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Summary 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 little 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 uCi) oral dose of "*C-lenvatinib. Metabolites of '*C-
lenvatinib were identified using liquid chromatography (high
resolution) mass spectrometry with off-line radioactivity de-
tection. Close to 50 lenvatinib-related compounds were
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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 ob-
served. Some metabolites seem to be unique to the in-
vestigated 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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Abbreviations

2-ME 2-mercaptoethanol

ACN Acetonitrile

HPLC  High performance liquid chromatography
HR-MS High-resolution mass spectrometry
LC-MS  Liquid chromatography mass spectrometry
LLOQ  Lower limit of quantitation

LOD Limit of detection

LSC Liquid scintillation counting

MeOH  Methanol

TRA Total radioactivity

Introduction

Lenvatinib is an oral multiple receptor tyrosine kinase
inhibitor that inhibits VEGFR1-3, FGFR1-4, PDGFR{,
RET and KIT [1, 2]. The kinase activities of these re-
ceptors 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 carcino-
ma, glioblastoma multiforme, ovarian and endometrial
carcinoma [6—13]. In February 2015, the FDA approved
lenvatinib as a treatment for patients with locally recur-
rent 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 de-
spite 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 [13, 14].
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 cyno-
molgus 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 cy-
tochrome 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 in monkey and human
liver fractions and not in rats and dogs (Inoue et al.,
2014). These preclinical results suggest a unique meta-
bolic pathway for lenvatinib in humans.

In a previously conducted human mass balance study
with '*C-lenvatinib (Fig. 1), 10 days after the initial
dose, the geometric mean (CV) recovery of the admin-
istered (single oral 24 mg: 100 uCi) dose was 88.6 %
(10.4 %). The majority of 63.6 % (11.2 %) was recov-
ered 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 present study
was to further elucidate the metabolic pathways of
lenvatinib in humans and to compare this to the meta-
bolic 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 radioac-
tivity 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 bio-
transformation of lenvatinib in humans and relate this to
the metabolism of lenvatinib in rats and monkeys.
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Fig. 1 Chemical structure of '*C-lenvatinib. The asterisk (*) indicates
the site labeled with '*C
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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 me-
tabolites 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 MET?20.1, respectively).

Chemicals

Water (Lichrosolv, used for liquid chromatography), acetic
acid (100 %), hydrogen peroxide, dimethylsulfoxide
(DMSO, Seccosol), potassium dihydrogen phosphate
(KH,PO,) 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, Switzerland) and ammonium acetate, LC-MS
grade from Fluka (Zwijndrecht, The Netherlands). The f3-
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 insti-
tutional ethics committee, and all human patients provided
written informed consent before participating in this study.
The human study was conducted in compliance with the prin-
ciples 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 ani-
mal care and use committee.

Sample collection
The human samples used in this study were collected during a

single-center, open-label, mass balance study of '*C-
lenvatinib (Fig. 1), performed in patients with solid tumors
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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 uCi) oral dose of '*C-lenvatinib dissolved in
12 mL of 3 mM hydrochloric acid.

Predose and postdose blood samples were collected in so-
dium 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 "*C-lenvatinib administra-
tion and over 24 h periods thereafter. In the present study, the
predose sample and pooled urine samples over 0—24, 2448,
48-72 and 72-168 h were analyzed for each patient, to inves-
tigate the metabolism of '*C-lenvatinib in humans over time.
To compare the human metabolites with those in rat and mon-
key, 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 ra-
dioactivity was <1 % of the administered dose. In the present
study, the predose sample and pooled feces samples over 0—
24, 24-48, 4872 and 72-168 h were analyzed for each pa-
tient. 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 '*C-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 "*C-lenvatinib at a dose of 30 mg (12.685 MBq)/kg.
Urine and feces were collected separately, as voided in a re-
ceiver 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 '*C-lenvatinib in rats and
monkey. The male Sprague Dawley rats received a single oral
administration of '*C-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 '*C-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
0-24 h postdose and one bile sample collected predose
and 0-8 h postdose were investigated.

Both monkey and rat samples were stored at —80 °C and
transported to the Netherlands Cancer Institute pending me-
tabolite profiling analysis.
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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 Fig. 2.

Plasma
Human plasma samples of 300 puL were extracted twice by

adding 150 pL of water and 900 uL 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 pL of
methanol and 160 uL of 0.1 M phosphate buffer (pH 7.4) with
30 s vortex mixing after each addition. This mixture was cen-
trifuged again (4 °C, 10 min, 23,100 g) and the residue (pellet
2) was kept for recovery measurements. A 20 uL 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 pL of 15 % trichloroacetic acid (TCA),
followed by vortex mixing, shaking and centrifuging as de-
scribed above, second by addition of 900 uL methanol,
followed by vortex mixing, shaking, incubating at 60 °C for
10 min, vortex mixing and centrifuging. Both the TCA super-
natant 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 dissolv-
ing in 200 uL methanol.

Pooling
2x MeOH extraction 2x MeOHextractionT
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Fig. 2 Sample preparation flow chart of plasma, urine and feces samples
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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 uL
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 superna-
tant 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% 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 prepa-
ration 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 recov-
ery was not determined for these samples.

Treatment with 3- glucuronidase

To identify glucuronide-conjugated metabolites, one 200 pL
aliquot of the lyophilized and concentrated pooled human
urine sample of 0—6 h postdose was mixed with 200 puL phos-
phate buffer (pH6.8) and served as a control sample and an-
other 200 uL aliquot was mixed with 35 uL of 1 mg/mL 3-
glucuronidase and 165 uL of phosphate buffer (pH6.8). 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.

@ Springer

Feces

Human, monkey and rat fecal homogenate aliquots of 200 L.
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 uL 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 pL aliquot was mixed with scin-
tillation cocktail and analyzed for total radioactivity. The re-
mainder was centrifuged (5 min, 4 °C, 20,000 g), the residue
(pellet 2) was kept and a 20 pL 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 concentra-
tion below 10* Bq/mL and used for LC-LSC-MS analysis.

Each pellet 1 and an aliquot of each non-treated fecal ho-
mogenate was analyzed for total radioactivity after decolori-
zation and solubilization using isopropanol, hydrogen perox-
ide and Solvable® as described [16]. Each pellet 2 was ana-
lyzed 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 10" Bq/mL
and used for LC-LSC-MS analysis.

Radiochromatographic detection of metabolites
of lenvatinib

Initially the human samples and animal samples were ana-
lyzed on two different locations and therefore two chromato-
graphic 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 ana-
lyzed using both methods. The human plasma samples were
analyzed on method 1 only.
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The LC-LSC-MS setup was the same for both methods: an
Accela pump and autosampler (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 pm inlet filter (Upchurch Scientific, Oak Harbor, WA,
USA) and warmed to 30 °C. The 1 mL/min flow was split
post-column using an Accurate splitter (LC packings,
Sunnyvale, CA, USA), directing ¥4 of the flow to the mass
spectrometer and % of the flow to a fraction collector (LKB-
FRAC-100, Amersham Biosciences AB, Uppsala, Sweden),
collecting 1 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
(150x4.6 mm ID with 4 um particles, Phenomenex,
Torrance, CA, USA), with 10 mM ammonium acetate as mo-
bile 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 um 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 / acetoni-
trile / 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, apply-
ing 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 MS? and MS? 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 MS? data. All settings were similar to the
settings 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 settings were kept the same.

Calculations

The limit of detection (LOD) of the total radioactivity mea-
surements was calculated with formula (1) [17]:

2.71 B
LOD == 4 465,/ — 1
(0) TE +4.65 TE (1)

With a counting time (T) of 20 min, an observed back-
ground (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]:

1200 = 22 (1 n

2TEB
TE 1 +—> (2)

25

Using the same values for T, E and B as before, the calcu-
lated LLOQ was 14 DPM.

The area under the concentration time curve from 0 to 24 h
after drug administration (AUC_,4,) Was calculated with the
trapezoidal rule (3), using time since administration and con-
centration at data point i (t; and C;, respectively) and n as the
total number of data points:

n—1
tiv17t

AUC (o-24n) = Z >
=0

X (Ci+ Ciy1) 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 hu-
man plasma is summarized in Fig. 3a, which shows that the
recovery decreased with increasing collection time. The sam-
ples collected up to 24 h had a mean recovery in the final
supernatants of 74 %. The losses are mainly recovered upon
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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, 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 radioactiv-
ity 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, account-
ing for a mean of 97 % of the radioactivity in the chromato-
grams. 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 plas-
ma chromatograms was not accounted for.

The mean AUC 4, of MET27 was 3.2 % of the lenvatinib
AUCO,24h and 1.8 % of the total 14C AUCO_24h. The AUCO_24h
of MET27 did not exceed 4.9 % of the lenvatinib AUCq_4,
and 2.8 % of the total "*C AUC, 4, 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 re-
covery of the total radioactivity was 95 %.

A mean of 23 % of the total radioactivity that was admin-
istered to the patients was recovered in the urine sample pools
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up to 168 h. Figure 4c and d show a representative radiochro-
matogram of a 024 h sample and a 72168 h sample, respec-
tively. At least 10 peaks other than lenvatinib were observed.
These were named MET4 (accounting for 6.8 % of the admin-
istered 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 radio-
chromatograms but not assigned to a metabolite.

The most abundant metabolite MET4 was tentatively iden-
tified 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 letters, and consequently these were not
identified.

Metabolites in feces

The time-pooled feces samples of six patients were prepared
and analyzed using LC-LSC-MS method 1. The sample prep-
aration recovery of total radioactivity in feces samples is sum-
marized in Fig. 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 radio-
activity was found in pellet 1 after solubilization and 6.7 % in
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Fig. 4 Representative radiochromatograms of human plasma collected
1 h (a) and 12 h (b), human urine collected over 0-24 h (c¢) and 72-168 h
(d) and human feces collected over 024 h (e) and 72-168 h (f) after

pellet 2. The mean HPLC column recovery of the total radio-
activity 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 cal-
culate the percentage of the administered radioactive dose
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administration of a single oral dose of 14C-lenvatinib. The numbers in the
radiochromatograms correspond with the MET-numbers in the text; the
prefix MET was omitted due to space restrictions

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 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 com-
prised 3.4, 2.8, 16, 11 and 4.3 % of the administered dose,
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respectively. M3’ and M2’ eluted in the same fraction, there-
fore only their combined contribution of the administered dose
could be determined from the radiochromatograms. The indi-
vidual contributions were based on their LC-MS signal inten-
sity, 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 oxida-
tion (MET36, M3”), demethylation (M2), or both (M2’). In
the 2-ME extract a trace of two proposed compounds were
found; demethylated 2-hydroxyethanethiolate conjugate of
the quinoline moiety of lenvatinib (MET43) and its demeth-
ylation product (MET42).

Comparison of lenvatinib metabolites in rat, monkey
and human

In order to get a more complete picture of lenvatinib metabo-
lism and to compare the presence of lenvatinib metabolites in
different species, selected samples of a '*C-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 recov-
ery in the postdose fecal extracts were 80, 78 and 54 % for rat,
monkey and human, respectively.

Figure 5 shows the radiochromatograms of each matrix an-
alyzed 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
(METI19A 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 metabo-
lite was a dimer of cysteine adducts to the quinoline moiety
(MET16) and was identified previously by Inoue et al. using
LC-MS" and NMR (Inoue et al., 2012). As a dimer may con-
tain 2 radiolabels, the presence of this metabolite may be
slightly overestimated. In monkey feces, unchanged
lenvatinib comprised the majority of the lenvatinib-related
radioactivity.

@ Springer

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 com-
parison 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.

Identification of metabolites

LC-MS" 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 patterns and
on comparison of the HPLC retention times and fragmentation
patterns 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-MS"
for the lenvatinib metabolites that were elucidated in biologi-
cal samples of human, monkey and rat. The metabolite num-
bers are assigned according to the retention time of the me-
tabolite except for metabolites MET42 and MET43 and
lenvatinib metabolites reported and assigned in earlier publi-
cations (M1, M2, M3, M5, M2’ and M3’), which were named
by their original assignment [16, 19, 20]. Proposed metabolic
schemes are illustrated in Figs. 6 and 7. The rationale for
structural characterization is described below. Here the iden-
tification of the most abundant metabolites in human are de-
scribed. The identification of the other metabolites are de-
scribed in Supplementary Data 1.

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.
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Fig. 5 Radiochromatograms of rat urine (a), feces (b) and bile (¢), 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 24 h (rat and
monkey) or 0 to 6 h (human) interval after dose administration, the

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 detect-
ed at m/z 424.0621 (loss of NHs), m/z 396.0677 (loss of
HCO,), 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 CO,). 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 detect-
ed at m/z 413.1002 (loss of pyroglucuronic acid) and m/z
330.0630 (loss of pyroglucuronic acid and
cyclopropylformamide). The MS?® spectrum of the product

feces profiles from feces collected in the 0 to 24 h interval (raf) and 24
to 48 h interval (monkey and human) and the bile profile from bile
collected in the O to 6 h interval after dose administration. The numbers
in the radiochromatograms correspond with the MET-numbers in the text;
the prefix MET was omitted due to space restrictions

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
cyclopropylformamide) and m/z 313 (additional loss of
cyclopropylformamide and NH3). This MS® spectrum was
identical to the MS? spectrum of M2 (O-desmethyl
lenvatinib). The proposed identity of this metabolite is a glu-
curonic acid conjugate of M2, which was confirmed by incu-
bation with (3-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
MS' spectrum. The MS? spectrum of m/z 459 showed one
product ion at m/z 441 (loss of water). The MS? spectrum of
m/z 441 was identical to the MS® 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 MS? spectrum of m/z
424 formed from the product ion of m/z 441 (hypothetically

@ Springer
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Table 1 (continued)

Ref.*

Structure

Species

Mass error  Major fragment
(ppm)

Observed m/z

Calculated m/z

Description proposed identity ~ Formula

Name

characterization

Unknown NA

267

Unknown

Unknown

Unknown

MET41

Human Proposed

250, 222, 206

NA

267.0674

C12H5N,0;8"

2-mercaptoethanol conjugate

MET42

of the demethylated

quinoline moiety of

lenvatinib
2-mercaptoethanol conjugate

Human Proposed

NA 237,220

281

281.0830

C13H14N058"

MET43

of the quinoline moiety of

lenvatinib

Ref: reference

* this metabolite was previously described in the referred paper(s)

identical to a MS* 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 metabo-
lites is an oxidated metabolite on the cyclopropylamine moi-
ety of M3’.

Metabolite M2

The identity of this metabolite was confirmed with the refer-
ence 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 NH;). The MS? 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 refer-
ence 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 NHs), m/z 386 (loss of cyclopropylamine), m/z 360.0740
(loss of cyclopropylformamide) and m/z 343.0474 (loss of
cyclopropylurea). The MS® 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 (addi-
tional loss of cyclopropylformide).

Metabolite M2’

The identity of this metabolite was confirmed with the refer-
ence 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 429.0987 and product ions at
m/z 412.0691 (loss of NHj3), m/z 372.0378 (loss of
cyclopropylamine), m/z 346.0585 (loss of
cyclopropylformamide), m/z 355.0112 (loss of
cyclopropylamine and NHj3) and m/z 329.0321 (loss of
cyclopropylformamide and NHj; or loss of cyclopropylurea).
The MS? 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 MS® spectrum of m/z 329 (loss of
cyclopropylformamide and NHj3 or loss of cyclopropylurea)
showed product ions at m/z 301 (loss of cyclopropylformamide
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Fig. 6 Proposed metabolic scheme for lenvatinib in rat, monkey and human. R: metabolite found in rat sample(s); M: metabolite found

in monkey sample(s); H: metabolite found in human sample(s)

and NHj; and additional loss of CO), m/z 293 (additional loss of
HCI), 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-MS" was the primary tool to generate
the profiles of the metabolites and to elucidate their molecular
structures. This was performed by using a LC-LSC-MS 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 ra-
diochromatograms that could not be matched to any peak in
the MS chromatograms and were thus labeled unknown me-
tabolites. These metabolites for which no molecular ion was
identified and which were detected using chromatography
method 1 were assigned a letter (A-E).

@ Springer

Metabolites A, B and D were found in human urine and
accounted for 0.78, 0.99 and 3.7 %, respectively, of the ad-
ministered '*C-lenvatinib dose between 0 and 168 h after
dosing. Metabolites C and E were found in human feces and
accounted for 3.4 and 0.68 %, respectively, of the adminis-
tered '*C-lenvatinib dose between 0 and 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
METI1, MET11 and MET25 were previously found in mon-
key plasma, rat urine and monkey bile, respectively. The struc-
tures of these metabolites were not elucidated and the metab-
olites were not detected in humans. Metabolites MET2 and
MET41 were detected as an early (polar) and late (apolar)
eluting peak in most matrices (see Fig. 5), but because no
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Fig. 7 Proposed metabolic scheme for lenvatinib in rat, monkey and
human after splitting of lenvatinib in the quinolone and chlorophenol
moieties. R: metabolite found in rat sample(s); R*: metabolite only

molecular ion could be found also their identities remained
unknown.

Discussion

This study aimed to determine the metabolism and disposition
of lenvatinib in human and to elucidate the metabolic path-
ways of lenvatinib by investigating and comparing its metab-
olite profiles in rat, monkey and human samples after '*C-
lenvatinib administration. It was found that after administra-
tion of a single oral dose of '*C-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 previ-
ously published human mass balance study of '*C-lenvatinib
[16].

The chromatographic resolution of the radiochromato-
grams 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

found in rat bile; M: metabolite found in monkey sample(s); M:
metabolite only found in monkey liver (in a separate study); H:
metabolite found in human sample(s)

chromatographic resolution in the radiochromatograms by
collecting smaller fractions. However, because the measure-
ment of radioactivity is based on absolute values, large injec-
tion volumes (up to 50 pL) needed to be injected onto the
column in order to obtain detectable amounts of radioactivity
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 com-
promise between chromatographic resolution and sensitivity
for the radioactivity measurements. Therefore the used
methods were considered appropriate for the metabolite pro-
filing of lenvatinib.

The preparation of plasma and feces for metabolite profil-
ing suffered from low sample extraction recoveries. Various
methods to increase the recovery were tested, such as increas-
ing the organic solvent concentration in the reconstitution so-
lution and varying the pH between 6.6 and 8.0 during the
extraction. Although an increase in organic solvent concentra-
tion in the reconstitution solution did result in a higher recov-
ery, a solvent effect was observed in the chromatography. An
important difference was however observed between the two
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matrices. During the sample preparation of plasma,
compound-specific losses were suspected, because the extrac-
tion recovery decreased over collection time (Fig. 3a). A
targeted analysis of non-radioactive lenvatinib-related com-
pounds in selected plasma samples revealed that only
MET29.1 could be detected. This suggests the presence of
conjugates to the quinoline-moiety of lenvatinib that are co-
valently 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 (Fig. 3b), but they were
observed to yield a higher extraction recovery in portions con-
taining 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 deriv-
atives 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 ex-
traction recovery was considered acceptable.

Unchanged lenvatinib was the most predominant
lenvatinib-related product in plasma. As opposed to the plas-
ma 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 50 compounds related to lenvatinib were detected in
samples originating from rat, monkey and/or human. The ma-
jority of the chemical structures of these compounds were
further characterized. The Proposed metabolic schemes of
lenvatinib in rat, monkey and human are presented in Figs. 6
and 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 MET?35. 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 [19], MET36, which is
proposed to be a product of oxidation of M3, M2’, which can
only be formed via the demethylated lenvatinib metabolite
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(M2) [19] and MET29, which is proposed to be formed from
the product of lenvatinib hydrolysis of the
cyclopropylformamide moiety (MET32). A second hydroly-
sis 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 formation of MET24.

An additional metabolic pathway of lenvatinib is proposed
in Fig. 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 gluta-
thione, to form MET15, or by cysteine, to form an S-linked
cysteine conjugate of the quinoline moiety MET12. The latter
(MET12) could also be formed from biodegradation of the
glutathione conjugate (MET15), after formation of a y-
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 con-
jugate of the quinoline moiety (MET12) were observed,
whereby the cysteine conjugate was proposed to be trans-
formed to N-acetylcysteine (mercapturic acid) (resulting in
MET]18), mercaptoacetic acid (resulting in MET13), sulphinic
acid (resulting in MET10), methyl sulphoxide (resulting in
MET26) or sulphonic acid (resulting in METS, [22]). This
metabolic pathway generally follows the glutathione biodeg-
radation pathway as reported by Levsen et al. [23].

Also N-linked cysteine (MET21) and cysteinylglycine
(MET19a) conjugates of the quinoline moiety were observed.
These were probably formed by intramolecular S-to-N rear-
rangement of (MET12) and (MET19a), respectively, as previ-
ously 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 MET®,
respectively. Degradation products of cysteine (MET4) and
cysteinylglycine (MET3) adducts of the quinoline moiety of
lenvatinib were detected, too. Finally, homo- and hetero di-
mers 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 path-
ways for biotransformation of lenvatinib were hydrolysis,
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oxidation and hydroxylation, N-oxidation, dealkylation and
glucuronidation. These results confirm the preclinical results
that were published previously [15, 19]. 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 monkey 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 [24]. 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 mi-
nor presence in human plasma, the metabolites are not ex-
pected to contribute to the efficacy seen with the compound.
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