and in feces. In
urine, N-desmethylvosaroxin and M2a (6) were relatively abundant vosaroxin-related
compounds, with 8 other detected metabolites excreted in very low quantities. In feces, 5
metabolites were detected, but only minor metabolism was observed and unchanged vosaroxin was by far the largest single component. This minor metabolism can be explained
by direct intestinal secretion which was previously observed in rats [1] .
The vosaroxin metabolites that were identiﬁed in this study were generally consistent
with those previously identiﬁed in vitro and in rats [1]. Phase I metabolic conversions in-
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cluded O-demethylation, N-demethylation, and a combination, hydrogenation of the 4pyridone and subsequent decarboxylation. Phase II metabolism included glucuronidation of vosaroxin and an O-desmethylvosaroxin conjugate was detected.

Excretion in humans and clinical implications
An average of 81.3% of the administered radioactivity was recovered in urine and feces
over 22 days; approximately 69% was recovered within 7 days after the end of infusion.
The apparent high volume of distribution may indicate some tissue binding, which might
explain why a higher percentage recovery was not observed; however, this recovery is not
unusual [13] and is in line with previous mass balance study results in rats [1]. A higher
recovery may have been obtained if the collection time had been further extended, but the
added value of additional excretion data was considered limited.
Approximately 53.1% of the radioactivity was excreted in feces and 28.2% in urine. The
mean renal clearance was 193 mL/h (3.22 mL/min) for vosaroxin and 782 mL/h (13.0
mL/min) for TRA, which is approximately 1% or less of the estimated renal blood ﬂow
rate of 1240 mL/min [11]. These results indicate that the major route of vosaroxin elimination is via feces, although both hepatic and renal processes contribute to the elimination of vosaroxin.

Conclusions
In conclusion, vosaroxin is a low clearance drug that readily distributes beyond the extracellular space and shows a biphasic elimination. N-desmethylvosaroxin was the only
circulating metabolite detected and accounted for <3% of the total administered dose. Additional metabolites were identiﬁed in urine and metabolite proﬁling indicated that vosaroxin is metabolized through demethylation, hydrogenation, decarboxylation and
phase II conjugation, including glucuronidation. Vosaroxin was excreted primarily as unchanged drug in feces, with feces being the major route of elimination (53.1%) versus
renal (28.2%).

Footnote
This work was ﬁnancially supported and sponsored by Sunesis Pharmaceuticals, Inc.
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M3 (5)

M7 (4)

M6 (3)

M2 (2)
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Dihydrodecarboxylic acid vosaroxin

O-desmethyl-vosaroxin
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N,O-bis-desmethyl-vosaroxin

Dihydro-vosaroxin

Vosaroxin-glucuronide

31
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20
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14
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RT (min)

C17H17N5O4S

C17H21N5O2S

C17H17N5O4S

C17H17N5O4S

C17H15N5O4S

C18H21N5O4S

C24H27N5O10S

Formula

402.1224

388.1068

360.1486

388.1068

388.1078

374.0912
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578.1540
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388.1074

388.1074
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404.1387

578.1552

1.7

1.6

0.8

1.6

-1.0

1.5

0.8

2.0

MS3: 332, 269

MS2: 384, 358

MS3: 318

MS2: 370, 344

MS3: 269, 243

MS2: 297

MS3: 318, 269

MS2: 370, 344

MS3: 318

MS2: 370, 344

MS3: 304

MS2: 356, 330

MS3: -

MS2: 402

MS3: -

MS2: 402

MS Data2

U

U

U

Not conﬁrmed

Conﬁrmed by
authentic standard

Proposed

Proposed

Structure
characterization

U

Conﬁrmed by
authentic standard

P, U, F

P, U, F

Conﬁrmed by
authentic standard

Conﬁrmed by
authentic standard

U, F Proposed

U

Matrix

Supplementary Table 1. Summary of accurate mass data and structural information for vosaroxin and its metabolites in human plasma, urine and
feces samples.
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Proposed metabolic pathways(s)
(ID number)

Vosaroxin (9) Parent drug

1
Δppm: mass deviation expressed in parts per million = (measured mass - theoretical mass) / theoretical mass x 1 x 106.
MS2 spectrum found during LC-LTQ analysis.
Abbreviations: ID: identity; ppm: parts per million; RT: retention time; Matrix: U: urine; F: feces; P: plasma.
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m/z 404 → 386

M2 (2) = m/z 404

Sensitivity was too low to obtain an
MS spectrum

m/z 578 → 402 → 384

MS3 spectrum

The displayed MS3 of M1 (1) is identical to the MS2 spectrum of m/z 402 (vosaroxin (9)) at their respective retention times, supporting identiﬁcation of M1(1)
as a glucuronide adduct.

m/z 578 → 402

MS2 spectrum

M1 (1) = m/z 578

Proposed metabolite structure and fragmentation

Supplementary Figure 1. MS2 and MS3 spectra and proposed metabolite structure and fragmentation.
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M7 (4) = m/z 388

M6 (3) = m/z 374

Proposed metabolite structure and fragmentation

MS3 spectrum

m/z 374 → 356 → 304

m/z 388 → 370 → 318

MS2 spectrum

m/z 374 → 356

m/z 388 → 370
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m/z 388 → 370

m/z 360 → 297 → 243

M2a (6) = m/z 360

MS2 spectrum

M3 (5) = m/z 388

Proposed metabolite structure and fragmentation

Supplementary Figure 1 continued. MS2 and MS3 spectra and proposed metabolite structure and fragmentation.
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Vosaroxin (9) = m/z 402
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Proposed metabolite structure and fragmentation

MS3 spectrum

m/z 388 → 370 → 318

m/z 402 → 384 → 332

MS2 spectrum

m/z 388 → 370

m/z 402 → 384
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LENVATINIB

Abstract
Lenvatinib is an orally available multi-targeted tyrosine kinase inhibitor with antiangiogenic and antitumor activity. To get more insight into the disposition of lenvatinib, a mass balance study was performed in patients with advanced solid tumors.
A single oral 24 mg (100 µCi) dose of 14C-lenvatinib was administered to six patients,
followed by collection of blood, plasma, urine and feces for 7 to 10 days. The collected material was analyzed for total radioactivity, unchanged lenvatinib and selected
metabolites. The safety and antitumor eﬀect of a daily oral dose of 24 mg non-labeled lenvatinib were assessed in the extension phase of the study.
Peak plasma concentrations of lenvatinib and total radioactivity were reached 1.6 h
and 1.4 h after administration, respectively, and their terminal phase half-lifes were
34.5 h and 17.8 h, respectively. Unchanged lenvatinib systemic exposure accounted
for 60% of the total radioactivity in plasma. Peak concentrations of the analyzed metabolite were over 700-fold lower than the peak plasma concentration of lenvatinib.
Ten days after the initial dose, the geometric mean (±CV) recovery of administered
dose was 89% ± 10%, with 64% ± 11% recovered in feces and 25% ± 18% in urine.
Unchanged lenvatinib in urine and feces accounted for 2.5% ± 68% of the administered dose, indicating a major role of metabolism in the elimination of lenvatinib.
In conclusion, lenvatinib is rapidly absorbed and extensively metabolized, with subsequent excretion in urine and, more predominantly, in feces. Additionally, lenvatinib showed acceptable safety and preliminary antitumor activity.
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Introduction
Angiogenesis, the formation and proliferation of blood vessels, is essential for tumor progression and metastasis and is, therefore, an important target to arrest tumor growth. The
onset of angiogenesis, the so-called “angiogenic switch”, is a discrete step in tumor propagation and refers to an imbalance in pro-angiogenic and anti-angiogenic factors, in favor
of the ﬁrst [1]. Examples of pro-angiogenic factors are vascular endothelial growth factor
(VEGF), ﬁbroblast growth factor (FGF), platelet-derived growth factor (PDGF) and epidermal growth factor (EGF). Binding of these growth factors with their speciﬁc receptor
tyrosine kinases on the surface of endothelial cells leads to activation of the kinases, causing a cascade of cellular signals and resulting in cellular responses such as proliferation
and migration [2]. Over the last decade, several anticancer drugs, targeting various spectra of receptor tyrosine kinases, have been developed and approved. Multi-targeted tyrosine kinase inhibitors have shown notable clinical results [3].
Lenvatinib (E7080) is an investigational orally active inhibitor of multiple receptor tyrosine kinases, including VEGF, FGF, PDGF and stem cell factor (SCF) receptors [4]. Apart
from inhibiting angiogenesis by targeting endothelial cells [4–7], lenvatinib exerts a direct
eﬀect on tumor cells, by inhibiting their migration and invasion [8]. Promising antitumor
eﬀects of lenvatinib were observed in Phase I trials [9, 10], leading to a number of diseasespeciﬁc phase 2 and phase 3 trials with lenvatinib as a single agent or in combination with
other anticancer agents.
To get more insight into the absorption, distribution, metabolism and excretion of lenvatinib in humans, a mass balance study was performed employing 14C-radiolabelled lenvatinib. The primary objectives of this study were to determine the pharmacokinetics of
lenvatinib and its excretion balance in patients with advanced tumors or lymphomas. To
achieve this, a single dose of 14C-lenvatinib was administered to patients, followed by collection of blood samples and excreta. The samples were analyzed for total radioactivity,
unchanged lenvatinib and four lenvatinib metabolites (Figure 1), for which validated
quantitative assays were available [11]. The secondary objectives of this study were to assess the safety of lenvatinib when given continuously as a single daily dose of 24 mg and
to explore the antitumor activity of lenvatinib.

Materials and Methods
Study design
This was a Phase I, open-label, single centre (The Netherlands Cancer Institute, Amsterdam, the Netherlands) study, which enrolled six patients with advanced solid tumors or
lymphomas. The study was conducted in accordance with the International Conference
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Figure 1. Chemical structure of 14Clenvatinib, with the asterisk indicating
the position of the 14C-label, and lenvatinib metabolites: products of decyclopropylation (M1), demethylation
(M2), N-oxidation (M3) and O-dearylation (M5).

on Harmonization Guidelines for Good Clinical Practice and the Declaration of Helsinki.
The protocol was approved by the Netherlands Cancer Institute Independent Ethics Commitee.
The study comprised two phases: the study phase, designed to fulﬁll the primary objectives (determination of pharmacokinetics and excretion), and the extension phase, aimed
to fulﬁll the secondary objectives (assessment of safety and eﬃcacy). On day 1 of the study
phase, each patient received a single administration of approximately 24 mg 14C-labeled
lenvatinib (approximately 100 µCi, 3.7 MBq) as an oral dosing solution. Blood, urine and
feces were collected during the subsequent 7 days, and, if necessary, collection of excreta
continued on an out-patient basis until the radioactivity in urine and feces samples was
<1% of the administered radioactivity. In the extension phase, starting after collection of
the last study sample, patients received a 24 mg oral dose of non-radiolabeled lenvatinib
once daily in continuous 28-day treatment cycles.
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Patients
Patients aged 34 to 64 years with a histologically or cytologically conﬁrmed advanced
solid tumor or lymphoma, who were unsuitable or failed existing therapies, were enrolled in this study. Patients had an Eastern Cooperative Oncology Group (ECOG) performance status ≤2. Any previous treatment (including surgery and radiotherapy) was
completed at least 4 weeks prior to study entry with any acute toxicity resolved. Patients
were excluded if they had the following laboratory parameters: hemoglobin <9 g/dL, neutrophils <1.5 x 109/L, platelets <100 x 109/L, prothrombin time (PT) (or international normalized ratio [INR]) and partial prothrombin time (PTT) >1.5 x the upper limit of normal
(ULN), serum bilirubin >1.5 x ULN, other liver parameters >3 x ULN and creatinine clearance <60 mL/min. Other exclusion criteria included brain or subdural metastases (unless
the therapy was completed and signs and/or symptoms were stable for at least 4 weeks
prior to study start), meningeal carcinomatosis, marked baseline prolongation of QT/QTc
interval, pregnancy and breast-feeding, proteinuria >1+ on bedside testing, history of gastrointestinal malabsorption, bleeding or thrombotic disorders or use of an anticoagulant,
such as warfarin, with a therapeutic international normalized ratio, poorly controlled hypertension or hypertension at screening, previous lenvatinib therapy, and any signiﬁcant
disease, disorder or condition that, in the investigator’s opinion, excluded the patient
from the study.

Study medication
For the study phase, individual 14C-lenvatinib dosing solutions were prepared by mixing
non-labeled lenvatinib mesylate powder (chemical purity 98.2% Eisai Co. Ltd., Ibaraki,
Japan) dissolved in 3 mM hydrochloric acid solution with a 14C-lenvatinib solution (chemical and radiochemical purity ≥98.2%, GE Healthcare Life Sciences, Cardiﬀ, United
Kingdom) to a ﬁnal concentration of 2 mg/mL lenvatinib as anhydrous free base with a
radioactivity of around 8.3 µCi/mL. A small portion of the mixture was used to analyze
the exact radioactive concentration. A volume of 12 mL containing 24 mg 14C-lenvatinib
(100 µCi) was orally administered to the patient from a syringe. The syringe was washed
with water, which was also administered orally. The residual radioactivity in the syringe
was measured after ﬂushing it and used to calculate the actual administered dose.
In the extension phase, the daily dose of 24 mg lenvatinib was taken as 2 tablets of 10 mg
and 1 tablet of 4 mg.

Total radioactivity analysis
Total radioactivity in (i) plasma (of venous blood collected pre-dose, and 15 and 30 min
and 1, 2, 4, 6, 8, 12, 24, 48, 72, 96, 120, 144, and 168 h after 14C-lenvatinib administration),
(ii) whole blood (collected pre-dose, and 15 and 30 min and 1, 2, 4, 8, 24, 72 and 168 h
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after 14C-lenvatinib administration), (iii) urine (collected pre-dose, over 6-h periods during
the ﬁrst 48 h after 14C-lenvatinib administration and over 24-h periods thereafter) and (iv)
fecal samples (collected per portion, pre-dose and post-dose until radioactivity was <1%
of administered dose) was determined by liquid scintillation counting.
To this end, aliquots of whole blood (0.2 mL) and fecal homogenates (0.2 mL of homogenate consisting of feces-water 1:3 w/v) were prepared as described elsewhere [12], using
Solvable (Perkin Elmer, Waltham, MA, USA), 30% hydrogen peroxide plus either 0.1 M
EDTA (blood) or isopropanol (feces). The resulting decolorized and dissolved blood and
fecal samples were, in addition to non-processed plasma (0.2 mL) and urine (1 mL) aliquots, mixed with 10 mL liquid scintillation cocktail (Ultima Gold, Perkin Elmer) and
counted on a Tri-Carb 2800TR liquid scintillation counter (Perkin Elmer). The lower limit
of quantiﬁcation (LLOQ) was approximated using 5% as a maximum of uncertainty (%2s)
in the gross count value, with 95% conﬁdence limits. The formula used is a simpliﬁed
form of the formula of %2s described by Zhu et al. [13]:
%2s =

200
CPM AT

(1)

Wherein CPMA is the activity of the sample in counts per minute and T the counting time
in min. Samples were counted until a %2s below 1% was achieved, with a maximum counting time of 60 min. Using equation (1), with a maximum %2s of 5% and a maximum
counting time of 60 min, the LLOQ was calculated to be 27 CPM (after background subtraction). For this low number the number of counts per minute is almost equal to the
number of disintegrations per minute (DPM). The value of 27 DPM was ﬁnally converted
into an LLOQ in the various matrices, using formula (2):
D x106
26.7
x Adm
60 x3700
AAdm
LLOQ =
ms

 mhom ogenate 


 m faeces 

*

(2)

*This factor only applies for fecal samples, to correct for the dilution facor
Wherein DAdm and AAdm are the total (=labeled plus non-labeled) administered dose (as a
free base) and the administered activity in µCi, respectively, wherein ms is the average
mass of samples from a speciﬁc matrix (0.2 g for plasma, whole blood and fecal homogenates and 1 g for urine) and wherein mfeces and mhomogenate are the masses of the individual fecal portions and homogenate portions, respectively.
The exact LLOQ was therefore dependent on the radioactive concentration of the individual dosing solutions and varied slightly between patients. In plasma and blood, the
LLOQ was ~13 ng eq/mL, in urine ~2.5 ng eq/mL and in feces ~50 ng eq/mL.
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Quantitative bioanalysis
All samples that were analyzed for total radioactivity were additionally analyzed using
validated liquid chromatography tandem mass spectrometry (LC-MS/MS) assays, described elsewhere [11]. Unchanged lenvatinib was quantiﬁed in all matrices and the lenvatinib metabolites M1, M2, M3 and M5 (of which reference standards were provided by
Eisai Co. Ltd, Tsukuba, Japan) (Figure 1) were quantiﬁed in plasma, urine and feces. The
naming of the metabolites was based on preclinical drug metabolism studies.
Brieﬂy, plasma, urine and feces samples were extracted with acetonitrile and separated
on a 50 x 2.1 mm I.D. XTerra MS C18 column with gradient elution. Whole blood samples
were extracted with diethyl ether and separated on a 150 x 2.1 mm I.D. Symmetry Shield
RP8 column. Detection was performed in multiple reaction monitoring mode on a
API3000 triple quadrupole mass spectrometer (AB Sciex, Foster City, CA, USA). The
LLOQ of lenvatinib and its metabolites in plasma and of lenvatinib in whole blood was
0.25 ng/mL. In urine, the LLOQ of lenvatinib, M1, M2 and M3 was 1.0 ng/mL and the
LLOQ of M5 was 2.5 ng/mL. In feces, the LLOQ of lenvatinib was 0.1 µg/mL and the
LLOQ of M1, M2, M3 and M5 was 0.02 µg/mL.
Quality control samples were prepared and analysed together with the study samples
and acceptance criteria for bioanalytical data during routine drug analysis, as the FDA recommends [14].

Pharmacokinetic and statistical analysis
Individual plasma/blood concentration-time data were analyzed using non-compartmental analysis with WinNonlin™ Professional (version 5.1.1 and 5.2, Pharsight Corp,
Mountain View, CA, USA). The pharmacokinetic parameters calculated for lenvatinib in
plasma or blood included the following: maximum concentration (Cmax), terminal phase
half-life (t½), area under the plasma/blood concentration time curve (AUC), renal clearance (CLr), apparent oral clearance (CL/F) and apparent volume of distribution (Vz/F).
Also the cumulative percentage of the 14C-lenvatinib dose recovered in urine and/or feces
as total radioactivity, lenvatinib, M1, M2, M3 or M5 (Figure 1) was determined. Descriptive statistics, including n, geometric mean (which reduces the impact of potential outliers)
and coeﬃcient of variation (CV) were used to summarize the drug and metabolite concentration values and pharmacokinetic parameters.

Safety and efficacy assessments
The safety/tolerability of lenvatinib was assessed throughout the study by evaluation of
physical examinations, ECOG performance status, vital signs, clinical laboratory tests,
electrocardiograms, concomitant medications, adverse events and serious adverse events.
Adverse events were graded using CTCAE v3.0.
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3.73 (60.4)

ND

ND

Vz/F (L)
ND

ND

ND

17.8 (39.4)

5.78 (48.2)

5.22 (55.0)

0.042 (140)
336 (36.7)

255c (70.9)

6.74 (49.5)

34.5 (25.1)

3.47 (50.0)

3.44 (49.7)

2.93 (48.1)

1.6
(0.95-2.12)

426.8 (46.6)

Lenvatinib
plasma (n=6)

0.065 (114)

15.0 (65.8)

c

11.8c (3.95)

1.52 (59.0)

c

2.21 (47.1)

1.89 (45.1)

1.8
(0.95-4.02)

248.1 (45.9)

Lenvatinib
blood (n=6)

NC

NC

NC

NC

NC

NC

NC

NC

<LLOQ

M1 plasma
(n=0)

NC

NC

NC

NC

NC

NC

NC

1.42
(0.95-4.02)

0.6106 (23.9)

M2 plasma
(n=6)

NC

NC

NC

NC

NC

NC

NC

NC

<LLOQ

M3 plasma
(n=0)

NC

NC

NC

NC

NC

NC

NC

0.25

0.300

M5 plasma
(n=1)

Values are presented as geometric means (CV%), except for tmax, which is presented as geometric mean (range).
TRA: total radioactivity; n: number of patients with quantiﬁable data; Cmax: maximum blood/plasma concentration; tmax: time at which maximum blood/plasma concentration was reached; AUC0-24h: area under the blood/plasma concentration-time curve from time zero to 24 h; AUC0t: area under the blood/plasma concentration-time proﬁle from time zero to last observed quantiﬁable concentration; AUC0-∞: area under the
blood/plasma concentration-time curve from time zero up to inﬁnity; t½: terminal exponential half-life; CL/F: oral clearance; CLr: renal clearance;
Vz/F: apparent terminal volume of distribution; LLOQ: lower limit of quantiﬁcation; NC: not calculated (inadequate data to estimate parameter); ND: not determined.
aµg eq.h/mL for total radioactivity. bn=4, cn=2 (for the other patients too few data points were above the limit of quantitation to estimate an terminal disposition rate constant, therefore these parameters could not be calculated).

ND

CLr (L/h)

10.8b (32.6)

b

CL/F (L/h)

t½ (h)

AUC0-∞ (µg.h/mL)

a

3.54 (53.4)

AUC0-24h (µg.h/mL)a

AUC0-t (µg.h/mL)

2.97 (39.9)

tmax (h)
4.2 (42.0)

1.42
(0.95-2.12)

1.42
(0.95-2.12)

a

485.2 (37.1)

313.4 (39.1)

Cmax (ng/mL)

TRA plasma
(n=6)

TRA blood
(n=6)

Parameter

Table 1. Plasma and whole blood pharmacokinetic parameters for total radioactivity, lenvatinib and its metabolites M1, M2, M3 and M5 following a single oral dose of 24 mg (100 µCi) of 14C-lenvatinib.
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The eﬃcacy of lenvatinib was evaluated by assessment of tumor response in accordance
with Response Evaluation Criteria in Solid Tumors (RECIST, version 1.0). In patients evaluable according to RECIST, a best response was assigned by the investigator. Responses
(complete response [CR] or partial response [PR]) and stable disease (SD) were conﬁrmed according to RECIST.

Results
Patients
Six patients were enrolled (three male and three female), with a median age of 49 years
(range 34-64), a mean weight of 95.7 kg (range 60 – 166), a mean height of 179.8 cm (range
168 – 210) and a mean body surface area of 2.17 m2 (range 1.7 – 3.1).

Pharmacokinetics
Plasma and whole blood concentration curves of total radioactivity and lenvatinib over
168 h after administration of the 14C-lenvatinib dose are presented in Figure 2. Also the
plasma concentrations of M2 versus time are shown in Figure 2; the plasma concentrati-

16

Figure 2. Mean (± standard deviation) concentration-time curves of total radioactivity (TRA), lenvatinib and M2 in plasma (a) and of TRA and lenvatinib in whole blood (b) following a single oral
administration of 24 mg (100 µCi) 14C-E7080. The mean values at time points with one or more individual values below LLOQ were calculated by assigning 0 for each value below LLOQ.
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ons of the other metabolites were below the lower limit of quantiﬁcation (0.25 ng/mL).
The mean lenvatinib Cmax is approximately 88% of the Cmax for total radioactivity (Figure
2, Table 1).
Table 1 provides a summary of the pharmacokinetic parameters. The peak concentration
of total radioactivity and lenvatinib in plasma and whole blood was reached between 1.4
and 1.8 h after oral administration of the 14C-lenvatinib solution. Based on AUC0-24h, the
blood concentrations of total radioactivity and lenvatinib were approximately 29% and
36%, respectively, lower than the plasma concentrations. Unchanged lenvatinib accounted for 60% of the total radioactivity in plasma and 64% of the total radioactivity in blood.
Plasma concentrations of the metabolites M1, M2, M3 and M5 were generally below the
lower limit of quantiﬁcation of the assay. Only peak concentrations of M2 (n=6) and M5
(n=1) were quantiﬁable. All peak metabolite concentrations were over 700-fold lower than
the peak plasma concentration of lenvatinib.
Based on plasma concentrations of unchanged lenvatinib, the terminal phase half-life of
lenvatinib was 34.5 h, the apparent oral clearance was 6.7 L/h, the renal clearance was
0.042 L/h and the apparent volume of distribution was 336 L.

Excretion balance
For all 6 patients, urine and feces was collected as planned during the ﬁrst 7 days after administration of 14C-lenvatinib. The last urine and fecal samples that were collected in this
period generally contained <1% of the administered radioactivity. For two patients the collection of feces continued to Day 9 and Day 11.
Figure 3A shows the mean cumulative urinary, fecal and total recovery of total radioactivity during the ﬁrst 240 h after 14C-lenvatinib administration. Figure 3B, C and D show

Table 2. Cumulative recovery of the dose in urine, feces and in total (urine and feces combined)
(n=6), based on total radioactivity measuredments and calculated for lenvatinib, M1, M2, M3 and
M5 based on LC-MS/MS measurements following a single oral administration of 24 mg (100 µCi)
14C-lenvatinib (n=6).
Matrix Cumulative dose recovery - geometric mean, % (CV, %)
TRA

Lenvatinib

M1

M2

M3

Urine

24.7 (17.8)

Faeces

63.6 (11.2)

Total

88.6 (10.4)

M5

0.636 (95.6)

0.030 (119)

0.133 (60.4)

0.025 (115)

0.014 (196)

1.86 (59.0)

0.025 (77.9)

4.76 (54.3)

NC

0.130 (30.8)

2.52 (67.7)

0.056 (77.3)

4.90 (53.6)

0.025 (115)

0.146 (18.7)

Percent dose recovery is cumulated until the end of the collection period, which is 168 h post-dose
for urine and 240 h post-dose for feces.TRA: total radioactivity; NC: not calculated, concentrations
in all samples were <LLOQ.
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16

Figure 3. Mean (+ standard deviation) cumulative percent of dose recovery of total radioactivity
(TRA) in urine, feces and in total (urine and feces combined) (a), of TRA, lenvatinib, M1, M2, M3
and M5 in feces (b) and of TRA, lenvatinib, M1, M2, M3 and M5 in urine (c), following a single oral
administration of 24 mg (100 µCi) 14C-lenvatinib.
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the mean cumulative percentage recovery of dose as unchanged lenvatinib, M1, M2, M3,
M5 and total radioactivity in urine, in feces and in urine and feces combined, respectively.
The total recovery after 240 h was approximately 89% of the administered dose (Table 2),
with approximately 64% in feces and 25% in urine.
The recovery of unchanged lenvatinib accounted for approximately 2.5% of the administered dose and M2 for approximately 5%. The total recovery of lenvatinib, M1, M2, M3
and M5 combined comprised less than 8% of the administered dose.

Safety and efficacy
The mean duration of lenvatinib treatment was 152.8 days (range 42 to 279 days). The
mean number of cycles received was 5.83, with a range of 2 to 10. Dose reductions due to
treatment emergent adverse events (TEAEs) were applied for ﬁve patients.
During the mass balance phase, there were no serious adverse events or Grade 3 or above
TEAEs. During the extension phase, ﬁve serious adverse events (other than death) were
reported in two patients (33%). Grade 3 or above TEAEs were reported in 3 patients (50%).
All 6 patients experienced at least one TEAE that was considered treatment-related.
TEAEs considered probably related to the lenvatinib treatment were stomatitis in four
patients (67%), diarrhea and dysphonia in three patients (33%), dry skin in two patients
(33%), and constipation, glossodynia, nausea, oral pain, vomiting, fatigue, oral candidiasis, blood pressure increase, weight decrease, proteinuria and hypertension in one patient (17%).
Two deaths occurred in the serious adverse event follow-up period of the extension phase,
a 30-day period post study drug administration. Both deaths were due to disease progression and considered unrelated to the study drug.
From start to the end of the study, no clinically important changes in mean hematology,
biochemistry and urinalysis values were noticed and no clinically signiﬁcant changes in
mean vital signs and ECGs were observed.
The eﬃcacy of lenvatinib treatment, in terms of best overall tumor response as assessed
by the investigator, was partial response in one patient (17%) and stable disease in three
patients (50%). Two patients (33%) had progressive disease.

Discussion
In this study, radiolabeled lenvatinib was used to investigate the pharmacokinetics and
excretion of lenvatinib in humans. Secondary objectives were to assess the safety and to
explore the antitumor eﬀect of lenvatinib as a single daily dose of 24 mg.
The short time to peak plasma concentration (1.6 h) indicates rapid absorption of lenvatinib and is consistent with previous studies, wherein the maximum lenvatinib plasma
concentrations were typically observed between 1 and 3 h post-dose [9, 15]. Also the sub-
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sequent rapid decline and the ﬁnal slower decline with an elimination half-life of 34.5 h
is in line with previous studies [9]. Lenvatinib’s rapid absorption, long terminal elimination half-life and large apparent volume of distribution (Vz/F=336 L), are similar to those
of other tyrosine kinase inhibitors [3, 16]. The lower percentage of lenvatinib and total radioactivity in whole blood as compared to plasma (29% and 36% lower, respectively) suggest that lenvatinib and lenvatinib-related products are less well distributed into red blood
cells.
The half-life based on the plasma total radioactivity measurements was smaller than the
half-life of lenvatinib in plasma. This can be explained by the diﬀerence in LLOQ, which
was 13-14 ng eq/mL for total radioactivity measurements and 0.25 ng/mL for unchanged
lenvatinib in plasma. While total radioactivity was quantiﬁable up to 24 – 96 h post-dose,
unchanged lenvatinib could be measured up to 144 h – 168 h post-dose, allowing a more
accurate determination of half-life. For a similar reason, the pharmacokinetic parameters
of lenvatinib based on whole blood concentrations are likely less accurate than those obtained with plasma concentrations. Although the LLOQ of lenvatinib was the same in
whole blood and plasma, the sampling for plasma was more frequent than for blood. This
may partly explain the high oral and renal clearance and the low apparent terminal volume of distribution and half-life calculated based on blood concentrations as compared
to the values obtained with plasma concentrations.
Metabolism is important in the elimination of lenvatinib. Unchanged lenvatinib comprised 60% of the exposure to total radioactivity in plasma, indicating the presence of other
lenvatinib-related products. Because reference standards were available for lenvatinib
metabolites formed by decyclopropylation (M1), demethylation (M2), N-oxidation (M3)
and O-dearylation (M5), these metabolites were quantitatively assessed in all samples. It
appeared however that their contribution to the total elimination of lenvatinib was limited. Measurable plasma concentrations of these metabolites were only found for M2 and
M5 and maximum concentrations were at least 700 times lower than the lenvatinib peak
plasma concentration. Therefore, other lenvatinib metabolites are expected to be present
in plasma.
The excretion of lenvatinib and its metabolites occurred mainly via the fecal route (Figure 4). Lenvatinib metabolites other than M1, M2, M3 and M5 are also expected in urine
and feces, since the recovery of lenvatinib, M1, M2, M3 and M5 in urine and feces combined accounted for less than 8% of the administered dose. Additionally, as Figure 3C
shows, there is a continued excretion of total radioactivity in urine when the excretion of
the quantiﬁed metabolites have already reached their maximum (around 24 h), suggesting the formation of downstream metabolites. The identiﬁcation of the additional lenvatinib metabolites in excreta and plasma is subject of further investigation.
The minor contribution of lenvatinib to the total of excreted lenvatinib-related compounds
(Figure 4) suggests that both the kidney and the liver play an important role in the meta-
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Figure 4. Overview of the average
mass balance of 14C-lenvatinib in 6
cancer patients following a single
oral administration of 24 mg (100
µCi) 14C-lenvatinib. Values are geometric means and percent dose recovery is at the end of the collection
period, which is 168 h post-dose for
urine and 240 h post-dose for feces.

bolism of lenvatinib. This mass balance study therefore warrants to further examine the
eﬀect of renal and hepatic impairment on the pharmacokinetics of lenvatinib, and clinical trials to investigate this have been performed. The results of a hepatic impairment
trial were recently published by Shumaker et al. and led to the conclusion that a reduced
dose is advisable for subjects with severe hepatic impairment [17].
Adverse events observed in this study that were considered probably treatment-related
were mainly of gastrointestinal origin and were comparable with side eﬀects observed for
other tyrosine kinase inhibitors [3]. Although designed as a secondary objective, antitumor activity of lenvatinib may have been observed, since partial response was observed
in one and stable disease in three of the total six patients, as the best overall tumor response. The eﬃcacy of lenvatinib is being further explored in Phase II and Phase III trials.
In conclusion, this study showed that lenvatinib is rapidly and well absorbed and extensively metabolized, with subsequent excretion in urine and, more predominantly, in feces.
In addition, lenvatinib showed acceptable safety and preliminary antitumor activity.
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LENVATINIB

Abstract
Lenvatinib is an oral, multiple receptor tyrosine kinase inhibitor. Preclinical drug
metabolism studies showed unique metabolic pathways for lenvatinib in monkeys
and rats. A human mass balance study demonstrated that lenvatinib related material is mainly excreted via feces with a small fraction as unchanged parent drug, but
litle is reported about its metabolic fate.
The objective of the current study was to further elucidate the metabolic pathways
of lenvatinib in humans and to compare these results to the metabolism in rats and
monkeys. To this end, we used plasma, urine and feces collected in a human mass
balance study after a single 24 mg (100 µCi) oral dose of 14C-lenvatinib. Metabolites
of 14C-lenvatinib were identiﬁed using liquid chromatography (high resolution) mass
spectrometry with oﬀ-line radioactivity detection.
Close to ﬁfty lenvatinib-related compounds were detected. In humans, unchanged
lenvatinib accounted for 97% of the radioactivity in plasma, and comprised 0.38%
and 2.5% of the administered dose excreted in urine and feces, respectively. The primary biotransformation pathways of lenvatinib were hydrolysis, oxidation and hydroxylation, N-oxidation, dealkylation and glucuronidation. Various combinations
of these conversions with modiﬁcations, including hydrolysis, gluthathione/cysteine
conjugation, intramolecular rearrangement and dimerization, were observed. Some
metabolites seem to be unique to the investigated species (human, rat, monkey). Because all lenvatinib metabolites in human plasma were at very low levels compared
to lenvatinib, only lenvatinib is expected to contribute to the pharmacological eﬀects
in humans.
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Introduction
Lenvatinib is an oral multiple receptor tyrosine kinase inhibitor that inhibits VEGFR1-3,
FGFR1-4, PDGFRβ, RET and KIT [1,2]. The kinase activities of these receptors usually recruit endothelial cells to form new blood vessels, which is important for the development,
progression and metastasis of diﬀerent tumor types. Inhibition of VEGF receptors inhibits tumor progression [3-5]. Currently, lenvatinib is investigated in various Phase II and
Phase III clinical trials as monotherapy or as part of a combination therapy for several
types of solid tumors, including hepatocellular carcinoma, melanoma, renal carcinoma,
non-small cell lung carcinoma, glioblastoma multiforme, ovarian and endometrial carcinoma [6-13]. In February 2015, the FDA approved lenvatinib as a treatment for patients
with locally recurrent or metastatic, progressive, radioiodine-refractory diﬀerentiated
thyroid cancer. In March 2015, the MHLW approved lenvatinib as a treatment for patients
of unresectable thyroid cancer. In May 2015, the EMA also approved lenvatinib as a treatment of progressive, locally advanced, or metastatic diﬀerentiated thyroid carcinoma in
adults whose disease has progressed despite standard treatment with radioactive iodine.
The Phase III study of lenvatinib in this type of patients demonstrated signiﬁcant prolongation of progression free survival (18.3 months versus 3.6 months, hazard ratio 0.21;
99% conﬁdence interval 0.14 – 0.31) when lenvatinib was compared to placebo [14,13].
Lenvatinib is under review for market authorization worldwide.
Preclinical investigation of the metabolism of lenvatinib revealed a variety of biotransformation pathways and the involvement of several enzymes. In one of the metabolic
pathways observed in male cynomolgus monkeys is conjugation with glutathione (GSH)
under elimination of the chlorophenoxy group, followed by further hydrolysis, rearrangement from S-conjugate to N-conjugate and dimerization [15]. Another pathway, found
in rats, dogs, monkeys and humans, involves cytochrome P450 enzymes and results in
mono-oxidized metabolites of lenvatinib, such as the N-oxide (M3) and the demethylated
metabolite (M2). Also, aldehyde oxidase was demonstrated to play a role in lenvatinib
metabolism, but the two resulting oxidative metabolites (M3’ and M2’) were only found

Figure 1. Chemical
structure of 14C-lenvatinib. The asterisk (*) indicates the site labeled
with 14C.
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in monkey and human liver fractions and not in rats and dogs [20]. These preclinical results suggest a unique metabolic pathway for lenvatinib in humans.
In a previously conducted human mass balance study with 14C-lenvatinib (Figure 1), ten
days after the initial dose, the geometric mean (CV) recovery of the administered (single
oral 24 mg: 100 µCi) dose was 88.6% (10.4%). The majority of 63.6% (11.2%) was recovered in feces and 24.7% (17.8%) in urine [16]. Unchanged lenvatinib in urine and feces
accounted for 2.52% (67.7%) of the administered dose, indicating a major role for metabolism in the elimination of lenvatinib [16]. Therefore, the objective of the present study
was to further elucidate the metabolic pathways of lenvatinib in humans and to compare
this to the metabolic pathways in rat and monkey. To this end, selected samples collected during the human mass balance study and during lenvatinib metabolism studies in
rat and monkey were analyzed using high-performance liquid chromatography (HPLC),
followed by oﬀ-line radioactivity detection and characterization with a linear ion trap
mass spectrometer. The existing knowledge of lenvatinib metabolism was then used in
combination with high-resolution mass spectrometry (HR-MS) to identify the metabolites, to describe the extensive biotransformation of lenvatinib in humans and relate this to
the metabolism of lenvatinib in rats and monkeys.

Materials and Methods
Reference standards
Reference standards of Lenvatinib (4-[3-Chloro-4-N’-cyclopropylureido)phenoxy]-7-methoxyquinoline-6-carboxamide) methanesulfonate salt, and the lenvatinib metabolites M1
(decyclopropylated lenvatinib), M2 (demethylated lenvatinib), M3 (N-oxidated lenvatinib), M5 (O-dearylated lenvatinib), M3’ (2-quinolone form of lenvatinib) and M2’ (2-quinolone form of demethylated lenvatinib) were provided by Eisai Co. Ltd. (Tokyo, Japan).
Additionally, Eisai Co. Ltd. provided reference standards of the chlorophenol moiety of
lenvatinib and its sulphate and glucuronic acid conjugate (referred to as MET29.1,
MET24.1 and MET20.1, respectively).

Chemicals
Water (Lichrosolv, used for liquid chromatography), acetic acid (100%), hydrogen peroxide, dimethylsulfoxide (DMSO, Seccosol), potassium dihydrogen phosphate (KH2PO4)
p.a., sodium hydroxide (NaOH) 50%, p.a. and trichloroacetic acid (TCA), p.a. were obtained from Merck (Darmstadt, Germany). Water (used for sample preparation) was obtained from B Braun (Melsungen, Germany). Methanol (Supra-Gradient grade) was
purchased from Biosolve Ltd (Amterdam, The Netherlands), 2-propanol from Fluka
(Buchs, Swizerland) and ammonium acetate, LC-MS grade from Fluka (Zwijndrecht, The
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Netherlands). The β-glucuronidase from E.Coli, X-A (7780000 u/g) was supplied by
Sigma-Aldrich (St Louis, MO, USA) and both Solvable® and Ultima Gold liquid scintillation cocktail by PerkinElmer (Waltham, MA, USA).

Ethics
The protocol for the human study was approved by the institutional ethics commitee,
and all human patients provided writen informed consent before participating in this
study. The human study was conducted in compliance with the principles set forth in the
Declaration of Helsinki, International Conference on Harmonization Guideline E6 for
Good Clinical Practice and Food and Drug Administration Good Clinical Practice regulations.
All animal studies were approved by the institutional animal care and use commitee.

Sample collection
The human samples used in this study were collected during a single-center, open-label,
mass balance study of 14C-lenvatinib (Figure 1), performed in patients with solid tumors
or lymphomas at the Antoni van Leeuwenhoek Hospital/The Netherlands Cancer Institute [16]. As described previously [16], six patients with solid tumors or lymphomas received a 24 mg (100 µCi) oral dose of 14C-lenvatinib dissolved in 12 mL of 3 mM
hydrochloric acid.
Predose and postdose blood samples were collected in sodium heparin tubes and stored
as plasma after centrifugation (4°C, 15 min, 2000 g). For the present metabolite proﬁling
study only the following samples were analyzed: predose and 1, 2, 4, 8, 12, 24, 48 and 72
h after administration.
Urine was collected once before administration, over 6 h periods during the ﬁrst 24 h after
14
C-lenvatinib administration and over 24 h periods thereafter. In the present study, the
predose sample and pooled urine samples over 0-24 h, 24-48 h, 48-72 h and 72-168 h were
analyzed for each patient, to investigate the metabolism of 14C-lenvatinib in humans over
time. To compare the human metabolites with those in rat and monkey, one inter-patient
pool of the predose samples and one inter-patient pool of the 0-6 h samples was used.
Feces was collected before dosing and as voided until radioactivity was <1% of the administered dose. In the present study, the predose sample and pooled feces samples over
0-24 h, 24-48 h, 48-72 h and 72-168 h were analyzed for each patient. The human fecal
sample with the highest concentration of radioactivity was used to compare the human
metabolites with metabolites found in rat and monkey. All samples were stored at -70°C
pending metabolite proﬁling analysis.
The cynomolgus monkey samples used in this study were collected during a metabolite
proﬁling study of 14C-lenvatinib in rats and monkey by Eisai Co., Ltd, Ibaraki, Japan [15].
The monkey received repeated oral administrations (once a day for 2 days) of 14C-lenva-
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tinib at a dose of 30 mg (12.685 MBq)/kg. Urine and feces were collected separately, as voided in a receiver on an ice bath and in the dark, during speciﬁed time periods. In the present study, only the urine and fecal samples collected predose and 0-24 h postdose were
investigated.
The rat samples used in this study were collected during the same metabolite proﬁling
study of 14C-lenvatinib in rats and monkey. The male Sprague Dawley rats received a single oral administration of 14C-lenvatinib at a dose of 30 mg (12.685 MBq)/kg. Urine and
feces were collected separately, as voided in a receiver on an ice bath and in the dark, during speciﬁed time periods. Biliary samples were collected from bile duct cannulated male
Sprague-Dawley rats, which received the same dose of 14C-lenvatinib. Bile was collected
in a light protected receiver on an ice bath during speciﬁed time periods. In the present
study, only one urine and fecal sample collected predose and 0-24h postdose and one bile
sample collected predose and 0-8h postdose were investigated.
Both monkey and rat samples were stored at -80°C and transported to the Netherlands
Cancer Institute pending metabolite proﬁling analysis.

Analysis of radioactivity
The radioactivity of the samples and collected HPLC-fractions was measured with a liquid scintillation counter (LSC) Model TRI-CARB 2800 TR (Perkin Elmer Life and Analytical Sciences, Inc., Waltham, MA), equipped with a quenching correction system. After
sample preparation (if necessary, as described in the next section), the samples were
mixed with scintillation cocktail and counted for 20 min.

Preparation of biological samples for metabolite profiling
The preparation of all matrices is further described in a ﬂow chart in Figure 2.
Plasma
Human plasma samples of 300 µL were extracted twice by adding 150 µL of water and
900 µL of methanol, vortex mixing (10 s), shaking (10 min) and centrifuging (4°C, 10 min,
23,100 g). The residue (pellet 1) was kept for recovery measurements. The combined supernatants were dried under nitrogen at 40°C and reconstituted by addition of 40 µL of
methanol and 160 µL of 0.1 M phosphate buﬀer (pH 7.4) with 30 s vortex mixing after each
addition. This mixture was centrifuged again (4°C, 10 min, 23,100 g) and the residue (pellet 2) was kept for recovery measurements. A 20 µL volume of the supernatant was used
for recovery analysis using LSC and the remainder was transferred to an autosampler
vial and stored at -70°C until analysis with LC-LSC-MS.
Additional extractions were performed on pellet 1. First by addition of 900 µL of 15% trichloroacetic acid (TCA), followed by vortex mixing, shaking and centrifuging as described above, second by addition of 900 µL methanol, followed by vortex mixing, shaking,
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Figure 2. Sample preparation ﬂow chart of plasma, urine and feces samples.
DPM: desintegrations per minute; LSC: liquid scintillation counting; MeOH: methanol; Res: residue; Sup: supernatant; TCA: trichloroacetic acid.
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incubating at 60°C for 10 min, vortex mixing and centrifuging. Both the TCA supernatant
and the methanol supernatant were analyzed for total radioactivity using LSC, as were the
ﬁnal remainder of pellet 1 after solubilization using Solvable® and pellet 2 after dissolving
in 200 µL methanol.
Treatment with 2-mercaptoethanol
Unextracted radioactivity after sample pretreatment in plasma samples were extracted by
treatment with 2-mercaptoethanol (2-ME), to reduce potential sulfur bridges between
proteins and lenvatinib-related compounds. After sample preparation, this included extraction with methanol and treatment of the remaining pellet with trichloroacetic acid
(TCA) and hot methanol, the remaining pellet was incubated with 2-ME. For the extraction of plasma samples an aliquot of 300 µL plasma was used. After the TCA and methanol extractions, 20% 2-ME in water (2:8, v/v) was added to the remaining pellet and
incubated for 2 h at 60°C. The sample was cooled, mixed and centrifuged (RT, 3000 rpm,
10 min). The supernatant was evaporated under nitrogen at 40°C. The pellet was washed
with methanol after which the methanol was added to the supernatant and evaporated.
The dried supernatant was reconstituted with methanol and 0.1 M phosphate buﬀer pH
7.4 (1:5, v/v) to obtain an HPLC sample. The recovery of the radioactivity from the 2-ME
extraction was calculated by comparing the radioactivity concentration in feces and in
the HPLC sample (supernatant). The remaining pellet after 2-ME extraction was decolorized and solubilized and the total radioactivity of the pellet was determined.
Urine
The human urine samples of individual patients were directly injected onto the HPLC
system. The urine samples pooled across patients were 30-fold concentrated by lyophilization in a freeze dryer (2040, Snijders, Tilburg, The Netherlands) and reconstitution with
water, after which the samples were centrifuged (RT, 23,100 x g, 5 min) to obtain supernatant as an HPLC sample. An aliquot of the HPLC sample was subjected to the radioactivity measurement by LSC. The sample preparation recovery was calculated by
comparing the radioactivity concentration in the pooled urine sample before lyophilization and in the ﬁnal HPLC sample.
Urine samples from rats and the monkey were vortex mixed and diluted without additional preparation. The recovery was not determined for these samples.
Treatment with β- glucuronidase
To identify glucuronide-conjugated metabolites, one 200 µL aliquot of the lyophilized
and concentrated pooled human urine sample of 0-6 h postdose was mixed with 200 µL
phosphate buﬀer (pH6.8) and served as a control sample and another 200 µL aliquot was
mixed with 35 µL of 1 mg/mL β-glucuronidase and 165 µL of phosphate buﬀer (pH6.8).
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Both aliquots were incubated for 24 h at 37°C, after which they were diluted with 5 volumes of methanol, vortex mixed and stored at -70°C until analysis.
Feces
Human, monkey and rat fecal homogenate aliquots of 200 µL were extracted twice using
0.1 M phosphate buﬀer (pH 7.4) and methanol in volume ratios of 1:1:4, followed by vortex mixing, shaking (10 min) and centrifuging (10 min, 4°C, 20,000 g). The residue (pellet
1) was kept and the combined supernatants were evaporated to dryness under nitrogen
at 30°C and reconstituted in 150 µL of methanol:water 1:1 v/v, followed by vortex mixing
for 30 s, sonicating for 5 min and vortex mixing for 30s. A 20 µL aliquot was mixed with
scintillation cocktail and analyzed for total radioactivity. The remainder was centrifuged
(5 min, 4°C, 20,000 g), the residue (pellet 2) was kept and a 20 µL aliquot of the ﬁnal extract (the supernatant) was analyzed for total radioactivity. Conform safety regulations,
the ﬁnal extract (and the ﬁnal extract of the corresponding predose sample) was, if necessary, diluted with methanol:water 1:1 v/v to a ﬁnal radioactive concentration below 104
Bq/mL and used for LC-LSC-MS analysis.
Each pellet 1 and an aliquot of each non-treated fecal homogenate was analyzed for total
radioactivity after decolorization and solubilization using isopropanol, hydrogen peroxide and Solvable® as described [16]. Each pellet 2 was analyzed for total radioactivity
using LSC after dissolving in 1 mL of methanol.
Treatment with 2-mercaptoethanol
Unextracted radioactivity after sample pretreatment in feces samples were also extracted
by treatment with 2-mercaptoethanol (2-ME). For the extraction in feces samples an aliquot of 1 mL feces homogenate was used. The remaining procedure was similar as described previously.
Bile
The bile collected from rats was diluted with methanol:water 1:1 v/v to a ﬁnal radioactive
concentration below 104 Bq/mL and used for LC-LSC-MS analysis.

Radiochromatographic detection of metabolites of lenvatinib
Initially the human samples and animal samples were analyzed on two diﬀerent locations and therefore two chromatographic methods were developed and applied during
this study. The methods had a total run time of 60 min (this method will be referred to as
method 1) and 73 min (This method will be referred to as method 2). The samples that
were used for the inter-species comparison (i.e. urine, feces and bile) were analyzed using
both methods. The human plasma samples were analyzed on method 1 only.
The LC-LSC-MS setup was the same for both methods: an Accela pump and autosam-
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pler (4°C) (Thermo Electron, Waltham, MA, USA) with a sample loop allowing 50 uL injections onto the HPLC column which was preceded by an 0.2 µm inlet ﬁlter (Upchurch
Scientiﬁc, Oak Harbor, WA, USA) and warmed to 30°C. The 1 mL/min ﬂow was split postcolumn using an Accurate spliter (LC packings, Sunnyvale, CA, USA), directing ¼ of the
ﬂow to the mass spectrometer and ¾ of the ﬂow to a fraction collector (LKB-FRAC-100,
Amersham Biosciences AB, Uppsala, Sweden), collecting 1 min or 5 min fractions in liquid
scintillation vials. After addition of scintillation cocktail (4 mL to the 1 min fractions and
10 mL to the 5 min fractions), the total radioactivity of each fraction was determined on
the Tri-carb 2800TR liquid scintillation counter, using a counting time of 20 min. The resulting values were used to construct the radiochromatograms.
Method 1 used a Synergy Hydro RP 80A column (150 x 4.6 mm ID with 4 µm particles,
Phenomenex, Torrance, CA, USA), with 10 mM ammonium acetate as mobile phase A
and methanol as mobile phase B. The gradient started at 5% B for 5 min, increased to 80%
B over 45 min and increased further to 90% B over 2 min, where it stayed until 54.9 min,
in order to return to the starting conditions within 0.1 min, until the end of the run.
Method 2 applied an Atlantis T3 column (150 x 4.6 mm ID with 5 µm particles, Waters
Corp., Milford, MA, USA). In this method, mobile phase A consisted of 100 mM ammoniumacetate / water / formic acid 100/900/0.5 v/v/v and mobile phase B of 100 mM ammoniumacetate / acetonitrile / formic acid 100/900/0.5 v/v/v. The gradient started at 0% B
and increased to 15% B over 15 min, then to 30% B over 35 min, and to 100% B over 1
min, where it stayed until 65 min, in order to return to the starting conditions within 0.5
min, until the end of the run.

Mass spectrometry for metabolite identification
An LTQ XL (Thermo Electron, Waltham, MA) ion trap mass spectrometer was used for the
LC-LSC-MS analyses, applying positive ionization and using a scan range of 100 to 1100
amu. The sheath, auxiliary and sweep gas ﬂows were 30, 15 and 5 arbitrary units. The
spray voltage was 5.4 kV, the normalized collision energy was 45 V and Data Dependent
Acquisition was performed to collect MS2 and MS3 data using a predeﬁned parent list
(based on preliminary data) with a threshold of 750 cps and 100 cps, respectively.
In addition the samples were analyzed using LC-MS/MS with mass spectrometric detection by an LTQ Orbitrap XL (Thermo Electron, Waltham, MA) to collect high resolution
MS (HR-MS) and MS2 data. All setings were similar to the setings of the LTQ XL except
for the normalized collision energy which was 40 eV. Non-radiolabeled metabolites of
lenvatinib were also analyzed using negative ionization. All other setings were kept the
same.

Calculations
The limit of detection (LOD) of the total radioactivity measurements was calculated with
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formula (1) [17]:

LOD =

2.71
B
+ 4.65
TE
TE

(1)

With a counting time (T) of 20 min, an observed background (B) of 11.0 DPM (disintegrations per minute) and a counting eﬃciency (E) of 93% the LOD is 3.7 DPM, which was
rounded to 4 DPM.
At the lower limit of quantiﬁcation (LLOQ) a maximum precision error of 20% was considered acceptable, allowing to use formula (2) to calculate the LLOQ after background
correction [18]:

LLOQ =

50 
2TEB 
 1 + 1 +

TE 
25 

(2)

Using the same values for T, E and B as before, the calculated LLOQ was 14 DPM.
The area under the concentration time curve from 0h to 24h after drug administration
(AUC0-24h) was calculated with the trapezoidal rule (3), using time since administration
and concentration at data point i (ti and Ci, respectively) and n as the total number of data
points:

AUC( 0− 24 h ) = ∑ in=−01

ti +1 − ti
⋅ (Ci + Ci +1 )
2

(3)

Results
The results describe the identiﬁcation of metabolites found in humans and the quantiﬁcation of these metabolites in human plasma, urine and feces. In addition the metabolic
pathway in humans is compared to the metabolic pathway in rat and humans.

Lenvatinib metabolism in human
Metabolites in plasma
The sample preparation recovery of total radioactivity in human plasma is summarized
in Figure 3A, which shows that the recovery decreased with increasing collection time.
The samples collected up to 24 h had a mean recovery in the ﬁnal supernatants of 74%.
The losses are mainly recovered upon solubilization of pellet 1, the pellet remaining after
extractions with TCA and hot methanol, which recovered only negligible amounts of radioactivity. Up to 24 h, a mean of 5% of the total radioactivity was recovered in pellet 2,
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which was left after reconstitution of the dried sample. Of the radioactivity that was injected on the HPLC column, a mean of 80% was detected in the collected fractions. The
recovery of radioactivity from pellet 1 after 2-ME treatment was below the LOD and therefore no further metabolite identiﬁcation was possible.
Plasma radiochromatograms were only constructed for plasma samples collected up to 24
h, because the radioactivity in the ﬁnal supernatants of samples collected later was (with
5 - 43 DPM in total) considered insuﬃcient. Figure 4A and B show representative plasma
radiochromatograms. A similar proﬁle is observed in all analyzed samples of all 6 patients: lenvatinib was the main peak in each chromatogram, accounting for a mean of 97%
of the radioactivity in the chromatograms. Small amounts of radioactivity (mean of 2.5%)
eluted in fraction 31 and were identiﬁed as MET27 (glucuronic acid conjugate of M2), as
described under metabolite identiﬁcation. On average 0.53% of the radioactivity in plasma
chromatograms was not accounted for.
The mean AUC0-24h of MET27 was 3.2% of the lenvatinib AUC0-24h and 1.8% of the total 14C
AUC0-24h. The AUC0-24h of MET27 did not exceed 4.9% of the lenvatinib AUC0-24h and 2.8%
of the total 14C AUC0-24h for any patient.
Metabolites in urine
The time-pooled urine samples of six patients were analyzed using LC-LSC-MS method
1. The mean HPLC column recovery of the total radioactivity was 95%.
A mean of 23% of the total radioactivity that was administered to the patients was recovered in the urine sample pools up to 168 h. Figure 4C and D show a representative radiochromatogram of a 0–24 h sample and a 72–168 h sample, respectively. At least 10
peaks other than lenvatinib were observed. These were named MET4 (accounting for 6.8%

Figure 3. Mean (± standard deviation) of sample preparation recoveries of human plasma samples
(A) and human feces samples (B) collected from patients following a single oral dose of 24 mg (100
µCi) 14C-lenvatinib (n=6).
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Figure 4. Representative radiochromatograms of human plasma collected 1h (A) and 12h (B),
human urine collected over 0-24h (C) and 72-168h (D) and human feces collected over 0-24h (E) and
72-168h (F) after administration of a single oral dose of 14C-lenvatinib. The numbers in the radiochromatograms correspond with the MET-numbers in Table 1; the preﬁx MET was omited due to
space restrictions.
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Figure 5. Radiochromatograms of rat urine (A), feces (B) and bile (C), of monkey urine (D) and feces (E) and human urine (F) and feces (G) collected
after administration of a single oral dose of 14C-lenvatinib. The urine proﬁles were obtained from urine collected in the 0 to 24h (rat and monkey) or 0
to 6h (human) interval after dose administration, the feces proﬁles from feces collected in the 0 to 24h interval (rat) and 24 to 48h interval (monkey and
human) and the bile proﬁle from bile collected in the 0 to 6h interval after dose administration. The numbers in the radiochromatograms correspond
with the MET-numbers in Table 1; the preﬁx MET was omited due to space restrictions.
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of the administered radioactive dose), A (accounting for 0.78%), B (0.99%), D (3.7%), E
(0.68%), MET24 (0.98%), MET31 (0.44%), MET27 (1.8%), M3’ (0.49%) and M2 (accounting
for 0.13% of the administered radioactive dose). Unchanged lenvatinib comprised 0.38%
of the administered dose and the remaining 6.1% of the dose was recovered in the urine
radiochromatograms but not assigned to a metabolite.
The most abundant metabolite MET4 was tentatively identiﬁed as a cysteine-adduct of the
quinolone moiety of lenvatinib. Other tentatively identiﬁed metabolites included lenvatinib products of demethylation (M2) or oxidation (M3’) and their glucuronic acid conjugates (MET27 and MET31, resp.). No parent mass was found for the peaks assigned with
leters, and consequently these were not identiﬁed.
Metabolites in feces
The time-pooled feces samples of six patients were prepared and analyzed using LC-LSCMS method 1. The sample preparation recovery of total radioactivity in feces samples is
summarized in Figure 3B. Contrary to the extraction recovery of plasma samples, the extraction recovery of feces remained constant over collection time. The mean extraction
recovery over all patients was 59% and a large inter-patient variability was observed
(range of 47 – 70%). Subsequent extraction of pellet 1 with TCA and hot methanol recovered an additional mean of 2.2% and 7.9%, respectively, of the total radioactivity in the
initial sample. A mean of 18% of the initial total radioactivity was found in pellet 1 after
solubilization and 6.7% in pellet 2. The mean HPLC column recovery of the total radioactivity was 101%. After 2-ME treatment the majority of the non-extracted radioactivity
in pellet 1 was found in the 2-ME extract (mean of 11%).
A mean of 65% of the radioactivity administered to the patients was excreted in the feces
pools up to 168 h. To calculate the percentage of the administered radioactive dose recovered as a metabolite in feces, the radiochromatographic peaks were corrected for the
sample extraction recovery which will be discussed later. Figure 4E and F show a representative radiochromatogram of a 0–24 h and a 72–168 h feces pool. At least 4 peaks other
than lenvatinib were observed. These were assigned as C, MET36, M3’, M2’ and M2 and
these comprised 3.4%, 2.8%, 16%, 11% and 4.3% of the administered dose, respectively.
M3’ and M2’ eluted in the same fraction, therefore only their combined contribution of the
administered dose could be determined from the radiochromatograms. The individual
contributions were based on their LC-MS signal intensity, assuming comparable ionization eﬃciencies for both compounds. Unchanged lenvatinib accounted for 2.5% of the administered dose and the remaining 25% of the dose was recovered in the feces
radiochromatograms but not assigned to a metabolite. While no molecular weight, and
therefore no identity was found for metabolite C, the other metabolites were tentatively
identiﬁed as products of oxidation (MET36, M3’), demethylation (M2), or both (M2’). In
the 2-ME extract a trace of two proposed compounds were found; demethylated 2-hy-
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droxyethanethiolate conjugate of the quinoline moiety of lenvatinib (MET43) and its demethylation product (MET42).

Comparison of lenvatinib metabolites in rat, monkey and human
In order to get a more complete picture of lenvatinib metabolism and to compare the presence of lenvatinib metabolites in diﬀerent species, selected samples of a 14C-lenvatinib
mass balance study in rat, monkey and human were analyzed using LC-LSC-MS method
1 and 2 and matching predose samples were analyzed using LC-MS. The sample preparation recovery in the postdose fecal extracts were 80%, 78% and 54% for rat, monkey and
human, respectively.
Figure 5 shows the radiochromatograms of each matrix analyzed with method 2. Many
metabolites that were found in the earlier described human metabolism study were also
detected in the animal samples. The drug-related products assigned A, B, C, D and E were
detected in human study samples, but as no molecular ion was found for these compounds, their presence nor absence could be conﬁrmed in the animal samples.
The most abundant radiolabeled metabolite in rat urine was an N-acetylcysteine adduct
of the quinolone moiety (MET18). In rat feces, unchanged lenvatinib comprised the majority of the lenvatinib related radioactivity. The major metabolites in rat bile were a glutathione adduct of the quinolone moiety of lenvatinib (MET15), the N-linked and S-linked
isomers of cysteinylglycine adducts of the quinoline moiety of lenvatinib (MET19A and
MET19B), the glucuronic acid conjugate of M2 (MET27), the N-oxide of lenvatinib (M3)
and unchanged lenvatinib.
In monkey urine, the most abundant radiolabeled metabolite was a dimer of cysteine adducts to the quinoline moiety (MET16) and was identiﬁed previously by Inoue et al. using
LC-MSn and NMR [15]. As a dimer may contain 2 radiolabels, the presence of this metabolite may be slightly overestimated. In monkey feces, unchanged lenvatinib comprised
the majority of the lenvatinib-related radioactivity.
The most abundant radiolabeled metabolites in human urine were a cystine adduct to
the quinoline moiety of lenvatinib (MET4), a glucuronic acid conjugate of M2 (MET27)
and the unidentiﬁed metabolite D. In human feces, only a limited amount of unchanged
lenvatinib was detected. The major radioactive components in feces were the demethylated derivative of lenvatinib (M2), the quinolinone form of lenvatinib (M3’) and a combination of those (M2’), together with the unidentiﬁed metabolite MET41.
Apart from the radiolabeled metabolites, also non-radiolabeled metabolites were detected in the samples by comparison of the predose and postdose LC-MS chromatograms.
The non-radiolabeled glucuronic acid conjugate of the chlorophenol moiety of lenvatinib
(MET20.1) produced high intensity peaks in the extracted ion chromatograms of rat, monkey and human urine, suggesting that this is also a major metabolite of lenvatinib.
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Identification of metabolites
LC-MSn was the primary tool to generate the proﬁles of the metabolites and to elucidate
the structures of the metabolites. The structures were proposed based on the (if available
high-resolution) mass of molecular ions, fragmentation paterns and on comparison of
the HPLC retention times and fragmentation paterns with those of the available reference standards. High-resolution spectra and proposed fragmentation of the most abundant metabolites (MET4, MET27, M2, M3’ and M2’) are included in Supplementary Figure
1. Table 1 shows an overview of the structural information obtained by LC-MSn for the lenvatinib metabolites that were elucidated in biological samples of human, monkey and
rat. The metabolite numbers are assigned according to the retention time of the metabolite except for metabolites MET42 and MET43 and lenvatinib metabolites reported and assigned in earlier publications (M1, M2, M3, M5, M2’ and M3’), which were named by
their original assignment [16, 19, 20]. Proposed metabolic schemes are illustrated in Figure
6 and 7. The rationale for structural characterization is described below. Here the identiﬁcation of the most abundant metabolites in human are described. The identiﬁcation of
the other metabolites are described in Supplementary Data.
Lenvatinib
The identity of lenvatinib was conﬁrmed with the reference standard of lenvatinib. The
protonated molecular ion at m/z 427.1161 gave product ions at m/z 410.0896, 370.0582,
344.0790 and 327.0527 corresponding to the loss of an amine, loss of a cyclopropylamine,
loss of a cyclopropylformamide and loss of an amine and cyclopropylformamide, respectively.
Metabolite MET4
MET4 had a protonated molecular ion at m/z 441.0890. The MS-spectra and proposed
fragmentation are included in Supplementary Figure 1. The major product ions were detected at m/z 424.0621 (loss of NH3), m/z 396.0677 (loss of HCO2), m/z 354.0570 (loss of alanine moiety), m/z 320.0694 (loss of cysteine moiety), m/z 288.0975 (loss of thiocysteine
moiety) and m/z 244.1072 (loss of both thiocysteine moiety and CO2). The proposed identity is a cystine adduct of the quinoline moiety of lenvatinib.
Metabolite MET27
MET27 had a protonated molecular ion at m/z 589.1325. The MS-spectra and proposed
fragmentation are included in Supplementary Figure 1. The major product ions were detected at m/z 413.1002 (loss of pyroglucuronic acid) and m/z 330.0630 (loss of pyroglucuronic acid and cyclopropylformamide). The MS3 spectrum of the product ion at m/z 413
(loss of pyroglucuronic acid) showed fragments of m/z 396 (additional loss of NH3), m/z
356 (additional loss of cyclopropylamine), m/z 330 (additional loss of cyclopropylforma-

357

17

LENVATINIB

mide) and m/z 313 (additional loss of cyclopropylformamide and NH3). This MS3 spectrum was identical to the MS2 spectrum of M2 (O-desmethyl lenvatinib). The proposed
identity of this metabolite is a glucuronic acid conjugate of M2, which was conﬁrmed by
incubation with β-glucuronidase.
Metabolite MET36
MET36 had a protonated molecular ion at m/z 459.1064 with a fragment m/z 441.0953 (loss
of water) also present in the MS1 spectrum. The MS2 spectrum of m/z 459 showed one
product ion at m/z 441 (loss of water). The MS2 spectrum of m/z 441 was identical to the
MS3 spectrum of the product ion at m/z 441, formed from m/z 459. They showed one product ion at m/z 424.0686 (loss of NH3). The MS3 spectrum of m/z 424 formed from the product ion of m/z 441 (hypothetically identical to a MS4 spectrum of 459) showed the
following product ions: m/z 396 (additional loss of CO), m/z 388 (not assigned), m/z 353
(loss of oxidated cyclopropylamine) and m/z 327 (not assigned). The proposed identity of
this metabolites is an oxidated metabolite on the cyclopropylamine moiety of M3’.
Metabolite M2
The identity of this metabolite was conﬁrmed with the reference standard of M2: a demethylated derivative of lenvatinib). The MS-spectra and proposed fragmentation are included in Supplementary Figure 1. M2 had a protonated molecular ion at m/z 413.1006
and product ions at m/z 396.0738 (loss of NH3), 356.0426 (loss of cyclopropylamine),
330.0637 (loss of cyclopropylformamide) and 313 (loss of cyclopropylformamide and
NH3). The MS3 spectrum of m/z 396 showed a product ion at m/z 378 (additional loss of
water).
Metabolite M3’
The identity of this metabolite was conﬁrmed with the reference standard of M3’: a quinolinone form of lenvatinib. The MS-spectra and proposed fragmentation are included in
Supplementary Figure 1. M3’ had a protonated molecular ion at m/z 443.1110 and product
ions at m/z 426.0844 (loss of NH3), m/z 386 (loss of cyclopropylamine), m/z 360.0740 (loss
of cyclopropylformamide) and m/z 343.0474 (loss of cyclopropylurea). The MS3 spectrum
of m/z 426 showed product ions of m/z 409 (additional loss of 17 Da, not assigned), m/z 381
(additional loss of 45, not assigned), m/z 369 (additional loss of cyclopropylamine) and m/z
343 (additional loss of cyclopropylformide).
Metabolite M2’
The identity of this metabolite was conﬁrmed with the reference standard of M2’: a quinolinone form of demethylated lenvatinib. The MS-spectra and proposed fragmentation
are included in Supplementary Figure 1. M2’ had a protonated molecular ion at m/z
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429.0987 and product ions at m/z 412.0691 (loss of NH3), m/z 372.0378 (loss of cyclopropylamine), m/z 346.0585 (loss of cyclopropylformamide), m/z 355.0112 (loss of cyclopropylamine and NH3) and m/z 329.0321 (loss of cyclopropylformamide and NH3 or loss of
cyclopropylurea). The MS3 spectrum of m/z 412 showed product ions at m/z 395 (additional loss of 17 Da, not assigned), m/z 367 (additional loss of 45 Da, not assigned), m/z 355
(additional loss of cyclopropylamine) and m/z 329 (additional loss of cyclopropylformide).
The MS3 spectrum of m/z 329 (loss of cyclopropylformamide and NH3 or loss of cyclopropylurea) showed product ions at m/z 301 (loss of cyclopropylformamide and NH3 and
additional loss of CO), m/z 293 (additional loss of HCl), m/z 284 (loss of cyclopropylurea
and additional loss of carboxamide group) and m/z 266 (loss of cyclopropylurea and additional loss of carboxamide group and water).
Unknown metabolites
As described above LC-MSn was the primary tool to generate the proﬁles of the metabolites and to elucidate their molecular structures. This was performed by using a LC-LSCMS setup in which peaks from the obtained radiochromatograms were compared to peaks
in the MS chromatograms. In addition to the identiﬁed metabolites, there were peaks visible in the radiochromatograms that could not be matched to any peak in the MS chromatograms and were thus labeled unknown metabolites. These metabolites for which no
molecular ion was identiﬁed and which were detected using chromatography method 1
were assigned a leter (A-E).
Metabolites A, B and D were found in human urine and accounted for 0.78%, 0.99% and
3.7%, respectively, of the administered 14C-lenvatinib dose between 0 – 168 h after dosing.
Metabolites C and E were found in human feces and accounted for 3.4% and 0.68%, respectively, of the administered 14C-lenvatinib dose between 0 – 168 h after dosing. None
of these metabolites were detected in human plasma, so therefore no additional safety
testing of drug metabolites is required according to the MIST guidelines [21].
Unknown metabolites detected using chromatographic method 2 were numbered according to their retention time (MET1, MET2, MET11, MET25 and MET41). Metabolites
MET1, MET11 and MET25 were previously found in monkey plasma, rat urine and monkey bile, respectively. The structures of these metabolites were not elucidated and the
metabolites were not detected in humans. Metabolites MET2 and MET41 were detected
as an early (polar) and late (apolar) eluting peak in most matrices (see Figure 5), but because no molecular ion could be found also their identities remained unknown.
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Unknown

MET5

360
283.0383

Sulfonic acid of the quinoline
moiety of lenvatinib

Glutathione disulfanyl cysteine
adduct of the quinoline moiety C24H31N6O10S2+
of lenvatinib

Unknown

Unknown

Unknown

S-linked cysteine adduct of the
C14H16N3O4S+
quinoline moiety of lenvatinib

MET8

MET9

A

B

C

MET12

Unknown

Unknown

Unknown

NA

283

451

684

269.1491

441.0890

498.1114

322.0856

322

Unknown Unknown

Unknown Unknown

Unknown Unknown

627.1538

451.1282

γ-Glutamyl-cysteine adduct of
the quinoline moiety of lenvati- C19H23N4O7S+
nib

MET7
C11H11N2O5S+

684.1752

Glutathione disulfanyl cysteinylglycine adduct of the quino- C26H34N7O11S2+
line moiety of lenvatinib

MET6

Unknown

441.0897

Cystine adduct of the quinoline
C17H21N4O6S2+
moiety of lenvatinib

MET4
Unknown

498.1112

Unknown Unknown

MET3

Unknown

427.1161

Unknown Unknown

Unknown

Unknown

427.1168

Cystinylglycine adduct of the
C19H24N5O7S2+
quinoline moiety of lenvatinib

Unknown

MET1

C21H20ClN4O4+

NA

NA

NA

NA

NA

1.1

NA

NA

NA

-1.6

0.4

NA

NA

-1.6

305, 235

-

-

-

498, 354, 244

266, 202

322, 305, 235

555, 411, 377

277, 164

354, 320, 288

481, 453, 411, 377,
345, 320

410, 370, 344, 327

Calculated Observed Mass error
Major fragment
m/z
m/z
(ppm)

MET2

Lenvatinib

Description proposed identity Formula

P

Name

Structure
characterization

Rat

-

-

-

Monkey
(liver)

Rat

Rat

Rat

Rat

Human,
monkey

Human,
monkey

-

-

Proposed

Proposed

Proposed

Proposed

Proposed

Proposed

Human,
Conﬁrmed by
monkey, rat authentic standard

Species

Table 1. Overview of structural information obtained by LC-MSn for lenvatinib metabolites detected in biological samples of rat, monkey and human.
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Mercaptoacetic acid conjugate
of the quinoline moiety of len- C13H13N2O4S+
vatinib

MET13

755.1912
364.0962

N-acetylcysteine adduct of the
C16H18N3O5S+
quinoline moiety of lenvatinib

MET17

361
322.0856

MET 21

322

403.0900

Unknown Unknown

698

698.1697

N-linked cysteine adduct of the
C14H16N3O4S+
quinoline moiety of lenvatinib

Unknown

379.1068

364.0960

755

379.1071

403.0903

Unknown

Structural isomers of cysteinylglycine adducts of the quinoline
C16H19N4O5S+
moiety of lenvatinib (N-linked
or S-linked)
Heterodimer of the cysteine adduct of the quinoline moiety of
lenvatinib and the cysteinylgly- C30H32N7O9S2+
cine adduct of the quinoline
moiety of lenvatinib

Glucuronic acid conjugate of
MET 20.1 the chlorophenol moiety of len- C16H20ClN2O8+
vatinib

E

MET20

MET19

MET18

224

Unknown

Unknown

Dimer of the cysteinylglycine
adducts of the quinoline moiety C32H35N8O10S2+
of lenvatinib

D

Unknown

641.1484

641.1483

Dimer of the cysteine adducts
to the quinoline moiety of len- C28H29N6O8S2+
vatinib

MET16

508

508.1497

Glutathione adduct of the quiC21H26N5O8S+
noline moiety of lenvatinib

MET15

219.0761

293.0587

O-deschlorobenzyl lenvatinib

219.0764

293.0591

NA

-0.7

NA

NA

-0.8

-0.5

NA

NA

0.2

NA

-1.4

-1.4

276, 244, 218, 161

277

-

411, 244

262, 333, 276, 235,
218

347, 235

738, 411, 379

-

354, 288, 244

291, 433, 379, 235

202

276, 249, 232, 216,
204

Calculated Observed Mass error
Major fragment
m/z
m/z
(ppm)

M5

C11H11N2O3+

Description proposed identity Formula

Name

Proposed

Structure
characterization

Proposed

Proposed

Proposed

Proposed

Proposed

Proposed

Rat

Proposed

Human,
Conﬁrmed by
monkey, rat authentic standard

-

Monkey

Rat

Monkey, Rat

Rat

-

Monkey

Rat

Human,
Conﬁrmed by
monkey, rat authentic standard

Monkey

Species
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265.0641
589.1332
387.0855
360.0746
227.0582

C26H26ClN4O10+
C18H16ClN4O4+

Glucuronic acid conjugate of
M2

N-descyclopropyl lenvatinib

Quinolinone form of the aniline
C17H15ClN3O4+
derivative of lenvatinib

Chlorophenol metabolite of lenC10H12ClN2O2+
vatinib

MET26

MET27

M1

MET29

MET 29.1

Unknown

Unknown

Methyl sulfoxide conjugate of
the quinoline moiety of lenvati- C12H13N2O3S+
nib

MET25

Unknown

307.0150

C10H12ClN2O5S+

Sulfate conjugate of the chlorophenol moiety of lenvatinib

MET 24.1

227.0579

360.0743

387.085

589.1325

265.064

585.1165

307.0149

506.0962

579.1656

579.1656

506.0961

522.1436

522.1442

-1.3

-0.8

-1.3

-1.2

-0.4

NA

-0.3

0.2

0.0

-1.1

209, 158

343, 237

370, 344

413, 330

247, 130

-

289, 247, 216

330, 313

562, 534, 516

505, 244

Calculated Observed Mass error
Major fragment
m/z
m/z
(ppm)

Glucuronic acid conjugate of
the aniline derivative of lenvati- C22H21ClN3O9+
nib

Cysteine adduct to two molecules of the quinoline moiety of
lenvatinib, linked with the thiol C25H24N5O6S+
and amino groups of one molecule of cysteine
Cysteinylglycine adduct to two
molecules of the quinoline
moiety of lenvatinib, linked
C27H27N6O7S+
with the thiol and amino
groups of one molecule of cysteinylglycine

Description proposed identity Formula

MET24

MET 23

MET 22

Name

Proposed

Proposed

Conﬁrmed by
authentic standard

Proposed

Proposed

Proposed

Structure
characterization

Proposed
Human,
Conﬁrmed by
monkey, rat authentic standard

Rat

Human,
Conﬁrmed by
monkey, rat authentic standard

Human,
monkey, rat

Monkey

-

Monkey, rat

Human, rat

Monkey, rat

Human,
monkey rat

Species

Table 1 continued. Overview of structural information obtained by LC-MSn for lenvatinib metabolites detected in biological samples of rat, monkey
and human.
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619.1438
344.0796
443.1117
443.1117

443.1117
459.1066
413.1011
443.1117
429.0960

Unknown Unknown
267.0674

281.0830

C27H28ClN4O11+

Aniline derivative of lenvatinib C17H15ClN3O3+
C21H20ClN4O5+

Oxidated metabolite on the cyclopropylamine moiety of len- C21H20ClN4O5+
vatinib

Oxidated metabolite on the cyC21H20ClN4O6+
clopropylamine moiety of M3’

Demethylated derivative of lenC20H18ClN4O4+
vatinib

Quinolinone form of lenvatinib C21H20ClN4O5+

Unknown

N-oxide on the quinoline
moiety of lenvatinib

Hydroxylated metabolite on the
cyclopropyl moiety of lenvati- C21H20ClN4O5+
nib

C20H18ClN4O5+

Glucuronic acid conjugate of
M3’

Quinolinone form of M2

Unknown

2-mercaptoethanol conjugate of
C12H12N2O3S+
the demethylated quinoline
moiety of lenvatinib

2-mercaptoethanol conjugate of
the quinoline moiety of lenvati- C13H14N2O3S+
nib

MET31

MET32

M3

MET34

MET35

MET36

M2

363

M3’

M2’

MET41

MET42

MET43

281

267

429.0987

443.1110

413.1006

459.1064

443.1116

443.1116

443.1114

344.0792

619

428.1007

428.1008

Carboxylic acid metabolite resulting from hydrolysis of the C21H19ClN3O5+
amide moiety of lenvatinib

MET30

NA

NA

NA

6.3

-1.6

-1.2

-0.4

-0.2

-0.2

-0.7

-1.2

NA

-0.2

Proposed

Proposed

Proposed

237, 220

250, 222, 206

Human

Human

-

Proposed

Proposed

Conﬁrmed by
authentic standard

Human,
monkey
412, 372, 346, 355,
329
-

Conﬁrmed by
authentic standard

Human,
monkey

Human,
Conﬁrmed by
monkey, rat authentic standard

Human

Rat

Human,
monkey, rat

426, 386, 360, 343

396, 356, 330

424

370, 338

425, 387, 370, 344

386

Human,
Conﬁrmed by
monkey, rat authentic standard

Proposed

Human,
monkey, rat

327, 312

Proposed

Human

602, 536, 443, 426,
360

Proposed

Structure
characterization

Human,
monkey, rat

Species

410, 371

Calculated Observed Mass error
Major fragment
m/z
m/z
(ppm)

Description proposed identity Formula

Name
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Discussion
This study aimed to determine the metabolism and disposition of lenvatinib in human
and to elucidate the metabolic pathways of lenvatinib by investigating and comparing its
metabolite proﬁles in rat, monkey and human samples after 14C-lenvatinib administration. It was found that after administration of a single oral dose of 14C-lenvatinib to 6 patients, 23% of the radioactivity was recovered in urine and 65% in feces collected over 168
h. The total recovery of 88% found in this study corresponds with recovery of 89% found
in the previously published human mass balance study of 14C-lenvatinib [16].
The chromatographic resolution of the radiochromatograms in this study is limited. The
chromatographic separation could have been improved by using ultra high performance
liquid chromatography (UHPLC) instead of HPLC and the chromatographic resolution
in the radiochromatograms by collecting smaller fractions. However, because the measurement of radioactivity is based on absolute values, large injection volumes (up to 50
µL) needed to be injected onto the column in order to obtain detectable amounts of ra-

Figure 6. Proposed metabolic scheme for lenvatinib in rat, monkey and human. R: metabolite found
in rat (R); monkey (M) and human (H) samples.
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dioactivity in the fractions. These injection volumes are incompatible with UHPLC columns because of their small internal volume. Additionally, the fraction size of 1 min was
selected to compromise between chromatographic resolution and sensitivity for the radioactivity measurements. Therefore the used methods were considered appropriate for
the metabolite proﬁling of lenvatinib.
The preparation of plasma and feces for metabolite proﬁling suﬀered from low sample extraction recoveries. Various methods to increase the recovery were tested, such as increasing the organic solvent concentration in the reconstitution solution and varying the
pH between 6.6 and 8.0 during the extraction. Although an increase in organic solvent
concentration in the reconstitution solution did result in a higher recovery, a solvent eﬀect
was observed in the chromatography. An important diﬀerence was however observed
between the two matrices. During the sample preparation of plasma, compound-speciﬁc
losses were suspected, because the extraction recovery decreased over collection time (Figure 3A). A targeted analysis of non-radioactive lenvatinib-related compounds in selected plasma samples revealed that only MET29.1 could be detected. This suggests the

17

Figure 7. Proposed metabolic scheme for lenvatinib in rat, monkey and human after spliting of lenvatinib in the quinolone and chlorophenol moieties. R: metabolite found in rat sample(s); Ra: metabolite only found in rat bile; M: metabolite found in monkey sample(s); Mb: metabolite only
found in monkey liver (in a separate study); H: metabolite found in human sample(s).
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presence of conjugates to the quinoline-moiety of lenvatinib that are covalently bound to
plasma proteins, impeding their extraction. Because of their low abundancy, this could
not be conﬁrmed with the 2-ME treatment. Still, the unextracted radioactivity was therefore considered a separate group of metabolites and radiochromatographic peaks were
not corrected for sample preparation recovery.
Contrary to the plasma samples, the feces samples showed no time-related trend in recovery (Figure 3B), but they were observed to yield a higher extraction recovery in portions containing more water. The low sample preparation recovery was therefore most
likely due to the inaccessible nature of the matrix, rather than due to the formation of
non-extractable metabolites. This was supported by the treatment of the feces pellets after
extraction with 2-ME. Instead of free thiol derivatives of the quinoline moiety of lenvatinib that were expected to be formed after 2-ME assisted reduction of disulﬁde bonds between these derivatives and proteins, only 2-ME conjugates of the quinoline moiety and
demethylated quinoline moiety of lenvatinib were found (MET42 and MET43). Therefore,
for feces, correction of radiochromatograms with the sample extraction recovery was considered acceptable.
Unchanged lenvatinib was the most predominant lenvatinib-related product in plasma.
As opposed to the plasma samples, lenvatinib accounted for only a small amount of the
radioactivity in urine (0.38% of the administered dose) and feces (2.5% of the administered dose). In this study around ﬁfty compounds related to lenvatinib were detected in
samples originating from rat, monkey and/or human. The majority of the chemical structures of these compounds were further characterized. The Proposed metabolic schemes
of lenvatinib in rat, monkey and human are presented in Figure 6 and Figure 7.
Proposed phase 1 metabolic pathways of lenvatinib are (N-)oxidation, hydroxylation,
dealkylation and hydrolysis. Some of the resulting metabolites were further metabolized,
for example by conjugation with glucuronic acid, sulphate or glutathione. Figure 6 gives
an overview of these metabolic pathways. N-oxidation of lenvatinib resulted in M3. Oxidation or hydroxylation at the cyclopropyl moiety resulted in formation of MET34 and
MET35. In line with a previously reported oxidative metabolic pathway of lenvatinib
(Inoue et al., 2014), also oxidation products in the form of a quinolinone were detected.
These were M3’, which can directly be formed from lenvatinib by aldehyde oxidase [20],
MET36, which is proposed to be a product of oxidation of M3’, M2’, which can only be formed via the demethylated lenvatinib metabolite (M2) [20] and MET29, which is proposed
to be formed from the product of lenvatinib hydrolysis of the cyclopropylformamide
moiety (MET32). A second hydrolysis product, whereby the amine group is hydrolyzed,
is assigned MET30. A second dealkylation product is M1, the decyclopropylated form of
lenvatinib.
Glucuronic acid conjugation of M2 and M3’ resulted in formation of MET27 and MET31,
respectively. Hydrolysis of the cyclopropylformamide moiety of MET27 resulted in the
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formation of MET24.
An additional metabolic pathway of lenvatinib is proposed in Figure 7. Lenvatinib is proposed to be hydrolytically split into the quinoline moiety M5 and the non-radiolabeled
chlorophenol moiety MET29.1. The chlorophenol moiety of lenvatinib was conjugated
with sulphate, resulting in MET24.1 and with glucuronic acid, resulting in MET20.1.
As was demonstrated by Inoue et al. [15], the chlorophenol moiety of lenvatinib could
also be displaced by either glutathione, to form MET15, or by cysteine, to form an S-linked cysteine conjugate of the quinoline moiety MET12. The later (MET12) could also be
formed from biodegradation of the glutathione conjugate (MET15), after formation of a
γ-glutamyl-cysteine conjugate (MET7) or an S-linked cysteinylglycine conjugate
(MET19b) of the quinoline moiety of lenvatinib.
Also biodegradation products of the S-linked cysteine conjugate of the quinoline moiety
(MET12) were observed, whereby the cysteine conjugate was proposed to be transformed
to N-acetylcysteine (mercapturic acid) (resulting in MET18), mercaptoacetic acid (resulting in MET13), sulphinic acid (resulting in MET10), methyl sulphoxide (resulting in
MET26) or sulphonic acid (resulting in MET8). This metabolic pathway generally follows
the glutathione biodegradation pathway as reported by Levsen et al. [22].
Also N-linked cysteine (MET21) and cysteinylglycine (MET19a) conjugates of the quinoline moiety were observed. These were probably formed by intramolecular S-to-N rearrangement of (MET12) and (MET19a), respectively, as previously described by Inoue et
al. [15]. The N-linked cysteine (MET21) and cysteinylglycine (MET19a) conjugates were
in turn conjugated with glutathione, resulting in MET9 (only observed in monkey liver,
not in present study) and MET6, respectively. Degradation products of cysteine (MET4)
and cysteinylglycine (MET3) adducts of the quinoline moiety of lenvatinib were detected,
too. Finally, homo- and hetero dimers of the N-linked cysteine (MET21) and cysteinylglycine (MET19a) conjugates were observed, whereby two quinoline moieties were
bound by cysteine (MET22), cysteinylglycine (MET23), cysteine (MET16), cysteinylglycine and cysteine (MET20) or two cysteinylglycine groups (MET17).
In summary, the biotransformation of lenvatinib is very extensive in the three investigated species. The primary pathways for biotransformation of lenvatinib were hydrolysis,
oxidation and hydroxylation, N-oxidation, dealkylation and glucuronidation. These results conﬁrm the preclinical results that were published previously [15,20]. The great majority of the proposed lenvatinib metabolites described in this study, has never been
described before. Some metabolic pathways seem to be unique for diﬀerent species.
Pathways that are unique for rats and monkey are gluthathione and cysteine conjugation
of lenvatinib only and the subsequent rearrangement was only seen in rats. Dimerization
of metabolites was more common in monkey and rat samples. In humans MET22 was the
only found dimerized metabolite. MET36, MET31 and MET24 were only detected in
human samples and MET3, MET4, M3’ and M2’ were only detected in human and mon-
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key samples. In general, the formation of quinolinone derivatives of lenvatinib was far
more common in human than in monkey and rat. This variability in metabolite presence
in diﬀerent species makes it diﬃcult to compare potential toxicity issues with lenvatinib
and metabolites between these species. It is however known that some quinolinone metabolites of other drugs can crystallize which may cause species-speciﬁc renal toxicity
[23]. Nevertheless, the low levels of metabolites found in human plasma as compared to
unchanged lenvatinib suggest a limited contribution of metabolites to the toxicity of lenvatinib. Additionally, because of their minor presence in human plasma, the metabolites
are not expected to contribute to the eﬃcacy seen with the compound.
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Supplementary Data 1. Identification of lenvatinib metabolites in humans, rat and monkey.
Metabolite MET3
MET3 had a protonated molecular ion at m/z 498.1114. The major product ions were m/z
481 (loss of NH3), m/z 453 (loss of HCO2), m/z 411 (loss of alanine moiety), m/z 377 (loss of
cysteine moiety), m/z 345 (loss of thiocysteine moiety) and m/z 320 (loss of both cysteine
moiety and acetic acid moiety). The proposed identity is a cysteine disulfanyl cysteinylglycine (=cystinylglycine) adduct of the quinoline moiety of lenvatinib.
Metabolite MET6
MET6 had a protonated molecular ion at m/z 684. The major product ions of MET6 were
m/z 667 (loss of NH3), m/z 555 (loss of pyroglutamic acid), m/z 411 (loss of γ-glutamylalaninylglycine) and m/z 377 (loss of glutathione). The MS3 spectrum of m/z 555 showed a
fragment at m/z 345 (loss of disulfanyl cysteinylglycine). The proposed identity is a glutathione disulfanyl cysteinylglycine adduct of the quinoline moiety of lenvatinib.
Metabolite MET7
MET7 had a protonated molecular ion at m/z 451. The major product ions of MET7 were
m/z 388, m/z 322 (loss of pyroglutamic acid), m/z 305 (loss of glutamine), m/z 276 (loss of
pyroglutamic acid followed by loss of a carboxyl group), m/z 235 (loss of N-(γ-glutamyliminopropionic acid)) and m/z 218 (loss of N-(γ-glutamyl-iminopropionic acid) and NH3).
The MS3 spectrum of m/z 305 showed product ions of m/z 288 (loss of NH3) and m/z 260
(loss of carboxamide). The proposed identity is a γ-glutamyl-cysteine adduct of the quinoline moiety of lenvatinib.
Metabolite MET8
MET8 had a protonated molecular ion at m/z 283. The major product ions of MET8 were
m/z 266, m/z 219 and m/z 202. The MS3 spectrum of m/z 266 showed a fragment at m/z 251.
The proposed identity of this metabolite is a sulfonic acid of the quinoline moiety of lenvatinib. This is supported by the presence of fragment ions of [M-HSO3]+ (m/z 202) and [MSO2]+ (m/z 219), which are characteristic for aromatic sulfonic acids [24].
Metabolite MET9
MET9 had a protonated molecular ion at m/z 627 and was only found in monkey liver
during the metabolite proﬁling study of 14C-lenvatinib in rats and monkey by Eisai Co.,
Ltd, Ibaraki, Japan. The major product ions of MET9 were m/z 498, 354 and 244. The proposed identity was a gluthathione disulfanyl cysteine adduct of the quinoline moiety of
lenvatinib.
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Metabolite MET10
MET10 had a protonated molecular ion at m/z 267.0434. The major product ions of MET10
were m/z 249.0325 (loss of water), m/z 232 (loss of water and NH3) and m/z 219 (loss of SO).
Based on the high-resolution m/z value of the molecular ion, the proposed molecular composition of this metabolite is C11H11N2O4S+, suggesting a sulﬁnic acid of the quinoline
moiety of lenvatinib.
Metabolite MET12
MET12 had a protonated molecular ion at m/z 322. The major product ions were m/z 305
(loss of NH3), m/z 235 (loss of alanine moiety of cysteine), m/z 218 (loss of alanine moiety
of cysteine and NH3) and m/z 160 (loss of the alanine moiety of cysteine, the methoxy
moiety and the carboxamide moiety). The proposed identity is a cysteine adduct of the
quinoline moiety of lenvatinib.
Metabolite MET13
MET13 had a protonated molecular ion at m/z 293.0587. The major product ions were m/z
276.0320 (loss of NH3), 249.0690 (loss of CO2), 232.0423 (loss of NH3 and CO2), 216.0890
(loss of CO2HS according to HR mass, but not assigned) and 204.0473 (loss of CO2 and the
carboxamide moiety). The proposed identity is a mercaptoacetic acid conjugate of the
quinoline moiety of lenvatinib.
Metabolite M5
The identity of this metabolite was conﬁrmed with the reference standard of M5: O-dechlorobenzyl lenvatinib. The protonated molecular ion at m/z 219.0761 gave a product ion
at m/z 202.0495 (loss of NH3) and was fragmented during MS3 into 146 (loss of carboxamide and the methoxy moiety).
Metabolite MET15
MET15 had a protonated molecular ion at m/z 508. The major product ions were m/z 491
(loss of NH3), m/z 433 (loss of glycine), m/z 379 (loss of pyroglutamic acid), m/z 235 (loss
of γ-glutamylalinylglycine), m/z 218 (loss of γ-glutamylalinylglycine and NH3) and m/z
160 (loss of γ-glutamylalinylglycine, the methoxy moiety and the carboxamide moiety).
The proposed identity of this metabolite is a glutathione adduct of the quinoline moiety
of lenvatinib.
Metabolite MET16
MET16 had a protonated molecular ion at m/z 641.1484. The major product ions were m/z
354 (loss of aniline bound to the quinoline moiety of lenvatinib), m/z 288 (loss of thiocysteine moiety bound to the quinoline moiety of lenvatinib) and m/z 244 (loss of both thio-
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cysteine moiety bound to the quinoline moiety of lenvatinib and CO2). The proposed identity of this metabolite is a dimer of the cysteine adduct of the quinoline moiety of lenvatinib.
Metabolite MET17
MET17 had a protonated molecular ion at m/z 755. The major product ions were m/z 738
(loss of NH3), 411 (loss of alanylglycine bound to quinoline moiety of lenvatinib) and 379
(loss of cysteinylglycine bound to quinoline moiety of lenvatinib). The proposed identity
of this metabolite is a dimer of the cysteinylglycine adducts of the quinoline moiety of lenvatinib.
Metabolite MET18
MET18 had a protonated molecular ion at m/z 364.0960. The major product ions were m/z
347.0691 (loss of NH3) and m/z 235.0532 (loss of N-acetylalanine). The MS3 spectrum of m/z
235 showed fragments m/z 218 (loss of N-acetylalanine and NH3), 192, 203 and 160 (loss
of N-acetylalanine, the methoxy moiety and the carboxamide moiety). The proposed identity of this metabolite is an N-acetylcysteine (mercapturic acid) adduct of the quinoline
moiety of lenvatinib.
Metabolite MET19a and MET19b
MET19 had a protonated molecular ion at m/z 379. The major product ions were m/z 362
(loss of NH3), m/z 276 (loss of N-formylglycine moiety), m/z 235 (loss of glycylalanine
moiety) and m/z 218 (loss of glycylalanine moiety and NH3, suggesting an S-linked cysteinylglycine adduct or loss of a 3-sulfanylpropanoylglycine moiety, suggesting an N-linked cysteinylglycine adduct). The MS3 spectrum of m/z 235 showed a fragment at m/z 218
during (S-linked cysteinylglycine adduct). However, the product ion at m/z 218 fragmented into m/z 203, suggesting an N-linked cysteinylglycine adduct. Additionally, a product ion of m/z 160 (loss of N-acetylalanine, the methoxy moiety and the carboxamide
moiety) was formed, indicative for an S-linked cysteinylglycine adduct. The proposed
identity of this compound is a mixture of structural isomers of cysteinylglycine adducts
of the quinoline moiety of lenvatinib, N-linked (MET19a) or S-linked (MET19b).
Metabolite MET20
MET20 had a protonated molecular ion at m/z 698. The major product ions were m/z 411
(loss of alanine bound to the quinolone moiety of lenvatinib) and m/z 244 (loss of disulfanyl cysteinylglycine bound to the quinoline moiety of lenvatinib and CO2). The proposed identity of this metabolite is a heterodimer of a cysteine adduct of the quinoline
moiety of lenvatinib and a cysteinylglycine adduct of the quinoline moiety of lenvatinib.
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Metabolite MET20.1
The identity of this metabolite was conﬁrmed with the reference standard of a glucuronic acid conjugate of the chlorophenol moiety of lenvatinib. The protonated molecular
ion at m/z 403.0900 gave a product ion at m/z 227.0578 (loss of glucuronide moiety) and
was fragmented during MS3 into m/z 191 (loss of glucuronide moiety and HCl) and 184
(loss of glucuronide moiety and cyclopropyl moiety).
Metabolite MET21
MET21 had a protonated molecular ion at m/z 322. The major product ions were detected
at m/z 276 (loss of carboxyl moiety), m/z 288 (loss of thiol group), m/z 244 (loss of carboxyl
moiety and thiol group) and m/z 218 (loss of 3-sulfanylpropionic acid moiety). The proposed identity of this metabolite is an N-linked cysteine adduct of the quinoline moiety
of lenvatinib.
Metabolite MET22
MET22 had a protonated molecular ion at m/z 522.1436. The major product ions were detected at m/z 505.1163 (loss of NH3) and m/z 244.1076 (loss of thiolated quinoline moiety
of lenvatinib and carboxyl group). The MS3 spectrum of m/z 244 showed fragments at m/z
227 (additional loss of NH3) and m/z 200 (additional loss of carboxamide moiety). The
identity of this metabolite is a cysteine adduct to two molecules of the quinoline moiety
of lenvatinib, linked with the thiol and amino groups of one molecule of cysteine.
Metabolite MET23
MET23 had a protonated molecular ion at m/z 579.1656. The major product ions were detected at m/z 562.1381 (loss of NH3), m/z 534.1431 (loss of carboxamide) and m/z 516.1327
(loss of carboxamide and water). No speciﬁc losses were detected. The MS3 spectrum of
m/z 534 only revealed a fragment of m/z 516. Therefore, the proposed identity was based
on the parent mass and comparison with other metabolites that were found. The proposed identity of this metabolite is a cysteinylglycine adduct to two molecules of the quinoline moiety of lenvatinib, linked with the thiol and amino groups of one molecule of
cysteinylglycine.
Metabolite MET24
MET24 had a protonated molecular ion at m/z 506.0962. The major product ions were detected at m/z 330 (loss of the glucuronide moiety) and m/z 313 (loss of the glucuronide
moiety and NH3). The proposed identity of this metabolite is a glucuronic acid conjugate
of the aniline derivative of lenvatinib, which was conﬁrmed by incubation with β-glucuronidase.
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Metabolite MET24.1
The identity of this metabolite was conﬁrmed with the reference standard of a sulfate
conjugate of the chlorophenol moiety of lenvatinib. MET24.1 had a protonated molecular ion at m/z 307.0149 and a deprotonated molecular ion of 304.9984. Using negative ionization, product ions were detected at m/z 225.0436 (loss of sulphate conjugate) and the
MS3 spectrum of 225.0436 showed an additional product ion 189 (additional loss of chloride).
Metabolite MET26
MET26 had a protonated molecular ion at m/z 265.0640. The major product ions were observed at m/z 247 (loss of water) and 130 (not assigned). Based on the molecular ion mass
of the parent and the presence of various other catabolic products of the glutathione conjugate of the quinoline moiety of lenvatinib, the proposed structure is a methyl sulfoxide
conjugate of the quinoline moiety of lenvatinib.
Metabolite M1
The identity of this metabolite was conﬁrmed with the reference standard of M1: N-decyclopropyl lenvatinib. The protonated molecular ion at m/z 387.0850 gave product ions
at m/z 370.0583 (loss of NH3), m/z 344.0795 (loss of formamide) and m/z 327 (loss of formamide and NH3). The MS3 spectrum of the product ion at m/z 370 (loss of NH3) showed
m/z 353 (additional loss of NH3), m/z 338 (additional loss of methoxy group).
Metabolite MET29
MET29 had a protonated molecular ion at m/z 360.0743. The major product ions were m/z
343 (loss of NH3) and m/z 237 (not assigned). The MS3 spectrum provided an additional
product ion of m/z 154 (not assigned). The proposed identity of this metabolite is a quinolinone form of the aniline derivative of lenvatinib.
Metabolite MET29.1
The identity of this metabolite was conﬁrmed with the reference standard of the chlorophenol metabolite of lenvatinib. MET29.1 had a protonated molecular ion at m/z 227.0579
and a deprotonated molecular ion of 225.0422. During negative ionization product ions
were detected at m/z 189.0671 (loss of chloride) and the MS3 spectrum of 189.0671 showed
an additional product ion at m/z 106 (additional loss of cyclopropyl moiety).
Metabolite MET30
MET30 had a protonated molecular ion at m/z 428.1007. The major product ions were m/z
410.0897 (loss of water) and 371.0426 (loss of cyclopropylamine). The MS3 spectrum of
m/z 371 showed a fragment at m/z 335 (additional loss of HCl) and 312 (this product ion
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could not be assigned). Based on the molecular ion mass of the parent, the proposed identity of this metabolite is a carboxylic acid metabolite resulting from hydrolysis of the
amide moiety of lenvatinib.
Metabolite MET31
MET31 had a protonated molecular ion at m/z 619. The major product ions were m/z 602
(loss of NH3), m/z 536 (loss of cyclopropylformide), m/z 519 (loss of cyclopropylformide
and NH3), m/z 443 (loss of glucuronide), m/z 426 (loss of glucuronide and NH3), m/z 360
(loss of glucuronide and cyclopropylformide) and m/z 343 (loss of glucuronide, cyclopropylformide and NH3). The proposed identity of this metabolite is a glucuronic acid
conjugate of M3’, which is based on the accurate mass, the MS2 spectrum showing (among
others) a loss of a glucuronide and the MS3 spectrum showing high similarity with the MS2
spectrum of M3’. Tautomerization of the quinolone moiety from -NH-C=O to -N=C-OH
would lead to the formation of an O-glucuronide.
Metabolite MET32
MET32 had a protonated molecular ion at m/z 344.0792. Product ions were detected at
m/z 327 (loss of NH3) and m/z 312 (loss of methoxy group) in most samples. Based on the
high-resolution mass the proposed identity of this metabolite is an aniline derivative of
lenvatinib.
Metabolite M3
The identity of this metabolite was conﬁrmed with the reference standard of M3: an Noxide on the quinoline moiety of lenvatinib. M3 had a protonated molecular ion at m/z
443.114 and a product ion at m/z 386.0534 (loss of cyclopropylformide). The MS3 spectrum of m/z 386 showed a fragment of m/z 369 (additional loss of NH3) and other product
ions (m/z 352, 324, 295 and 260) which were not assigned.
Metabolite MET34
MET34 had a protonated molecular ion at m/z 443.116. The major product ions were m/z
425.1010 (loss of water), 387.0848 (loss of hydroxylated cyclopropyl moiety), 370.0585 (loss
of hydroxylated cyclopropyl moiety and NH3) and 344.0788 (loss of hydroxylated cyclopropylformamide). The MS3 spectrum of 387 (loss of hydroxylated cyclopropyl moiety)
showed a fragment at m/z 370 (additional loss of NH3). The proposed identity of this metabolite is a hydroxylated metabolite on the cyclopropyl moiety of lenvatinib.
Metabolite MET35
MET35 had a protonated molecular ion at m/z 443.116. The major product ions were m/z
425 (loss of water), m/z 370.0586 (loss of hydroxylated cyclopropylamine) and m/z 338
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(loss of cyclopropylamine and methoxy group). The MS3 spectrum of m/z 370 (loss of hydroxylated cyclopropylamine) showed fragments at m/z 338 (additional loss of methoxy
group) and m/z 312 (not assigned). The proposed identity of this metabolite is an oxidated metabolite on the cyclopropylamine moiety of lenvatinib.
Metabolite MET42
MET42 had a protonated molecular ion at m/z 267. The product ion was detected at m/z
250 (loss of NH3) and the MS3 spectrum of m/z 250 showed a product ion at 206 (loss of
C2H4O). The proposed structure of this metabolite was a 2-mercaptoethanol conjugate of
the demethylated quinoline moiety of lenvatinib.
Metabolite MET43
MET43 had a protonated molecular ion at m/z 281. The product ion was detected at m/z
237 (loss of C2H4O) and the MS3 spectrum of m/z 237 showed a product ion at 220 (additional loss of NH3). The proposed structure of this metabolite was a 2-mercaptoethanol
conjugate of the quinoline moiety of lenvatinib.
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Supplementary Figure 1. High-resolution spectra and proposed fragmentation of the most abundant metabolites (MET4, MET27, M2, M3’ and M2’).

LENVATINIB

377

M3’

M2

Proposed fragmentation

High resolution MS2 spectrum

MS3 fragment of most abundant fragment

METABOLITE PROFILING

17

M2’).

M2’

Proposed fragmentation

High resolution MS2 spectrum

MS3 fragment of most abundant fragment

Supplementary Figure 1 continued. High-resolution spectra and proposed fragmentation of the most abundant metabolites (MET4, MET27, M2, M3’ and
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CONCLUSIONS AND PERSPECTIVES

Conclusions and perspectives
Cancer is already among the leading causes of death worldwide and the number of new
cases is expected to rise by about 70% over the next two decades [1]. Even though the
number of new cases will rise, the survival rates are also increasing due to earlier diagnosis and/or more eﬀective treatment [1]. Beter knowledge about the absorption, distribution, metabolism and excretion (pharmacokinetics) of a drug and its possible
correlation to treatment outcome and toxicity may contribute to increased eﬃcacy and
beter tolerance of therapy [2]. This thesis adds new useful information to the large pool
of knowledge of quantitative pharmacokinetics in cancer treatment.
The main focus of the studies described in this thesis is the characterization and quantiﬁcation of the pharmacokinetics of novel anticancer agents. Bioanalytical methods were
developed for this purpose. The overall conclusions of this thesis are discussed here and
presented in broader perspective.

Bioanalysis
Assays for the quantiﬁcation of vemurafenib, dabrafenib, trametinib, cobimetinib, and
olaparib in plasma, and for vemurafenib also in dried blood spot (DBS) samples, were
developed to support clinical pharmacological studies and therapeutic drug monitoring
of these targeted therapies. Assays for the quantiﬁcation of omacetaxine and vosaroxin in
plasma and urine were developed to support mass balance studies with these new chemotherapeutic agents. All quantitative bioanalytical assays were based on liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS).
The combination assays of vemurafenib and cobimetinib and of dabrafenib and trametinib were challenging due to the large diﬀerence in calibration ranges for the analytes. To
prevent saturation of the MS detector by vemurafenib and dabrafenib, the collision energy
(CE) was counter-intuitively deoptimized for these compounds (optimized for these assays). In addition the samples were diluted which ﬁnally resulted into accurate and precise quantiﬁcation of all analytes.
We also developed and validated a method quantifying vemurafenib in DBS samples. Selection of the right sample collection card for each compound can be diﬃcult and often
demands further investigation. Consistent, precise and reproducible recovery is important for accuracy, precision, stability and the robustness of the method and is hard to
achieve when the wrong sample collection card is selected. For vemurafenib FTA DMPKA cards were chosen, because the sum of the absolute deviation of the calibration samples
was the lowest and long stability was achieved. Since vemurafenib is a hydrophobic compound and the solubility is low, the addition of the surfactants sodium dodecyl sulfate
(SDS) and tromethamine (TRIS) contribute to beter solubility of vemurafenib in the presence of these surfactants.

387

18

CONCLUSIONS AND PERSPECTIVES & SUMMARY

For the method development of omacetaxine and vosaroxin both unchanged compound
and the metabolites were incorporated. For omacetaxine all analytes had a stable isotope
as internal standard, for the metabolites of vosaroxin this was not the case. Therefore the
stable isotope of vosaroxin was used for all analytes as internal standard. This internal
standard, however, did not minimize the matrix eﬀects eﬀectively for O-desmethylvosaroxin, which is a minor metabolite of vosaroxin, in urine. These matrix eﬀects ﬁnally
showed to be one of the problems during the failed incurred sample reproducibility (ISR)
investigation. In addition endogenous interferences and the formation of O-desmethylvosaroxin-like metabolites in clinical urine samples also played a role. Co-elution of a formed metabolite cannot be tested during a method validation using spiked samples.
Analysis of clinical study samples during the validation could contribute to faster identiﬁcation of these problems. Finally a diﬀerent and separate assay was developed and validated to quantify O-desmethylvosaroxin in urine, using diﬀerent chromatographic
setings, which passed ISR.
A complicating factor for the analysis of omacetaxine and its metabolite in plasma was the
conversion of omacetaxine by plasma esterases. Therefore plasma was immediately stabilized with esterase inhibitor paraoxon after collection, which resulted in long term stability of the analytes in stabilized plasma.

Pharmacokinetics
In this thesis the pharmacokinetics of novel anticancer agents were studied using therapeutic drug monitoring and clinical mass balance studies. Therapeutic drug monitoring
enables further investigation of the pharmacokinetics of the drug and its correlation to efﬁcacy and toxicity in daily practice. Clinical mass balance studies are clinical phase I studies, which are performed to increase the knowledge of the pharmacokinetics, and
particularly metabolism and excretion, of a drug during clinical development.
Clinical pharmacology of targeted therapies
To further monitor the pharmacokinetics of vemurafenib the previously described method quantifying vemurafenib in DBS samples was developed. Currently plasma concentrations are the gold standard for pharmacokinetic monitoring. However DBS
sampling is a patient friendly and simple alternative, but the pharmacokinetics of vemurafenib have so far only been explored in plasma. To be able to use DBS sampling to determine the vemurafenib plasma concentration the relationship between plasma and DBS
concentrations of vemurafenib had to be established. This relationship was described as
in formula (1):

[ Analyte] plasma =

[ Analyte]DBS

(1)

m
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Where [Analyte]plasma is the analyte concentration in plasma, [Analyte]DBS is the analyte
concentration in DBS and m is the slope. The slope (m) was determined to be 0.64 µg/mL
for vemurafenib and describes the relationship between the analyzed plasma concentration and the analyzed DBS samples concentration. These results enabled us to collect DBS
samples for clinical studies and pharmacokinetic monitoring instead of plasma samples.
High inter-patient variability in systemic exposure in combination with an exposure-response (eﬃcacy- toxicity) relationship is a prerequisite for useful pharmacokinetic treatment monitoring. In a real life cohort of melanoma patients, high inter-patient variability
in plasma concentrations was observed. In addition a trend was seen for a longer treatment duration in patients with a vemurafenib plasma concentration >42 µg/mL. These
results were however not statistically signiﬁcant which may be because of the limited
number of patients that were included. This study also showed that approximately half
of the patients were underexposed (mean plasma concentration <42 µg/mL), which indicates the need for pharmacokinetic monitoring during vemurafenib treatment. However the value of pharmacokinetic monitoring here needs to be further evaluated in a
prospective randomized trial.
Metabolite identification of anticancer agents in mass balance studies
In this thesis three mass balance studies are described of diﬀerent drugs: 1) the reversible protein translation inhibitor omacetaxine mepesuccinate, 2) the quinolone derivative
vosaroxin and 3) the multiple tyrosine kinase inhibitor lenvatinib.
The mass balance study and additional metabolite proﬁling of omacetaxine showed that
omacetaxine has no main excretion route, since omacetaxine-derived compounds were
found equally in urine and in feces. In plasma and urine unchanged omacetaxine was the
main compound, with some additional minor metabolites in urine. In feces 4’-desmethyl
homoharringtonine (4’-DMHHT) and the pyrocatechol metabolite of omacetaxine (M534)
were found to be the main compounds. The importance of these ﬁndings is that the low
levels of the metabolites found in plasma compared to the relatively high levels of unchanged omacetaxine in plasma indicate that the metabolites do not contribute to the eﬃcacy of the compound, and this also suggests that they have limited contribution in the
toxicity of omacetaxine. Currently omacetaxine mepesuccinate is registered (SynriboTM)
by the United States Food and Drug Administration (US FDA) for the treatment of adult
patients with chronic or accelerated phase chronic myeloid leukemia (CML) with resistance and/or intolerance to two or more tyrosine kinase inhibitors.
Vosaroxin was metabolized into ten metabolites after which it was excreted in urine and,
more predominantly, in feces. Unchanged vosaroxin was the most abundant compound
in plasma. In addition N-desmethyl-vosaroxin was detected, although in much lower concentrations. The metabolism reactions were demethylation, hydration, decarboxylation
and phase II conjugation including glucuronidation. Together with vosaroxin, N-desme-
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thyl-vosaroxin and dihydro-decarboxylic acid vosaroxin were prominent compounds in
urine. In feces only minor metabolism was observed, because unchanged vosaroxin was
by far the largest single component in feces. Other metabolites were excreted through
urine and feces in very low quantities. The results from this study will be used for the registration of vosaroxin. Vosaroxin is currently under development in combination with
cytarabine as the standard of care for patients with relapsed or refractory acute myeloid
leukemia (AML).
The last compound that was investigated in a mass balance study was multi-targeted tyrosine kinase inhibitor lenvatinib. After oral administration lenvatinib was rapidly absorbed and unchanged lenvatinib was the main compound found in plasma. In contrast
to the other compounds that were investigated, lenvatinib is extensively metabolized,
with subsequent excretion in urine and, more predominantly, in feces. In urine and feces
almost no unchanged lenvatinib was found. The metabolites formed in human were compared with those formed in preclinical test species (rat and monkey). The primary biotransformation pathways of lenvatinib were hydrolysis, oxidation and hydroxylation,
N-oxidation, dealkylation and glucuronidation. Various combinations of these conversions with modiﬁcations, including hydrolysis, gluthathione/cysteine conjugation, intramolecular rearrangement and dimerization, were observed. Some formed metabolites
seem to be unique for the investigated species (human, rat, monkey). Pathways that were
unique for rats and monkey are gluthathione and cysteine conjugation of lenvatinib and
the subsequent rearrangement was only seen in rats. Lenvatinib is registered (LenvimaTM)
by the US FDA and the European Medicines Agency (EMA) for the treatment of patients
with locally recurrent or metastatic, progressive, radioactive iodine-refractory diﬀerentiated thyroid cancer.

Perspectives
This thesis describes diﬀerent aspects and approaches of clinical pharmacological studies
which are pivotal for the understanding of the pharmacokinetic proﬁle of a (new) drug
and its relationship to response. In the last three decades cancer treatment has shifted
from traditional chemotherapy to targeted therapies and has the treatment approach become much more personalized. Personalized treatment of cancer based on the genetic
proﬁle of the tumor is being implemented as the standard of care for many types of cancer. Approaches such as pharmacokinetic monitoring, but also metabolomics and biomarker monitoring are used to further optimize treatment [2-4]. With the introduction of
BRAF inhibitors and the combination of BRAF inhibitors with MEK inhibitors the outcome of melanoma patients has changed drastically over the last ﬁve years. Especially
the combination of BRAF and MEK inhibitors showed a rapid response in a large proportion of BRAF V600 mutated melanoma [5, 6]. However, even with combination therapy, all patients ultimately develop resistance and median PFS is still below 12 months.
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Immune checkpoint inhibitors such as CTLA-4 (ipilimumab) and PD-1/PD-L1 inhibitors
(pembrolizumab and nivolumab) showed durable survival extending up to 10 years [711], although response rates are lower (approximately 30%). Since the tyrosine kinase inhibitors approach of melanoma treatment shows high response rates and the
immunotherapies show durable survival, the combination and sequential treatment of
these two drug classes has been proposed. The combination of vemurafenib and ipilimumab was investigated but this study was terminated prematurely due to liver toxicity
[12]. The combination of dabrafenib and ipilimumab is currently ongoing indicating no
signiﬁcant liver toxicity, although severe gastrointestinal toxicity was observed [13]. So far
the combination of PD-1/PD-L1 inhibitors and BRAF inhibitors has not yet been tested but
might be the future due to the impressive results of these immune checkpoint inhibitors.
Initially the combination therapy of BRAF and MEK inhibitors was developed to overcome BRAF inhibitor resistance, but it seems that the combination therapy also needs optimization. The future of BRAF and MEK inhibitors will probably lie in triple therapy or
sequential therapy in combination with for instance immunotherapy [14]. Our challenge
will be to monitor these combination therapies to give each patient the optimal treatment.
Knowledge about exposure-response relationships of these drugs and their metabolites
will be important since the monitoring of triple therapy is incredibly complex. However
approaches such as metabolomics [3] and positron emission tomography (PET) [15] to
monitor tumor metabolism could be used in combination with pharmacokinetic monitoring, to establish pharmacokinetic targets and to evaluate the value of pharmacokinetic
monitoring in combination therapy. In addition advances and the use of bioinformatics
and computational methods will help to interpret and correlate the data obtained using
these diﬀerent approaches [16, 17].

Conclusion
Bioanalytical methods to quantify a selection of anticancer drugs in various human matrices were successfully developed, validated and subsequently applied for the characterization and quantiﬁcation of the pharmacokinetics of these anticancer agents. The results
described in this thesis provide a beter understanding of the pharmacokinetics of the investigated drugs discussed. In addition the proposed hypotheses may serve as a starting
point for further research on pharmacokinetic monitoring and optimization of targeted
cancer therapies.
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Summary
Cancer is already among the leading causes of death worldwide and the number of new
cases is expected to rise by about 70% over the next two decades [1]. Even though the
number of new cases will rise, the survival rates are also increasing due to earlier diagnosis and/or more eﬀective treatment [1]. When developing new therapeutic agents in
addition to eﬃcacy and safety the pharmacodynamics (“what the drug does to the body”)
and the pharmacokinetics (“what the body does to the drugs”) need to thoroughly investigated. This thesis focuses on the clinical pharmacology (which includes pharmacodynamics and pharmacokinetics) of novel anticancer agents, and speciﬁcally on the application
of bioanalytical methods in clinical pharmacokinetic studies and human mass balance
studies.
Part I of this thesis (Bioanalysis and clinical pharmacology of targeted cancer therapies) describes the development of liquid chromatography coupled to tandem mass spectrometry
(LC-MS/MS) methods to further explore the pharmacokinetics of new targeted cancer
therapies. Targeted cancer therapies diﬀer from standard chemotherapy since they act on
speciﬁc molecular targets that are associated with cancer, whereas most chemotherapies
act on all rapidly dividing cells. Targeted therapies are developed and designed to speciﬁcally interact with their target, whereas standard chemotherapies are developed because
they kill cells.
Chapter 1 provides a short introduction on the development of BRAF and MEK inhibitors
for the treatment of advanced melanoma, by targeting speciﬁc BRAF V600 mutations.
These drugs are currently given in a ﬁxed dose regimen with high pharmacokinetic variability, which may partially account for the variability in response, toxicity and exposure. Pharmacokinetic monitoring during treatment of BRAF and MEK inhibitors might
improve the treatment of melanoma patients. However before monitoring of blood concentrations can be implemented in clinical practice, bioanalytical methods need to be developed and validated, and pharmacokinetic targets need to be established.
The chapters 2 to 6 focus on the bioanalysis of targeted cancer therapies to support pharmacokinetic monitoring. Chapter 2 and 3 describe the development and validation of LCMS/MS methods for the quantiﬁcation of vemurafenib in plasma and dried blood spot
(DBS) samples, respectively. Vemurafenib was the ﬁrst BRAF inhibitor that was registered for the treatment of adult patients with BRAF V600 mutation-positive unresectable or
metastatic melanoma. Initially vemurafenib was given as monotherapy treatment for the
treatment of metastatic melanoma, however tumor resistance always resulted in disease
progression. To circumvent and delay resistance, combination therapies were developed
such as vemurafenib in combination with cobimetinib, a MEK inhibitor. To further explore the pharmacokinetics of vemurafenib and cobimetinib in combination therapy, an
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LC-MS/MS assay which simultaneously quantiﬁes vemurafenib and cobimetinib in
human plasma was developed and validated and described in chapter 4.
In addition to the combination of vemurafenib and cobimetinib, the combination of BRAF
inhibitor dabrafenib and MEK inhibitor trametinib was developed. Chapter 5 describes
the validation of an LC-MS/MS method simultaneously quantifying these two targeted
cancer agents in human plasma. Dabrafenib was found to be degraded by light and at
least ﬁve degradation products are formed. The use of amber colored containers and the
use of DMSO as a solvent minimized the formation of degradation products.
Chapter 6 described the development and validation of an LC-MS/MS method for the
quantiﬁcation of poly ADP ribose polymerase (PARP) inhibitor olaparib in plasma. Decreased activity of PARP results in accumulation of single-strand DNA breaks and will ﬁnally lead to double strand DNA breaks. The accumulation of DNA damage due to PARP
inhibition will ultimately result in cell death. In 2014 olaparib was registered by the US
Food and Drug Administration (FDA) and the European Medicines Agency (EMA) for
the treatment of advanced ovarian cancer with BRCA mutations.
The clinical pharmacology of targeted cancer therapies is the main subject in the chapters
7 to 9. Resistance to targeted monotherapy inﬂuences the duration of response. The elucidation of resistance mechanisms resulted in the development of rational combination
therapies to overcome toxicity and resistance. These combination therapies are further
discussed in chapter 7.
The application of the developed bioanalytical methods are further explored in the chapters 8 and 9. In chapter 8 the relationship between DBS and plasma concentrations of vemurafenib to enable the use of DBS samples was investigated. In total, 43 paired plasma
and DBS samples (in duplicate) were obtained from eight melanoma patients on vemurafenib therapy and were analyzed using the developed LC-MS/MS methods. The DBS
concentrations and plasma concentrations of vemurafenib are highly correlated. The results indicate that the plasma concentrations can be predicted from DBS concentration
using the blood cell-to-plasma partition and the average hematocrit value of this cohort.
DBS sampling for pharmacokinetic monitoring of vemurafenib treatment can now be
used in clinical practice. The pharmacokinetics of vemurafenib in BRAF-mutated melanoma patients in routine clinical care was further explored in chapter 9. In total 127 plasma
samples were collected and analyzed from 46 patients. These concentrations were compared to the previously established pharmacokinetic target of 42 µg/mL (for response). Of
the 46 patients, 24 patients (52.2%) had a mean plasma concentration <42 µg/mL. These
results show that more than half of the melanoma patients treated with vemurafenib are
underexposed. Pharmacokinetic monitoring and dose adjustment of vemurafenib might
be an opportunity to further optimize melanoma treatment.
In part II of this thesis (Bioanalysis and metabolite identification of anticancer agents in mass
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balance studies) the absorption, distribution, metabolism and excretion of three diﬀerent
anticancer agents are investigated in clinical mass balance studies. The investigational
medicinal product for a mass balance study is labeled with a radioactive tracer, which is
in most cases 14C, so all drug related content (parent drug and its metabolites with this tracer) can be detected and followed during its journal through the body. After administration blood, urine and feces samples and sometimes even exhaled air, sweat or semen, are
collected over time, to determine the pharmacokinetics of the drug in blood and excreta.
Chapter 10 gives an introduction into radiolabeled mass balance studies in humans and
provides an overview of the regulatory aspects of mass balance studies in oncology.
The ﬁrst anticancer agent that was investigated in this thesis in a mass balance study is
omacetaxine mepesuccinate (hereafter referred to as omacetaxine). Omacetaxine is a cephalotaxine ester that is approved by the FDA for the treatment of adult patients which
chronic myeloid leukemia (CML). The developed and validated LC-MS/MS methods to
support the clinical mass balance study of omacetaxine are described in chapter 11. Since
omacetaxine is mainly metabolized by esterases, the plasma samples were immediately
stabilized after collection with an esterase inhibitor and stored at a nominal temperature
of -80°C. The mass balance study described in chapter 12 shows that both renal and hepatic
processes are signiﬁcant contributors to the elimination of 14C-omacetaxine. Approximately half of the recovered radioactivity was present in feces and the other half in urine.
Plasma concentrations of total radioactivity were higher than the sum of omacetaxine and
known metabolites, suggesting the presence of other 14C-omacetaxine-derived compounds. The metabolite proﬁle of omacetaxine in plasma, urine and feces was investigated in chapter 13. In total, six metabolites of omacetaxine were detected. The reactions
represented were mepesuccinate ester hydrolysis, methyl ester hydrolysis and pyrocatechol conversion from the 1,3-dioxole ring. Omacetaxine was extensively metabolized,
with subsequent renal and hepatic elimination of the metabolites. However the low levels
of the metabolites found in plasma indicate that the metabolites are unlikely to contribute to the eﬃcacy and/or toxicity of omacetaxine.
Vosaroxin was the second anticancer agent of which the pharmacokinetics was further explored in a mass balance study. Vosaroxin is currently under investigation for the treatment of acute myeloid leukemia (AML). It is an anticancer quinolone derivative which is
a drug class which has not been used previously for the treatment of cancer. Chapter 14
describes the LC-MS/MS assays that were developed for the quantiﬁcation of vosaroxin
and its metabolites N-desmethylvosaroxin and O-desmethylvosaroxin in plasma and
urine. The metabolism and disposition of vosaroxin is described in chapter 15 and shows
that 53.1% of the administered radioactivity was excreted through feces and 28.2%
through urine. Unchanged vosaroxin was the major compound found in the excreta, although ten metabolites were identiﬁed. The biotransformation reactions were demethylation, hydrogenation, decarboxylation and phase II conjugation including
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glucuronidation. In plasma no additional metabolites were identiﬁed, however unextracted radioactivity data suggested the formation of protein bound metabolites.
The third anticancer agent that was investigated was the multiple tyrosine kinase inhibitor lenvatinib. Lenvatinib was approved in 2015 by the FDA and EMA for the treatment
of locally recurrent or metastatic, progressive, radioiodine-refractory diﬀerentiated thyroid cancer. The mass balance study described in chapter 16 shows that unchanged lenvatinib systemic exposure accounted for 60% of the total radioactivity in plasma.
Unchanged lenvatinib in urine and feces accounted for 2.5% ± 68% of the administered
dose, indicating a major role of metabolism in the elimination of lenvatinib. Lenvatinib
was rapidly absorbed and extensively metabolized, with subsequent excretion in urine
and, more predominantly, in feces. The metabolic pathways of lenvatinib were further
elucidated in humans and compared to the metabolism in rats and monkeys in chapter 17.
Close to ﬁfty lenvatinib-related compounds were detected in this study. The primary biotransformation pathways of lenvatinib were hydrolysis, oxidation and hydroxylation, Noxidation, dealkylation and glucuronidation. Some metabolites seem to be unique to the
investigated species (human, rat, monkey). Because all lenvatinib metabolites in human
plasma were at very low levels compared to lenvatinib, only lenvatinib is expected to contribute to the pharmacological eﬀects in humans.
In conclusion, this thesis presents bioanalytical methods that were applied to clinical pharmacokinetic studies to optimize individual patient treatment, and to human mass balance
studies to further investigate the metabolism and disposition of novel anticancer agents.
Establishment of pharmacokinetic targets for BRAF and MEK inhibitors for pharmacokinetic monitoring may further improve individualized melanoma treatment. New knowledge about the metabolism and disposition of the anticancer agents omacetaxine
mepesuccinate, vosaroxin and lenvatinib may contribute to treatment optimization of
these drugs.
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Summary in Dutch
Wereldwijd is kanker één van de meest voorkomende doodsoorzaken [1]. Naar verwachting zal het aantal nieuwe gevallen met 70% stijgen gedurende de aankomende twintig jaar [1]. Ondanks deze incidentiestijging is er vertrouwen in een toename van de
overleving door vroegere diagnose en/of eﬀectievere behandelingen. Tijdens geneesmiddelontwikkeling dient, naast eﬀectiviteit en veiligheid, ook onderzoek verricht te worden naar de farmacodynamiek (“wat het geneesmiddel met het lichaam doet”) en de
farmacokinetiek (“wat het lichaam met het geneesmiddel doet”) van het nieuwe geneesmiddel. Dit proefschrift richt zich op de klinische farmacologie (waaronder farmacodynamiek en farmacokinetiek) van nieuwe antikankermiddelen met de focus op de
ontwikkeling en implementatie van bioanalytische methoden voor klinische farmacokinetiek- en massabalansstudies.
Deel I (Bioanalyse en klinische farmacologie van doelgerichte kankertherapieën) beschrijft de
ontwikkeling van vloeistofchromatograﬁsche methoden gekoppeld aan tandem massaspectrometrie (LC-MS/MS) om de farmacokinetiek van doelgerichte kankertherapieën te
kunnen onderzoeken. Doelgerichte kankertherapie verschilt van standaard chemotherapie in het aangrijpingspunt; de doelgerichte behandeling richt zich op moleculaire doelen die in verband zijn gebracht met kanker, terwijl chemotherapie veelal gericht is op
sneldelende cellen. Doelgerichte kanker therapieën worden speciﬁek ontwikkelend en
ontworpen om te binden aan speciﬁeke doelen, terwijl standaard chemotherapie vaak
zijn ontwikkeld omdat ze cellen doden.
Hoofdstuk 1 geeft een korte introductie over de ontwikkeling van BRAF en MEK remmers
ter behandeling van gemetastaseerd melanoom dat positief is voor de BRAF V600-mutatie. Deze middelen worden momenteel in een vaste dosering gegeven. Echter, de farmacokinetische variabiliteit kan leiden tot grote verschillen in werkzaamheid en toxiciteit.
Controle van de farmacokinetiek tijdens de behandeling met BRAF- en MEK remmers
zou de behandeling van patiënten met het melanoom kunnen verbeteren. Echter, voordat dit in de kliniek kan worden geïmplementeerd zijn er gevalideerde bioanalytische
methoden nodig en dienen er farmacokinetische streefwaarden vastgesteld te worden.
De hoofdstukken 2 tot en met 6 richten zich op de bioanalyse van doelgerichte kanker therapieën ten behoeve van klinische farmacokinetisch onderzoek. Hoofdstuk 2 en 3 beslaan
de ontwikkeling en validatie van LC-MS/MS methoden voor de kwantiﬁcering van vemurafenib in plasma en gedroogde bloedspots (DBS). Vemurafenib is de eerste BRAF
remmer die werd geregistreerd voor de behandeling van volwassenen met een inoperabel of gemetastaseerd melanoom dat positief is voor de BRAF V600-mutatie. Bij monotherapie met vemurafenib blijkt tumorresistentie echter snel te leiden tot ziekteprogressie.
Om tumorresistentie te omzeilen en te vertragen zijn combinatietherapieën ontwikkeld
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zoals de combinatie vemurafenib en de MEK remmer cobimetinib. Om de farmacokinetiek van vemurafenib en cobimetinib als combinatietherapie verder te kunnen onderzoeken, is er een LC-MS/MS assay ontwikkeld die beide geneesmiddelen tegelijkertijd kan
kwantiﬁceren. Deze staat beschreven in hoofdstuk 4.
Naast de combinatie van vemurafenib en cobimetinib, is er een analyse methode ontwikkeld voor de combinatie van BRAF remmer dabrafenib en MEK remmer trametinib.
Hoofdstuk 5 beschrijft de validatie van een LC-MS/MS methode om deze twee doelgerichte
therapieën tegelijkertijd te kwantiﬁceren in humaan plasma. De resultaten laten zien dat
dabrafenib wordt afgebroken onder invloed van licht waarbij ten minste vijf degradatieproducten worden gevormd. Door het gebruik van amberkleurige buizen en DMSO als
oplosmiddel kon de vorming van abraakproducten worden geminimaliseerd.
Hoofdstuk 6 beschrijft de ontwikkeling en validatie van een LC-MS/MS methode voor de
kwantiﬁcering van de poly ADP ribose polymerase (PARP) remmer olaparib in plasma.
Verlaagde activiteit van PARP resulteert in accumulatie van DNA-enkelstrengsbreuken
en leidt uiteindelijk to DNA-dubbelstrengsbreuken. Een toename van DNA-breuken door
PARP remming resulteert uiteindelijk in celdood. In 2014 werd olaparib geregistreerd
door de United States Food and Drug Administration (FDA) en European Medicines
Agency (EMA) als monotherapie voor patiënten met een BRCA1/2-gemuteerd ovariumcarcinoom.
De klinische farmacologie van doelgerichte therapieën is het onderwerp van de hoofdstukken 7 tot en met 9. De werkzaamheid van BRAF remmers bij monotherapie wordt sterk
beïnvloed door resistentie vorming. Opheldering van de resistentiemechanismen heeft
geleid tot de ontwikkeling van combinatietherapieën om resistentie en toxiciteit te verminderen. Deze combinatietherapieën worden besproken in hoofdstuk 7.
De toepassing van de ontwikkelde bioanalytische methoden is verder uitgewerkt in de
hoofdstukken 8 en 9. In hoofdstuk 8 wordt de mogelijke toepassing van DBS ten opzichte
van plasma in de kliniek onderzocht. Daarbij zijn in totaal 43 gepaarde plasmamonsters
en DBS (in tweevoud) afgenomen bij acht melanoom patiënten die werden behandeld
met vemurafenib, en deze monsters zijn geanalyseerd met de ontwikkelde LC-MS/MS
methoden. Er werd een hoge correlatie vastgesteld tussen vemurafenib concentraties in
DBS en plasmamonsters. Deze resultaten laten zien dat plasmaconcentraties nauwkeurig
kunnen worden bepaald met DBS door het gebruik van de bloedcel/plasma verdelingscoëﬃcient en de gemiddelde hematocriet waarde bij deze patiënten. DBS afname voor
klinische farmacokinetiek van vemurafenib kan nu worden toegepast in de kliniek. Verder is in hoofdstuk 9 de farmacokinetiek van vemurafenib onderzocht in patiënten met
melanoom die positief zijn voor de BRAF V600 mutatie. Er zijn in totaal 127 plasmamonsters van 46 patiënten afgenomen en geanalyseerd. Deze concentraties zijn vergeleken met een eerder vastgestelde streefwaarde (voor eﬀectiviteit) van 42 µg/ml; 24 van de
46 patiënten (52.2%) hadden een gemiddelde plasma concentratie <42 µg/ml. Deze re-
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sultaten laten zien dat meer dan de helft van de melanoom patiënten die worden behandeld met vemurafenib mogelijkerwijs wordt onderbehandeld. Therapeutic drug monitoring
en dosisaanpassingen bij behandeling met vemurafenib zou kunnen bijdragen aan verdere optimalisatie van de behandeling.
In deel II (Bioanalyse en metaboliet identificatie van antikankermiddelen in massabalansstudies)
wordt de absorptie, distributie, metabolisme en de excretie van drie verschillende antikankermiddelen in massabalansstudies onderzocht. Het onderzoeksgeneesmiddel in een
massabalansstudie is gemerkt met een radioactieve marker, dat in de meeste gevallen 14C
is, zodat alle geneesmiddelgerelateerde stoﬀen (geneesmiddel en de metabolieten met
een marker) kunnen worden gedetecteerd en worden gevolgd tijdens hun reis door het
lichaam. Om de farmacokinetiek van het geneesmiddel te bepalen worden na toediening
van het onderzoeksgeneesmiddel bloed, urine en ontlasting, maar soms ook uitgeademde
lucht, zweet of sperma, over de tijd verzameld. Hoofdstuk 10 is een introductie over massbalansstudies in mensen en geeft een overzicht van de regelgeving rond massbalansstudies.
Het eerste antikankermiddel dat in dit proefschrift in een massabalansstudie is onderzocht is omacetaxine mepesuccinate (dat hierna omacetaxine zal worden genoemd). Omacetaxine is een cephalotaxine ester die door de FDA is goedgekeurd voor de behandeling
van volwassenen met chronische myeloïde leukemie (CML). De ontwikkeling en validatie van de LC-MS/MS methode ter ondersteuning van de klinische massbalansstudie van
omacetaxine staan beschreven in hoofdstuk 11. Omdat omacetaxine voornamelijk gemetaboliseerd wordt door esterases in het bloed, zijn de plasmamonsters na afname direct
gestabiliseerd met een esteraseremmer en vervolgens opgeslagen bij een temperatuur van
-80°C. De massabalansstudie wordt beschreven in hoofdstuk 12 en de resultaten laten zien
dat zowel renale als hepatische klaring bijdraagt aan de eliminatie van 14C-omacetaxine.
Ongeveer de helft van de teruggevonden radioactiviteit was aanwezig in de ontlasting en
de andere helft in de urine. Plasmaconcentraties van de totale radioactiviteit waren hoger
dan de som van omacetaxine en de bekende metabolieten, wat aangeeft dat er andere 14Comacetaxinegerelateerde stoﬀen aanwezig zijn. Het metabolieten proﬁel van omacetaxine
in plasma, urine en de ontlasting is nader onderzocht in hoofdstuk 13. In totaal zijn er zes
metabolieten van omacetaxine gedetecteerd die gevormd worden via esterhydrolyse, methylesterhydrolyse en pyrocatecholconversie van de 1,3-dioxolring. Dit maakt het metabolisme van omacetaxine een complex proces waarbij de lage plasmaconcentraties van
de metabolieten duiden op een hooguit geringe bijdrage aan de eﬀectiviteit en/of toxiciteit van omacetaxine.
Vosaroxin is het tweede antikankermiddel waarvan de farmacokinetiek is onderzocht in
een massabalansstudie. Momenteel wordt de behandeling met vosaroxin onderzocht voor
acute myeloïde leukemie (AML). Het behoort tot de antikanker quinolon derivaten, waar-
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van vosaroxin de eerste in deze groep is. Hoofdstuk 14 beschrijft de LC-MS/MS methoden
die zijn ontwikkeld en gevalideerd voor de kwantiﬁcering van vosaroxin en de metabolieten N-desmethylvosaroxin en O-desmethylvosaroxin in plasma en urine. Het metabolisme en de excretie van vosaroxin zijn onderzocht in hoofdstuk 15 en de resultaten laten
zien dat 53.1% van de toegediende radioactiviteit wordt uitgescheiden via de ontlasting
en 28.8% via de urine. Onveranderde vosaroxin was de meest voorkomende verbinding
in de ontlasting, maar daarnaast zijn in totaal tien metabolieten geïdentiﬁceerd. De biotransformatiereacties die plaatsvinden zijn demethylering, hydrogenatie, decarboxylering en glucuronidering. In plasma zijn geen additionele metabolieten geïdentiﬁceerd,
maar de radioactiviteit die niet geëxtraheerd kon worden uit plasma suggereert de vorming van eiwitgebonden metabolieten.
Het derde onderzochte antikankermiddel is de multi tyrosine kinase remmer lenvatinib.
Lenvatinib is in 2015 goedgekeurd door de FDA en de EMA voor de behandeling van
progressief, lokaal gevorderd of gemetastaseerd, jodiumresistent gediﬀerentieerd schildkliercarcinoom. De massabalansstudie in patiënten die wordt beschreven in hoofdstuk 16
laat zien dat systemische blootstelling aan onveranderde lenvatinib 60% is van de totale
radioactiviteit in plasma. Onveranderde lenvatinib in urine en feces is slechts enkele procenten van de toegediende dosering, wat laat zien dat metabolisme belangrijk is bij de
eliminatie van lenvatinib. Lenvatinib wordt snel geabsorbeerd en uitgebreid gemetaboliseerd, en wordt daarna via de urine, maar voornamelijk via de ontlasting uitgescheiden.
In hoofdstuk 17 is het metabolisme van lenvatinib in patiënten verder onderzocht en vergeleken met het metabolisme in raten en apen. Bijna vijftig lenvatinib-gerelateerde stoﬀen
werden gedetecteerd in deze studie. Het merendeel van de biotransformatie van lenvatinib wordt bewerkstelligd door hydrolyse, oxidatie en hydroxylering, N-oxidatie, dealkylering en glucuronidering. Sommige metabolieten lijken uniek te zijn voor de
onderzochte species (mensen, raten en apen). Aangezien alle geïdentiﬁceerde metabolieten in humaan plasma alleen in lage concentraties aanwezig zijn, is de verwachting dat
alleen lenvatinib bijdraagt aan het farmacologische eﬀect in de mens.
Dit proefschrift beschrijft bioanalytische methoden die kunnen worden toegepast in klinisch farmacologische studies om de individuele behandeling van patiënten te optimaliseren en in massabalansstudies ter identiﬁcatie van het metabolisme van nieuwe
antikankermiddelen. Het vaststellen van farmacokinetische streefwaarden voor BRAF en
MEK remmers voor het monitoren van de farmacokinetiek kan de geïndividualiseerde behandeling van melanoom verbeteren. Nieuwe kennis over het metabolisme en de excretie van de antikankermiddelen omacetaxine mepesuccinate, vosaroxin en lenvatinib
kunnen bijdragen eveneens aan de optimalisatie van de behandeling van deze middelen.
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Onlangs las ik over een vergelijking tussen promoveren en het lopen van een marathon.
Waarbij de eerste kilometers van het parcours hezelfde aanvoelen als het enthousiasme
waarmee je het promotietraject begint. Echter, na een vliegende start begin je te verzuren
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graag bedanken. Jos, ik heb het zeer gewaardeerd dat jouw deur altijd open stond om
vragen te stellen of om even wat dingen te bespreken. Je toewijding aan onderzoek en de
apotheek zijn ongeëvenaard en bewonderenswaardig. Jan, bedankt voor je kritische blik
op al mijn manuscripten. Je gedrevenheid en passie voor onderzoek zijn erg inspirerend.
Hilde, wat hebben wij samen veel gedaan en wat was het leuk. Ik kon altijd bij je langskomen om wat te bespreken en als het even tegen zat dan gaf je er een positieve draai
aan, zodat we weer vrolijk verder konden. Ik heb onzetend veel van je geleerd en ik had
mij geen betere co-promotor kunnen wensen!
Alwin Huitema, ook jou wil ik graag bedanken voor alle tijd en moeite die je hebt gestoken in de massabalansstudies en de manuscripten die ik in de laatste periode nog bij je
neerlegde. Je nam altijd de tijd om mee te denken en wierp dan vaak een frisse blik op de
zaken waardoor ik met goede moed verder kon.
Als derdejaars farmaciestudent wist ik al dat ik na mijn studie graag onderzoek wilde
doen. Dit gevoel is tijdens mijn studie alleen maar versterkt met dank aan Bob Wilﬀert,
Lolkje de Jong-van den Berg, Elizabeth Verpoorte en Brian Kirby. Jullie hebben mij aangestoken met jullie enthousiasme en passie voor onderzoek!
Daarnaast zijn er nog anderen die samen met mij het onderzoek hebben uitgevoerd en mij
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op verschillende vlakken ondersteund hebben. In de kliniek wil ik graag de (kinetiek)verpleegkundigen bedanken voor het afnemen en verwerken van de samples in de avonden
en in het weekend. Dit was een aardige klus door de grote variëteit aan samples die soms
op onhandige momenten afgenomen moesten worden. Ook de verpleegkundigspecialisten die geholpen hebben met de logistiek wil ik graag bedanken. Daarnaast wil ik Marja
Mergui-Roelvink, Ineke de Wit, Jolanda Slijkerman en Hennie Bakels-Kroon nog speciaal
bedanken voor alles wat jullie voor me hebben gedaan en geregeld.
Van de afdeling nucleaire geneeskunde van het Antoni van Leeuwenhoek wil ik graag
Colinda Vroonland, Martine Jonker en Wouter Vogel bedanken voor hun inzet tijdens
de massabalansstudies. Verder heb ik veel tijd doorgebracht in het radionucliden centrum (RNC). Desiree en Theo, het was ﬁjn dat ik altijd bij jullie terecht kon voor vragen
of om even een praatje te maken.
De laboratoriumapotheek is de plek waar ik de meeste tijd heb doorgebracht en waar ik
veel mooie herinneringen aan heb. Luc, we hebben veel en intensief samengewerkt en
daar hebben we denk ik beiden veel van geleerd. Het was altijd gezellig en ik vind het dan
ook heel erg leuk dat je mijn paranimf wilt zijn! Abadi en Niels, van jullie heb ik de ﬁjne
kneepjes van het (pipeteer)vak geleerd. Zonder jullie als leermeesters had ik nooit zoveel
voor elkaar kunnen krijgen. Roel en Denise, bedankt voor al het werk dat jullie hebben geleverd voor de GLP-studies. Het uitvoeren van de studies is veel werk, maar het nakijken
van de rapporten moet zeker ook niet onderschat worden. Bas T, Mathijs en Michel, ook
jullie kon ik bekogelen met vragen en jullie namen altijd de tijd om deze te beantwoorden. Bedankt hiervoor. Ciska en Lianda, maar ook Dieuwke, Kees en Bas B wil ik graag
bedanken voor de gezelligheid op het lab en tijdens de koﬃepauzes.
Zonder de Keet was de promotie-ervaring in ieder geval anders geweest. Anne-Charlote,
van jou heb ik eigenlijk alles geleerd over massabalansstudies en metabolite proﬁling. Bedankt hiervoor en voor de tijd die je hebt gestoken in het afmaken van de manuscripten
voor lenvatinib. Het duurde even, maar het is gelukt! Jeroen, het lijkt alweer heel lang
geleden, maar het was altijd gezellig om samen met jou in kamertje 4 te ziten. Toen je
wegging dacht ik dat ik je elke dag zou bellen om iets te vragen, maar gelukkig was dat
toch niet nodig. Lote, Anke en Merel, wat was het een feest bij ons op de kamer! Merel,
je bent er eigenlijk nog maar kort, maar het was vanaf het begin supergezellig. Natuurlijk bedankt voor het doorlezen van mijn Nederlandse stukken. Lote, ik ben blij dat jij mij
zo af en toe vergezelde tijdens de werkzaamheden op het RNC of bij de LTQ: gedeelde
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