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a b s t r a c t

This paper presents an overview of a cross-species investigation of the metabolic fate of [14C]-zibotentan
(ZD4054), with particular focus on the main analytical challenges encountered during the study. A combi-
nation of detection methods were used including HPLC coupled to UV, RAD and/or MS(MS), and 1H NMR
spectroscopy. The objective was to characterise and identify the major metabolites found in the circula-
tion and excreta of rat and dog for comparison with those produced in human. Initial investigations in rat,
using [14C]-labelled zibotentan positioned on the oxadiazole ring and HPLC–UV–RAD analysis, revealed
seven labelled resolved metabolite peaks. Parallel analysis by HPLC–UV–MS (with in-source fragmenta-
tion) uncovered two additional metabolites, indicating loss of the radiolabel during biotransformation.
pecies differences
oss of radiolabel
soflavones

Hence, in subsequent studies in rat, dog and human, dual-radiolabelled zibotentan was employed with
the 14C-label positioned on the pyridine ring, which was shown to be less prone to metabolism. A total of
12 metabolites were found in the excreta and plasma in all species. One of these metabolites was found
in the circulation in humans, which warranted further investigations. Characterisation of the isolated
human circulating metabolite by 1H NMR was complicated by the co-extraction of a matrix component
with a similar UV-chromophore to zibotentan, which was identified as daidzein, an isoflavone derived

from the animal feed.

. Introduction

ZibotentanTM (AstraZeneca ZD4054, Fig. 1) is a specific endothe-
in A receptor (ETA) antagonist, which is being developed for
he treatment of castration-resistant prostate cancer (CRPC). With
rostate cancer being the most common solid malignancy in men,
nd treatment options limited once the disease progresses to
ndrogen independency, zibotentan represents a potential alter-
ative therapy for patients with CRPC [1–7]. The compound is also
urrently investigated for the treatment of other cancer types, e.g.
phase II study is currently underway investigating its effective-
ess in ovarian cancer [8,9]. The comparison of the full metabolite
rofiles derived from clinical and preclinical studies enables the

dentification of human specific and disproportionate drug metabo-
ites which can profoundly affect the development of drugs [10,11].
hilst most of the quantitative metabolite profiling work for [14C]-
ibotentan is covered in related publications [12,13], the main
bjective of this paper was to identify and provide a full structural
haracterisation of the major metabolites (>5% of administered
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radioactive dose) found in the circulation and excreta of the pre-
clinical species, rat and dog, and human (human volunteers).

On administration to these species during early development,
[14C]-zibotentan was found to be extensively metabolised. In total,
12 metabolites (labelled P1–P12) were identified in rat, dog and
man, together with parent, which represented the major peak in
the plasma profiles in all the species.

Whilst parent and metabolites P3 and P4 were identified in the
urine and faeces samples in all the species investigated, metabolites
P6, P8 and P9 were only detected in rat and human excreta.

Metabolites P8 and P9 were initially unaccounted for in the
HPLC–UV–RAD trace owing to the fact that they had lost their oxa-
diazole radiolabel (Fig. 1A) during biotransformation.

The fact that the 14C-radiolabelled oxadiazole ring was directly
involved in the metabolism prompted the synthesis of a double-
labelled equivalent (with the labels positioned on the pyridine ring,
Fig. 1B) and the repetition of the metabolism studies.

Thus, metabolites P8 and P9 were subsequently confirmed and

quantified in the repeat double-labelled study by HPLC–UV–RAD
and HPLC–MS.

The remaining metabolites (namely P1, P2, P5, P7, P10, P11 and
P12) were outside the scope of this paper, based on their low con-
centrations (<5% of dosed radioactivity).

dx.doi.org/10.1016/j.jpba.2011.02.005
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:eva.lenz@astrazeneca.com
dx.doi.org/10.1016/j.jpba.2011.02.005
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The identity of metabolite P6, however, was of particular inter-
st, as it was the sole circulating metabolite in human plasma.
hilst isolating metabolite P6 from rat urine, an additional compo-

ent was observed in the 1H NMR spectrum, which required further
valuation, as it appeared compound related at first glance. This co-
luting compound was identified as an excreted product derived
rom the animal feed. It was identified as the flavonoid, daidzein
ased on its accurate mass and fragmentation data, and 1H NMR
pectroscopic evidence.

In this paper, we describe in detail the structure elucidation
ork and the learning derived from the earlier studies, with par-

icular emphasis on the experimental design. Metabolic loss of
adiolabel during the early single-labelled studies, coupled with
imited MS fragmentation and interference from animal feed, has
resented us with many challenges, despite the range of analyti-
al techniques available, such as HPLC (analytical and semi-prep)
oupled to UV, RAD and MS(MS), and 1H NMR spectroscopy.

. Methods and materials

.1. Chemicals and materials

The reference standard, [14C]-ZD4054, 3-methoxy-5-methyl-2-
{2-[4-(1,3,4-oxadiazol-2-yl)-phenyl]-3-[2,6-14C] pyridyl} sulfon-
mido) pyrazine, with a radiochemical purity of >98% was
ynthesised by Isotope Chemistry Group, DMPK, AstraZeneca UK
td. and stored at −80 ◦C in the dark until required.

A series of potential synthetic metabolites were manufactured
y the Chemistry Department, AstraZeneca UK Ltd., based on inter-
ediates produced during the synthesis of zibotentan, such as the

mino pyrazine moiety and the biaryl acid, of which only the biaryl
cid (P8) was detected in vivo. Novacta Biosystems Ltd. gener-
ted the microbial metabolites P3 and P4, which were structurally
haracterised within AstraZeneca UK Ltd. Synthetic daidzein was
cquired from Sigma–Aldrich (Poole, UK).

Fisher Scientific (Loughborough, UK) supplied acetonitrile (ACN)
nd methanol (MeOH). All other chemicals were purchased
rom commercial suppliers and were of analytical grade or the
est equivalent. The deuterated NMR solvents were supplied by
igma–Aldrich (Poole, UK).

.2. Species, dosing and dose formulations

All animal experiments were conducted in GLP compliant facil-
ties, with food (a standard SDS diet) and water available ad libitum
o the rats. Dogs were offered 400 g of standard formulation food
a. 30 min before dosing and daily thereafter, with water supplied
d libitum.

Rats (Wistar, n = 6, three male, three female) received a dose
f singly labelled [14C]-zibotentan at 10 mg/kg orally and 5 mg/kg
ntravenously (iv), while in the repeat study, double-labelled [14C]-
ibotentan was dosed at 5 mg/kg (oral) and 3 mg/kg (iv), and urine,
aeces and plasma were collected.

Dog (Beagle, n = 3, male dogs only) were initially dosed at
mg/kg, for both oral and iv, with single-labelled [14C]-zibotentan.

n the repeat study, the dogs (n = 6, three male, three female)
eceived an oral dose of double-labelled [14C]-zibotentan of
mg/kg, and urine, faeces and plasma were collected.

Humans received initially a 60 mg dose orally (n = 6, all male) of
nlabelled zibotentan (data not shown). In a second study human

olunteers (n = 6, three male, three female) received an oral dose
f double-labelled [14C]-zibotentan of 15 mg, and urine, faeces and
lasma were collected.

The oral dose for both rat and dog was formulated as a nominal
mg/mL suspension in 0.5% (w/v) hydroxypropyl methylcellulose
Biomedical Analysis 55 (2011) 500–517 501

(HPMC) containing 0.1% aqueous polysorbate 80. The intravenous
dose was formulated as a nominal 1 mg/mL (for dog) and 2 mg/mL
(for rat) solution in polyethylene glycol (PEG) 400:phosphate
buffered saline solution (PBS) (50:50). Both dose formulations were
prepared at Alderley Park, AstraZeneca UK Ltd., and were used
within their shelf-life and were found to be radiochemically pure,
homogeneous and within 5% of their target concentration. Humans
received their dose as an aqueous suspension (15 mg/150 mL
water).

2.3. Sample preparation

The samples of plasma, urine and faeces from rat, dog and
human were prepared as detailed below.

Rat: Plasma samples (0–24 h) were pooled using a set volume of
each sample (volume = 200 �L), by dose group and by sex, to yield
a total of four pools.

Extracts of each pool were produced by mixing with ACN
(plasma:ACN, 1:3, v/v), followed by centrifugation at approx-
imately 3000 × g. The supernatant was decanted and the
radioactivity assessed by liquid scintillation counting (LSC). A mean
extraction efficiency of 87.4% was calculated. Extracts were concen-
trated under a stream of oxygen free nitrogen (OFN) until a small
volume remained.

Urine samples (0–48 h) were pooled by sex and dose group, by
using approximately 10% by weight of each rat urine sample to yield
a total of four urine pools. Each pool was assessed for radioactivity
by LSC. Samples were centrifuged (at approximately 3000 × g) to
remove any particulate matter prior to chromatography.

Faeces homogenate samples were pooled using 10% (by weight)
of each sample to yield one male and one female pool (0–48 h)
for each dose group (oral and iv). Faecal homogenate pools were
extracted with ACN (faeces homogenate:ACN, 1:3, v/v), mixed for
approximately 2 h and centrifuged at approximately 1900 × g. The
supernatant was decanted and the resulting faeces extract was
assessed for radioactivity by LSC. The mean extraction efficiency
of the faeces extract was 87.4%. Each pool was concentrated under
a stream of OFN until a small volume remained.

Dog: Plasma samples (0–24 h) were pooled using a set volume
of each sample (2 mL aliquots), by sex, to give two pools. Extracts
of each pool were prepared as described above. A plasma extract
with an extraction efficiency of 93.2% was selected and analysed by
HPLC–MS.

For each dog, urine samples (0–48 h) were pooled using 5% by
weight and processed as described above.

Aliquots of faecal homogenates (0.5% by weight) were pooled
by animal to give six 0–48 h samples (as most of radioactivity was
excreted in 48 h) and extracted as described above. A mean extrac-
tion efficiency of 86.9% was achieved.

Human: Plasma (0–24 h) was pooled (by taking 5 mL aliquots
from each volunteer) and extracted as detailed above. Following
LSC to assess extraction efficiency (89.9%), the extracts were dried
under OFN prior to HPLC.

Urine samples were pooled (by taking approximately 1% by
weight of each urine sample) to generate individual 0–72 h sam-
ples for six subjects and then centrifuged, as described above. The
resulting supernatant was snap-frozen in liquid nitrogen, freeze-
dried and each dried pool was reconstituted in a small volume of
deionised water to concentrate the sample.

Faecal samples were pooled for each volunteer (0–120 h) using
4% by weight to yield six pools. Extraction was carried out as stated

above, three times successively, per sample. The mean extraction
efficiency was calculated as 76.2%.

The centrifuged urine samples were injected directly onto the
HPLC–UV–RAD or HPLC–MS, while faecal and plasma extracts were
reconstituted in deionised water prior to analysis.
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.4. Determination of radioactivity concentrations

Assessment of radioactivity by LSC was carried out through-
ut the course of these studies. Duplicate sample aliquots were
eighed, made up to volume (1 mL) with deionised water, and

0 mL of Packard Ultima Gold Scintillant was added.
Radioactivity was determined using a Model 2100TR

PerkinElmer Life Sciences, UK) liquid scintillation analyser.
uench correction was checked using quenched radioactive

eference standards. Samples were counted to a sigma 2 counting
rror of 0.5% or for 10 min. Appropriate liquid scintillant blanks
ere counted to establish background levels of radioactivity. Blank

ounts were subtracted from sample counts and subsequently
uench corrected.

.5. Chromatographic conditions, instrumentation and data
apture

.5.1. Metabolite profiling
Metabolite profiles of prepared plasma, urine and faecal

omogenate samples were generated by high performance liq-
id chromatography coupled with ultraviolet and radiochemical
etection (HPLC–UV–RAD). Selected samples were also analysed
y HPLC–MS. Isolation of individual metabolites for structural con-
rmation by 1H NMR spectroscopy was carried out using the rat
rine samples, exclusively.

.5.2. Analytical acetonitrile HPLC system
Both metabolite profiling and HPLC–MS investigations utilised

he conditions as outlined here.
UV detection at a fixed wavelength of 259 nm was used along-

ide each HPLC system. HPLC pumps used for metabolite profiling
nd identification were PerkinElmer 200 Series. Two types of UV
etector were used, the Shimadzu UV-Vis 10A and the Jasco 2075
lus.

The chromatographic separations were carried out at room
emperature on a Zorbax Rx-C18 column (25 cm × 0.46 cm) with a

obile phase system consisting of solvent A (water:formic acid,
000:2, v/v) and B (ACN:formic acid, 1000:2, v/v), with a flow-rate
f 1.5 mL/min. A linear gradient was employed from 5 to 30% B over
0 min, held at 30% B for a further 10 min and increased to 80% B in
min, before re-equilibration and injection of a new sample.

Packard 500TR Radiochemical detectors with liquid flow cells
scintillant flow rate 3 mL/min using Ultima Gold Scintillant from
erkinElmer Instruments) were used in conjunction with HPLC
nstruments for metabolite profiling. HPLC–UV–RAD data were
ollected and analysed using Packard Flo one software (version
/3.60).

Metabolite isolation was performed using the chromatographic
onditions as detailed in the following sections.

.5.3. Preparative acetonitrile HPLC system
The preparatory ACN system used the same eluents and equip-

ent as detailed in the analytical ACN system; however, here,
preparative column (Hichrom HIRB-250004, 13 cm × 3 cm) was
sed with a flow rate of 5 mL/min. The gradient was also adjusted
uch that after keeping B at 20% isocratically for 10 min, a linear gra-
ient was employed from 10 to 15 min increasing B to 30%, which
as held at 30% B for a further 8 min and finally increased to 70% B

n 1 min, before re-equilibration and injection of a new sample.
.5.4. Preparatory methanol HPLC system
The preparatory MeOH system used the same column and

quipment as the analytical ACN system detailed above with the
xception of the eluents and HPLC gradient. Again, a flow rate of
mL/min was employed, with a mobile phase comprising solvent A
Biomedical Analysis 55 (2011) 500–517

(water:formic acid, 1000:2, v/v) and B (MeOH:formic acid, 1000:2,
v/v) at an initial mobile phase concentration of 8% B. A linear gra-
dient was then employed from 8 to 38% B over 20 min, held at
38% B for a further 10 min and increased to 70% B in 1 min, before
re-equilibration and injection of a new sample.

2.5.5. Isolation of individual metabolites (P3 and P4)
Urine samples from the single oxadiazole labelled rat study

(0–6 h urine) were used as a source of the metabolites P3 and
P4 for isolation and characterisation by 1H NMR analysis. Several
approaches to isolate sufficient material were taken. In brief, the
isolation of metabolite P4 was conducted in three stages. All sam-
ples underwent stage 1, whilst some underwent stage 2 or 3 or
both, prior to 1H NMR analysis.

Stage 1: Samples were subjected to HPLC using both the prepar-
ative and analytical ACN systems, as described above. Fractions
containing P3 or P4 were collected manually, pooled, concentrated
under OFN and freeze dried.
Stage 2: Some pooled samples underwent solid phase extrac-
tion (SPE) using C18 Isolute cartridges eluted with 30:70 (v/v)
MeOH:water. These samples were then concentrated under OFN,
freeze dried and submitted for HPLC–MS analysis using the ana-
lytical ACN HPLC method.
Stage 3: Samples were subjected to further HPLC-fraction collec-
tion using the MeOH preparatory system. Fractions containing P4
were collected manually, pooled, concentrated under OFN and
freeze dried.

2.5.6. Isolation of metabolite P6
Metabolite P6 was isolated from pooled rat urine (from the

single-labelled study) by taking approximately 30% by weight
from each 0–6 h rat urine sample. The quantity of P6 contained
was assessed by LSC, in order to determine the dpm, and by
HPLC–UV–RAD analysis.

The pooled rat urine sample was subjected to HPLC, using
the analytical ACN HPLC method, and serially fractionated using
the methods detailed below. Once isolated, fractions containing
metabolite P6 were submitted for analysis by 1H NMR and ion
trap-MS to confirm the structure.

Fraction collection (1): The 0–6 h rat urine pool was separated
utilising the chromatographic conditions as detailed in the analyt-
ical ACN system. Fractions were collected at 1 min intervals into
freshly washed LSC vials using a Pharmacia LKB Superfrac auto-
mated fraction collector. The process was repeated serially into
the same set of vials. The presence of metabolite P6 in fraction (1)
was determined by HPLC–UV–RAD and HPLC–MS analysis using
the chromatographic and MS set up as detailed. Fraction (1) was
concentrated under a stream of OFN until only a small volume
remained.

Fraction collection (2): The concentrated fraction was then
further purified via the analytical ACN HPLC system (with the
exception that formic acid was omitted from the mobile phase)
and the UV-peak (with the retention time characteristic of P6) was
collected manually over two fractions, A and B. The presence of
metabolite P6 in the fractions was quantified by LSC and verified
by HPLC–UV–RAD and HPLC–MS analysis. The individual fractions
were concentrated under a stream of nitrogen, followed by freeze-
drying. The fractions were analysed initially by HPLC–MS, then
QTOF-MS, and finally 1H NMR spectroscopy.
2.5.7. Characterisation by HPLC–MS
In general, most of the structural characterisation (on parent and

metabolites P3, P4, P8, P9 and P6) was carried out using the sin-
gle quadrupole Waters ZQ mass spectrometer. The Waters Q-Tof
2 mass spectrometer instrument was used to mass measure and
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redict the elemental composition of the unknown co-extracted
omponent in fraction A, identified as daidzein, the analysis of
hich was later repeated to a higher mass accuracy on the LTQ-
rbitrap in urinary daidzein. The LTQ-Orbitrap was also used to

eassess the parent compound and further isoflavones contained
n control rat urine.

Thus, initial metabolite identification experiments were per-
ormed using a PerkinElmer 200 Series HPLC system equipped with
V-detection and coupled to a Waters ZQ mass spectrometer with

ntegral electrospray ionisation (ESI) source (Waters Corporation,
ilford, USA), with the HPLC-conditions as outlined in the ana-

ytical ACN HPLC system section. Data were acquired in full scan
cquisition mode (20–800 Da) at a scan speed of 2 s and processed
sing Masslynx version 3.5. Alternating low–high cone voltage
ettings were 25 V and 50 V, respectively. The source, cone and
esolvation temperatures were set at 120 ◦C, 520 ◦C and 300 ◦C,
espectively. The desolvation and cone gases were set up at 460 L/h
nd 37 L/h, respectively.

The Waters Q-Tof 2 mass spectrometer (Waters Corporation,
ilford, USA) was equipped with an ESI source, operating in posi-

ive mode, with data acquired at 1 scan per second. The source and
esolvation temperatures were 120 ◦C and 350 ◦C, respectively. The
esolvation and cone gases were set up at 750 L/h and 5 L/h, respec-
ively. Full scan MS data were obtained in centroid mode over the

ass range of 50–900 Da at a peak resolution of 7000 using alter-
ating low (40 V) and high (80 V) cone volt switching to generate
olecular ions and source induced fragments. Data were acquired

sing a continuous lock mass infusion to ensure mass stability. All
on spectra were collected using 10 V collision energy. Data acqui-
ition and processing were handled by Masslynx version 3.5.

Daidzein (contained in rat urine), and further urinary
soflavones were analysed on a Waters Acquity UPLC–MS sys-
em equipped with a binary solvent manager, column oven,
ample manager and DAD UV/visible detector (Waters Corpora-
ion, Milford, USA) linked to the mass spectrometer as described
elow. Separations were carried on a Kinetics 2.6 �M core shell
00 mm × 2.1 mm i.d. column (Phenomenex, Macclesfield, UK)
aintained at 50 ◦C. The mobile phase consisted of eluent A (ammo-

ium acetate 10 mM) and eluent B (methanolic ammonium acetate
0 mM). The elution profile described a linear gradient from 10% to
0% B from 0 to 8 min, followed by an isocratic hold at 95% B from
to 11 min, before re-equilibration (10% B, from 11 to 15 min). The
ow rate was 0.5 mL/min, the injection volume was 20 �L and DAD
V spectra were acquired from 190 to 330 nm. Eluent flow was

ntroduced into the mass spectrometer via the LTQ divert valve at
.0 min. The mass spectrometer was a LTQ-Orbitrap XL equipped
ith an ESI source (Thermo Fisher Scientific, Bremen, Germany),
hich was operated in positive mode. Source settings were: capil-

ary temperature 350 ◦C, sheath gas flow 25, auxiliary gas flow 17
nd sweep gas flow 5 (L/h), source voltage 3.5 kV, source current
00.0 �A, capillary voltage 18 V and tube lens 75 V. Full scan MS
ata were obtained over the mass range 100–1000 Da at a peak res-
lution of 7500. Targeted MSMS experiments were acquired using
CD (collision cell) fragmentation, isolation width 2 Da, normalised
ollision energy 45 and activation time 30 ms. HCD fragment ions
ere monitored by the Orbitrap using 7500 resolution. LTQ and
rbitrap mass detectors were calibrated within 1 day of commenc-

ng the work using Proteomass LTQ/FT-Hybrid ESI positive mode
alibration mix (Supelco, Bellefonte, USA). Data acquisition and
rocessing were handled by Xcalibur software version 2.1.
.5.8. Characterisation by 1H NMR spectroscopy
Generally, individual metabolite peaks were isolated by HPLC,

s outlined above, prior to investigation by 1H NMR spectroscopy.
ll metabolites were reconstituted in 200 �L D2O and transferred

nto 2.5 mm i.d. microtubes prior to analysis.
Biomedical Analysis 55 (2011) 500–517 503

1H NMR spectroscopy was performed on a Bruker DRX500 NMR
spectrometer operating at 500.13 MHz resonance frequency. 1H
NMR data were collected and analysed using XWIN-NMR version
2.6. Typically the 1H NMR spectra were acquired with solvent sup-
pression at the water frequency. Data were acquired into 65k data
points over a spectrum width of 9980 Hz at a constant temperature
of 300 K. Depending on concentration of the metabolites, spectra
were recorded with 512–4096 scans.

3. Results and discussion

3.1. Metabolite profiles of [14C]-zibotentan in rat, dog and human
samples

Metabolite profiling was performed using HPLC–UV–RAD, the
profiles of which also provided the quantitative data to calculate
the proportion of dose represented by each metabolite. Subsequent
metabolite characterisation was performed by HPLC–MS and, fol-
lowing off-line isolation by HPLC, by 1H NMR spectroscopy.

Although some of the quantitative work is discussed in detail by
Clarkson-Jones et al. [12,13] for both human and pre-clinical species
(mouse, rat and dog, bile-duct cannulated and intact), dosed with
double-labelled [14C]-zibotentan, this paper serves to summarise
the mass balance and metabolite profiling data, and most impor-
tantly, demonstrate the learning from the earlier investigations.

Hence, the findings from the initial single-labelled studies are
presented, highlighting the detection of radioactivity in the expired
air in rats, as well as the identification of unlabelled metabolites in
rat excreta, which provided the rationale for the repetition of the
studies, using the double-labelled compound, in intact animals and
humans.

Representative HPLC–RAD profiles of rat, dog and human urine
as well as human plasma, following dosing of double-labelled [14C]-
zibotentan, are shown in Fig. 2, and the data for each species are
discussed and summarised in the following paragraphs.

3.1.1. Rat
An excretion balance study was carried out initially with the

single-labelled compound. In total, ca. 92% of the radioactivity of
the oral dose was recovered from males and 99% from females.
Recoveries from intravenous administration were similar with
approximately 88% recovered from males and 97% from females.
Following both oral and intravenous administration excretion was
rapid with more than 74% of the dose being recovered in the first
24 h.

Metabolite patterns were similar following both oral and iv dos-
ing, and although there were some quantitative differences, males
and females excreted the same metabolites. There was no apparent
inter-animal variation in the metabolite patterns from animals of
the same sex.

There was, however, a distinct sex difference in excretion of
[14C]-zibotentan. Males had significantly higher levels of radioac-
tivity in the faeces (and expired air). Thus, collections up to 48 h
revealed, following the oral dose to males, a recovery of ca. 19% in
urine, 64% in faeces, and 4.4% in expired air, and following iv dos-
ing, 32% in urine, 45% in faeces and 8% in expired air. In females,
the figures were 46% in urine, 44% in faeces and 2% in expired air
following oral dosing, and 72% in urine, 14% in faeces and 3% in
expired air, following iv dosing.

The sex difference was also observed in the quantities of parent

compound and individual metabolites seen in the excreta profiles,
with metabolism generally more pronounced in males (data not
shown).

The relatively high level of radioactivity observed in expired air
indicated that the position of the radiolabel was not metabolically
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ig. 1. The structure of [14C]-zibotentan showing (A) the initial position of the r
ouble-labelled study. The structure of [14C]-zibotentan with the protons as labelle

table. This observation then led to the production of the double-
abelled version of zibotentan and the repetition of the study.

Hence, as expected, the sex difference was also apparent in the
epeat double-labelled study. The urine and faecal metabolite pro-
les showed that metabolism was generally higher in males than

n females, particularly in the quantities of metabolite P4. Thus, in
ales, P4 accounted for 60% of the oral and 45% of the iv dose, whilst

n females, the figures were 23% and 13%, respectively. Females
xcreted the majority of the dose as parent, accounting for 47% of
he oral and 48% of the iv dose. In contrast, males excreted only 7%
f the oral dose and 8% of the iv dose as parent.

In all rats the main component in the circulation was confirmed
s parent, which accounted for approximately 83% and 90% of
adioactivity following oral and iv dosing, respectively. Plasma was
enerally void of major circulating metabolites; however, metabo-
ite P4 was observed in male rats only, following both dose routes,
ut only accounted for 2% of the radioactivity. Metabolite P6 was
lso observed at low levels (less than 1% of activity present) in the
irculation of male rats following iv dosing.

Seven metabolite peaks were observed in urine and faeces using
PLC–UV–RAD and these were identified as peaks 1–7 (P1–P7) in

he single-labelled study. The double-labelled repeat study addi-
ionally highlighted the presence of P8 and P9, minor metabolites
resent (at <4%) in the urine and faeces. Parent eluted at a reten-
ion time (RT) of 22.1 min while all of the metabolites, with the
xception of P6, eluted before parent.

A summary of the key metabolites present in the HPLC–UV–RAD
rofiles from the double-labelled study is provided in Table 1A.

.1.2. Dog
An excretion balance study was initially carried out with the

ingle-labelled compound in male dogs only. In total, ca. 86% and
7% of the administered radioactivity was recovered during the col-

ection period, following oral and iv dosing, respectively. Excretion
as rapid with more than 96% of the recovered dose being elimi-
ated within 48 h of administration. Urinary recoveries following

v dosing were higher than the ones following the oral route, as oral
bsorption was estimated at 66%. Expired air was not collected.

Metabolite profiles in urine and faeces extracts were found to be
ualitatively similar following both oral and iv dosing to the male
ogs, although the data were generally variable, as one dog was
ound to metabolise extensively. As a brief summary, the major
eak in urine and faeces was from parent (representing approxi-
ately 30% and 50% in urine and ca. 9% and 3% in faeces, following

ral and iv administration, respectively). Three other components
P4, P3 and P2) were also observed in the excreta. Metabolite P4

epresented ca. 12% and 8% in urine and ca. 13% and 8% of the admin-
stered dose in faeces, following oral and iv dosing, respectively. P3
ccounted for ca. 4% and 7% in urine but less than 3% and 1% in fae-
es, while P2 accounted for less than 1% of the dose in both urine
nd faeces, following oral and iv dosing, respectively.
Me Me

bel (*) and (B) the positions of the radiolabel in the pyridine ring in the repeat
e 1H NMR spectra throughout the paper (C).

Plasma contained one major peak consistent with parent
(ranging from 63–80% and 80–87% following oral and iv dos-
ing, respectively), whilst P3 and P4 combined account for less
than 6% of the chromatogram radioactivity, following either dose
route.

In the repeat double-labelled study, following oral dosing to
male and female dogs, the metabolic profile was similar to that
in the single-labelled study. Furthermore, no sex difference was
observed in the excretion of metabolites.

Hence, ca. 40% of the dose was recovered as parent, the majority
of this (ca. 37%) was recovered in urine. P4 accounted for approx-
imately 12% in urine and 7% in faeces, and P3 for approximately
7% of the dose in, both urine and faeces. P2 represented less than
0.5% in urine and 3% in faeces. In all dogs, the main component in
circulation was parent, accounting for approximately 92% of the
circulating radioactivity, with both P3 and P4, representing ca. 5%
of the chromatogram radioactivity.

A summary of the key metabolites present in the HPLC–UV–RAD
profiles from the double-labelled study is provided in Table 1B.

3.1.3. Human
Following a single oral dose of double-labelled [14C]-zibotentan

to human volunteers, the resulting routes of excretion and metabo-
lite profiles were similar for both male and female volunteers. There
was little inter-individual variation in the range and quantity of the
metabolites observed, as discussed in Ref. [13].

Clarkson-Jones et al. [13] showed that [14C]-zibotentan was
rapidly absorbed, with the maximum plasma concentration
observed 1 h after administration. Excretion was rapid, with the
majority of the dose being excreted in the urine (with a mean of
83%), whilst the remainder (approximately 10% of the dose) was
eliminated via the faeces. Thus, the total recovery of radioactivity
was high (with a mean of 93% over 5 days), with 78% of the dose
being recovered within the first 24 h.

The major component in human plasma was parent compound,
which accounted for approximately 80% of the circulating material
over 24 h, together with metabolite P6, which was present at levels
of approximately 4%. No other metabolites were observed in the
human plasma over 24 h.

In human urine the main component observed was parent
accounting for approximately 36% of the dose, whereas in faeces,
parent compound was either absent or only detected at trace levels.
In both human urine and faecal samples, P3 and P4 were the main
metabolites observed, accounting for ca. 13% and 12% of the dosed
radioactivity in urine, and approximately 2% of the dose, for both,

in the faeces, respectively. In urine, P2 and P6 were also of note
accounting for ca. 3% and 6% of the dose, respectively. All other
metabolites accounted for less than 3% of the dose in urine and 1%
of the dose in faeces. Both P8 and P9 were only present at trace
levels (less than 1%) in urine and faeces.
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Table 1
HPLC-peaks observed, following dosing of double-labelled [14C]-zibotentan, in the (A) 0–48 h urine and faecal samples and 0–24 h plasma samples following oral (5 mg/kg)
and intravenous (3 mg/kg) dosing to three male and three female rats. (B) 0–48 h urine and faecal, and 0–24 h plasma samples following oral dosing (1 mg/kg) to three male
and three female dogs. (C) 0–72 h urine, 0–120 h faecal and 0–24 h plasma samples following a single 15 mg oral dose to healthy volunteers (male and female, n = 3 each).

Species Dose route/sex/sample HPLC peaks and retention times (min)

P2 P9 P3 P4 P5 P8 Parent P6
12.5 13.7 15.1 16.6 18.0 20.9 22.1 23.6

(A) Rat O/M/U n/d 0.8 2.1 18.5 n/d 2.1 3.6 0.7
O/F/U n/d n/d 1.8 7.8 n/d 1.4 40.9 5.1
IV/M/U n/d 0.7 1.6 16.7 n/d 1.8 6.1 6.7
IV/F/U n/d n/d 3.2 5.4 n/d 1.0 47.5 2.3
O/M/Fc n/d 1.1 1.7 41.5 n/d 3.8 3.4 n/d
O/F/Fc n/d 0.4 0.9 15.6 n/d 2.1 5.6 1.0
IV/M/Fc n/d 0.7 1.1 28.6 2.0 2.7 1.6 1.0
IV/F/Fc n/d 0.2 0.4 7.3 2.3 1.2 0.7 0.1
O/M/P n/d n/d n/d 1.9 n/d n/d 82.4 n/d
O/F/P n/d n/d n/d n/d n/d n/d 84.5 n/d
IV/M/P n/d n/d n/d 2.0 n/d n/d 89.9 0.8
IV/F/P n/d n/d n/d n/d n/d n/d 90.6 n/d

(B) Dog O/M/U6–48 h n/d n/d 6.4 11.3 n/d n/d 37.0 n/d
O/F/U <0.5 n/d 7.4 12.3 n/d n/d 36.6 n/d
O/M/Fc 1.0 n/d 6.4 6.9 n/d n/d 3.2 n/d
O/F/Fc 4.6 n/d 8.3 5.9 n/d n/d 1.5 n/d
O/M/P6–24 h n/d n/d 5.3 n/d n/d n/d 94.7 n/d
O/F/P n/d n/d 5.0 5.8 n/d n/d 89.2 n/d

(C) Human O/M/U 3.3 n/d 13.3 12.4 0.9 1.5 36.3 6.6
O/F/U 3.4 n/d 12.9 12.2 1.5 n/d 35.5 4.6
O/M/Fc <1 <1 1.8 3.6 <1 <1 <1 n/d
O/F/Fc <1 <1 2.1 1.2 <1 n/d n/d n/d
O/M/P n/d n/d n/d n/d n/d n/d 79.5 4.2
O/F/P n/d n/d n/d n/d n/d n/d 81.1 4.4
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/d = not detected.
ean of three animals/volunteers, unless stated otherwise.

ey—O: oral; IV: intravenous; M: male; F: female; U: urine; Fc: faeces; and P: plasm

A summary of the key human metabolites present in the
PLC–UV–RAD profiles from the double-labelled study is provided

n Table 1C.
In summary, during early development, when [14C]-zibotentan

as administered to rats, dogs and human volunteers, it was
hown to be rapidly absorbed, with the majority of the radioac-
ivity excreted within 24 h by rats and humans, and within 48 h by
ogs.

Based on the data from the double-labelled studies (Table 1),
arent compound accounted for ca. 80% and 89–95% of circulat-

ng radioactivity in humans and dogs, respectively, following oral
dministration, and for approximately 82–91% in rats, following
ral and iv doses.

In the urine and faecal profiles of rats, a distinct sex difference
as observed, with metabolism more extensive in males, an obser-

ation not made in dogs and humans. Hence, female rats excreted
he majority of the dose as parent (ca. 48%), compared to ca. 8%
n males. This phenomenon was also apparent in the preliminary
ingle-labelled study, with the detection of radioactivity in the
xpired air (up to 8% in male rats, compared to 3% in females). Most
mportantly, however, the capture of expelled 14CO2 indicated loss
f the radiolabel as a consequence of biotransformation.

[14C]-Zibotentan was found to be extensively metabolised. In
otal, 12 metabolites (P1–P12) were identified in rat, dog and
uman, none of which, however, unique to one species. Gener-
lly, the metabolite profiles from rat and human samples were
ore complex compared to those from dog. Parent and the major
etabolites P3 and P4 were identified in the urine and faeces sam-
les in all the species investigated, while P6, P8 and P9 were only
etected in rat and human excreta. Metabolites P8 and P9 were

nitially unaccounted for in the HPLC–UV–RAD traces from rats
ollowing dosing of single-labelled [14C]-zibotentan, owing to the
act that they appeared to have lost their radiolabel during bio-
tage of chromatogram.

transformation. P8 was solely identified in rat urine by HPLC–MS,
based on a diagnostic fragment ion. P8 and P9 were later confirmed,
characterised and quantified in the double-label repeat study, by
HPLC–UV–RAD and HPLC–MS.

3.2. Structural characterisation of parent and metabolites

Metabolite characterisation was performed using a selection of
HPLC–MS(MS) detectors. In general, the primary analyses were
carried out on a single quadrupole mass spectrometer using
alternating low–high cone voltage switching to facilitate in-
source fragmentation. Accurate mass measurement and MSMS
experiments were acquired on QTOF-MS and LTQ Orbitrap instru-
ments on selected samples. Metabolites were uncovered using
HPLC–UV–RAD in conjunction with MS mining techniques such
as common fragment searching and 14C isotope pattern match-
ing. The fragment ion at m/z 139, representing the amino pyrazine
ring, was particularly useful for identifying HPLC–MS compo-
nents as being derived from [14C]-zibotentan. Biotransformation
characterisation was based on molecular ion and fragmenta-
tion information. Finally, once isolated, selected metabolites were
analysed by 1H NMR spectroscopy for their structural identifica-
tion.

It should be noted that the LTQ Orbitrap work was limited to the
identification of the feed contaminant, daidzein, and was also used
to re-evaluate the fragmentation of parent.

3.2.1. Structural assignment of [14C]-zibotentan parent

Drug metabolites generally contain common or similar struc-

tural motifs to the parent drug; hence, prior to the identification of
the metabolites, the pure dosed compound was fully structurally
characterised by HPLC–MS, with additional MSMS, and 1H NMR
spectroscopy. The resulting information helped to find and identify
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ig. 2. Representative HPLC–RAD profiles of (A) rat urine (0–48 h pool), (B) dog u
0–24 h pool), following dosing of double-labelled [14C]-zibotentan. * P8 and P9 we

iagnostic fragment ions and NMR signals in the complex biological
amples.

The proposed fragmentation pattern for parent is shown in
ig. 3, and the 1H NMR spectra of parent (in different solvents) are
hown in Fig. 4.

[14C]-Zibotentan (with a RT of approximately 22.1 min) yielded
protonated molecular ion [M+H]+ of m/z 425 when analysed by
PLC–MS at the low cone voltage (25 V). The mass fragmentation
atterns showed that ionisation at the high cone voltage (50 V)
esulted in three key fragments, namely m/z 139 and m/z 237 (both
dd electron ions) and m/z 361, following expulsion of the sulfone
oiety. These fragment ions were deemed to be very unusual and

ence were later confirmed by accurate mass (<3 ppm) MSMS on

he LTQ Orbitrap, as shown in Fig. 3. The proposed expulsion of
he sulfone moiety and subsequent rearrangement process is sup-
orted by mechanistic studies in previous work on sulfonamides
y Wang et al. [14]. The characteristic isotope pattern was present
0–48 h urine pool), (C) human urine (12–24 h urine pool) and (D) human plasma
ccounted for in the single-label study, due to loss of the radiolabel.

in all the fragments with the exception of the fragment of m/z 139,
as the pyrazine ring did not contain the 14C label.

Characterisation by 1H NMR spectroscopy highlighted that
[14C]-zibotentan was exclusively suited to heavy water (D2O), as all
other solvents or solvent mixtures resulted in broadening of some
of the signals, as shown in Fig. 4 (with proton peak labels as in
Fig. 1C). Although the compound dissolved readily in all the sol-
vents investigated, some solvents (especially ACN-d3 or MeOH-d4)
caused severe loss of signal intensity and resolution, which could
compromise data interpretation in subsequent metabolite identifi-
cation work. Solvents, such as DMSO-d6 and chloroform-d3, proved
equally unsuitable. In the case of the ACN-d3/D2O-mixture (50:50,
v/v), a typical solvent system employed for on-line HPLC–NMR
separations, this problem was further amplified. Hence, for the

metabolites of interest, off-line isolation of the metabolites was
required, followed by reconstitution in D2O, in order to achieve
reliable structural characterisation.
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Fig. 3. Proposed fragmentation of [14C]-zibotentan parent. Note: The data were generated following repeat analysis on the LTQ-Orbitrap XL for accurate mass and collision
cell fragmentation data.
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ig. 4. 1H NMR spectra of [14C]-zibotentan in different NMR solvents. Key—A: D2O
DCl3. Note: The aliphatic and aromatic regions are shown with different y-expansi
The 1H NMR spectral profile of [14C]-zibotentan in D2O (as
hown in Figs. 4 and 6) comprised a singlet, representing the oxa-
iazole proton (labelled f) with a chemical shift ı1H of 9.03. The
ara-substituted phenyl ring protons (labelled a and b) resonated at
CN-d3; C: D2O/ACN-d3 (50:50; v/v); D: DMSO-d6 (at 100 ◦C); E: MeOH-d4; and F:
ı1H 7.95 and ı1H 7.40 (3J = 8.38 Hz), respectively, and the pyridine
protons gave rise to doublet-of-doublets at ı1H 8.70 (3J = 5.23 Hz,
4J = 1.52 Hz, for c) and ı1H 8.51 (3J = 8.22 Hz, 4J = 1.52 Hz, for e) and
at ı1H 7.71 (3J = 8.22 Hz and 5.23 Hz for d). The pyrazine proton
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he aliphatic regions (top) and aromatic regions (bottom) for each extract. Note: The
nd MeOH: methanol, from the mobile phase used for the separation. The dashed li

esonated at ı1H 7.07 (a singlet, labelled g), while the methoxy
nd methyl protons resonated at ı1H 3.52 and ı1H 2.19, respec-
ively.

.2.2. Structural assignments of the major metabolites detected
n rat, dog and human

As stated earlier, the main objectives of this paper were the char-
cterisation of the major metabolites found in the excreta of rat, dog
nd human and the main circulating metabolites in human plasma.
ence, metabolites which were present in small amounts (<5% of
ose) or were not common to all species, such as P1, P2, P5, P7, P10,
11 and P12, are not discussed.

All metabolites described below were characterised in or iso-
ated from the rat urine samples (0–6 h collection) following
osing of single-labelled [14C]-zibotentan, with the exception of
9, which was derived from the double-label rat study. All of the
uantitative data, quoted below for each metabolite, however,
ere generated from the double-labelled studies for rat, dog and
uman.

Representative HPLC–RAD profiles are shown in Fig. 2, and the
roposed structures and fragmentation data are summarised in
able 2.

.2.2.1. Identification of metabolite P3. P3 was considered a major
etabolite in all the species investigated. Hence, in dogs metabolite
3 represented approximately 7% of the administered dose in both
rine and faeces, and ca. 5% of the radio-chromatogram in plasma.

n the rat, P3 was less abundant, accounting for approximately 2%
n the urines and for 1% in the faeces from male and female rats,
nd was not detected in the plasma samples. However, in humans
Fig. 1C), isolated from rat urine after oral dosing (A) and iv dosing (B). Shown are
mulation contained PEG as dosing vehicle, which was co-extracted. FA: formic acid
ow indicates where the Me-group resonated in parent.

P3 represented ca. 13% of the dose in urine, yet accounted for only
2% in faeces. It was not detected as a circulating human metabolite.

Metabolite P3 (with a RT of 15.1 min) yielded a protonated
molecular ion [M+H]+ of m/z 303 when analysed by HPLC–MS,
which is consistent with the loss of the pyrazine ring but retention
of the amino sulfone moiety.

When this molecular ion was fragmented with a higher cone
voltage (50 V), compound related fragments displaying the 14C iso-
tope pattern were observed at m/z 222 and m/z 286. Fragment
m/z 222 related to the oxadiazole–phenyl–pyridine ring structure
(the ‘aromatic backbone’) and fragment m/z 286 to the same ring
structure, having retained the sulfone moiety.

Hence, P3 was identified as the despyrazine metabolite of [14C]-
zibotentan. The proposed structure and the fragmentation data are
summarised in Table 2. The stability of sulfonamido groups, as pro-
posed for P3, has been reported previously [15], demonstrating that
chemically, this group is a relatively stable entity and can only be
cleaved under harsh conditions such as strong mineral acid treat-
ment.

The 1H NMR spectrum of metabolite P3, isolated from rat
urine indicated that whilst all of the signals from the ‘aromatic
backbone’ were preserved, neither the aromatic pyrazine ring
proton (ı1H 7.0, labelled g in Fig. 4) nor the Me- or MeO-
signals were detected (data not shown). Although the 1H NMR
data alone did not provide conclusive evidence (especially as the

aliphatic region of the spectrum showed evidence of signal over-
lap with co-extracted endogenous material), it confirmed that the
oxadiazole–phenyl–pyridine ring structure remained unaffected
by biotransformation. This metabolite was subsequently bacte-
rially synthesised by Novacta Biosystems Ltd., and was shown



E.M
.Lenz

et
al./JournalofPharm

aceuticaland
Biom

edicalA
nalysis

55 (2011) 500–517
509

Table 2
A summary of mass spectral data of [14C]-zibotentan and its metabolites, in order of elution, from all species investigated.

Peak label Species RT (min) Proposed structure [M+H]+ (m/z) Diagnostic fragment
ions (m/z)

Proposed fragment structures

P7b R 1.9 n/a – – –
P1b R 2.4 n/a – – –
P12 D, H 8.4 n/a – – –
P11 R, H 11.0 n/a – – –
P2 R, D, H 12.5 n/a – – –

P9a R, H 13.7

OH

O N

S

NH2

OO

279 215, 198, 154

C
+

N

O

O

N

O
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+
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O

NN N

S
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OO
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O
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+

N
N
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+
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Table 2 (Continued)

Peak label Species RT (min) Proposed structure [M+H]+ (m/z) Diagnostic fragment
ions (m/z)

Proposed fragment structures

155, 138

C

N

N O

N
+

O

N

N O

N
+

OH

237 N

N
N

O

CH2

P5 R, D, H 18.0 n/a – – –

P8a R, H 20.9

OH

O N

S

NH

OO

N

N

OMe

Me 401 337 and (319, 276)Ref

N

N
+

O

N

N

O

O N

N O

N

N

C
+

O N

N O

N

N

C
+

-SO2

139

C

N

N O

N
+

(264, 199)Ref

S
O

O

N
+

O

O
C

N
+

O

O

Parent R, D, H 22.1 See Fig. 3 425 361, 237, 139

P6 R, H 23.6

O

NN N

S

NH

OO

N

N

OMe

Me

OH

441 377

N

N
N

O

N

N
+

O

N

+O

-SO2

139

C

N

N O

N
+

Species—detected in H: human; R: rat; and D: dog.
n/a = not available, unassigned.

a Positively identified in repeat double-labelled study.
RefFragments from synthetic reference standard (not seen in metabolite mass spectrum).

b Trace metabolites eluting in solvent front.
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o have the same HPLC-retention time characteristics, and pro-
uced identical MS and 1H NMR spectra as metabolite P3 (data not
hown).

.2.2.2. Identification of metabolite P4. Generally, metabolite P4
as the most abundant metabolite detected in every biofluid

nd every species investigated. Hence, in male rats it represented
pproximately 18% of the administered dose in urine and ca. 35% in
aeces. In female rats, P4 was less abundant with ca. 7% in the urine
nd 12% in the faeces. In plasma, it was absent in females but repre-
ented approximately 2% in males only. In the dog, P4 accounted for
a. 12% in urine and ca. 6% in faeces for both male and female dogs,
lthough it was only detected (at ca. 6%) in the plasma from female
ogs. Similarly, in humans, P4 represented ca. 12% of the dose in
rine, yet accounted for only 2% in faeces. It was not detected as a
irculating human metabolite.

Metabolite P4 (RT of 16.6 min) was shown to have a protonated
olecular ion [M+H]+ of m/z 441, indicative of a single oxidation

i.e. a gain of 16 mass units compared to parent), when analysed
y HPLC–MS. The fragmentation was complex; however, the mass
pectrum contained diagnostic molecular ions such as m/z 377 and
/z 155, corresponding to addition of 16 mass units to the key

ragments, m/z 361 and m/z 139 as seen in the parent spectrum
Fig. 3).

The observation of the fragment ion at m/z 237, which
as also present in the parent spectrum, indicated that the

xadiazole–phenyl–pyridine backbone remained intact and hence
naffected by metabolism, whilst the observation of fragment ion
/z 155 (and the subsequent loss of the hydroxyl radical to form
/z 138) suggested that oxidation had occurred on the pyrazine

ing moiety. The exact site of oxidation could, however, not be con-
rmed; hence, this metabolite also required isolation for structural
onfirmation by 1H NMR spectroscopy.

The proposed structure and fragmentations of metabolite P4 are
ummarised in Table 2.

Metabolite P4 was structurally identified by 1H NMR analy-
is, which was carried out on four separately isolated P4 samples
isolated from 0–6 h rat urine), all of which contained different
ontaminants and varying amounts thereof. Although the spec-
ral quality varied markedly, with contaminants ranging from
EG (contained in the dosing vehicle of the iv formulation) to
ndogenous urinary material (such as tyrosine or 3-hydroxyphenyl
ropionic acid), co-extracted during the fraction collection, the

dentity of the metabolite, could, however, be positively confirmed,
s shown in Fig. 5.

The aromatic region generally showed less contamination,
hroughout; hence, all the aromatic protons could be accounted for,
ncluding the pyrazine proton (e.g. the protons labelled a–g). The
ignal for the methoxy group (a singlet at ı1H 3.53) on the pyrazine
ing was generally prone to overlap with impurities, yet in two of
he samples it could be clearly and unambiguously identified. How-
ver, the pyrazine methyl, which in the parent resonated at ı1H 2.2,
as absent in every sample, whilst a singlet at ca. ı1H 4.4–4.45, with

n integral value of 2 protons, could be clearly observed in each of
he metabolite spectra. The observed chemical shift change of the
yrazine methyl singlet was consistent with the oxidation of the
ethyl to a hydroxy methyl [16].
The mass spectral data and the 1H NMR data both indicated that

ydroxylation had occurred on the pyrazine ring, with 1H NMR
ata confirming the formation of a hydroxy-methyl group. Hence,
etabolite P4 was identified as hydroxymethyl-[14C]-zibotentan.

reference standard for P4 was later generated bio-synthetically

s it could not be produced via a synthetic route. The bio-synthetic
eference standard provided by Novacta Biosystems Ltd. was fully
haracterised and was shown to be identical to the urinary metabo-
ite P4.
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3.2.2.3. Identification of metabolite P8. Although metabolite P8 was
not present in every species, it is noteworthy, as it was initially
only detected and identified in the single-label rat study, based on
the characteristic fragment ion m/z 139, having lost its radiolabel
during metabolism. It could, therefore, only be quantified in the
subsequent double-labelled studies, in rat, dog and human.

Metabolite P8 was predominantly detected in rats, although as
a minor metabolite, where it represented approximately 2% and 1%
in the urines and 3% and 2% in the faeces from male and female rats,
respectively. It was absent in dogs and only present as a trace (1.5%
in urine and <1% in faeces) in the excreta from male volunteers only.

Hence, in the initial single-label rat study, a metabolite (RT of
20.9 min) with a protonated molecular ion [M+H]+ of m/z 401 was
identified solely by its association with the diagnostic m/z 139 frag-
ment. The HPLC–UV–RAD analysis had not shown a peak at this
retention time, which suggested the component was not radio-
labelled or had lost its radiolabel. On subjection to a higher cone
voltage (50 V) the molecular ion [M+H]+ of m/z 401 was fragmented
to form ions of molecular mass m/z 139 (representing the amino
pyrazine moiety) and m/z 337, which derived from the expulsion
of the sulfone group (a loss of 64 mass units from the protonated
molecular ion).

The fragmentation pattern and the lack of the 14C isotope pat-
tern in the mass spectrum of the peak indicated that metabolism
had occurred on the oxadiazole ring. This finding was consistent
with data generated during the preliminary mass balance study,
where up to 8% of the dose was recovered in expired CO2 following
administration of [14C]-zibotentan to rats. Hence, the overall loss of
24 mass units compared to parent, equating to the loss of one car-
bon (the radiolabelled carbon) and two nitrogens, with the addition
of an oxygen, suggested that metabolite P8 was the carboxylic acid
metabolite of zibotentan, namely the biaryl acid metabolite.

This metabolite was subsequently confirmed in the repeat
double-label rat study, where the radiolabel was positioned in the
pyridine ring (as shown in Fig. 1B). Here, the HPLC–UV–RAD data of
rat urine and faecal extract were similar to the single-labelled study,
however, clearly demonstrating the presence of P8, eluting with a
retention time of 20.9 min (Table 1 and Fig. 2A). The P8 metabolite
displayed identical chromatographic retention time characteristics
and HPLC–MS fragmentation patterns as the metabolite identified
in the single-labelled rat study. It was also later available as a syn-
thetic standard aiding its full characterisation by comparison of
chromatographic retention time and HPLC–MS, yielding fragments
of m/z 337, 319, 264, 199 and 139 (as detailed in Table 2).

3.2.2.4. Identification of metabolite P9. Similar to metabolite P8, P9
was only detected in the HPLC–UV–RAD spectrum and, therefore,
quantifiable in the double-label repeat studies.

Again, it was a minor metabolite, predominantly detected in the
excreta of rats, where it was present in trace amounts in the urines
of male rats only (<1%), yet in the faecal samples of both sexes (at
ca. 0.9% in males and 0.3% in females). It was not detected in dogs,
and only present in trace amounts (<1%) in the faecal samples of
the human volunteers.

Hence, the repeat double-labelled rat study revealed a peak for
metabolite P9 in the HPLC–UV–RAD profile at a retention time of
13.7 min, which was identified by HPLC–MS analysis as having a
protonated molecular ion [M+H]+ of m/z 279. Fragmentation with
a higher cone voltage (50 V) generated fragments, all displaying the
14C isotope pattern, such as m/z 198, consistent with the oxadiazole

ring opened carboxylic metabolite of P3, or, indeed, the despyrazine
derivative of P8. Hence, P9 was identified as the despyrazine biaryl
acid of [14C]-zibotentan.

The proposed structure for metabolite P9 and the fragmentation
data are summarised in Table 2.
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hown.

The loss of the radiolabel in the initial single-labelled study, in
oth metabolites P8 and P9 as a consequence of biotransforma-
ion, emphasises the importance of selecting a labelling-position
naffected by metabolism. However, as these studies have
emonstrated, metabolic changes can be difficult to predict;
ence, radio-labelled data should be used in conjunction with
PLC–UV–MS data, whenever possible.

.2.2.5. Identification of metabolite P6. P6 was of particular interest
s it was the only circulating metabolite (accounting for approxi-
ately 4% of the chromatogram radioactivity) detected in human

lasma extracts. P6 was also detected in human urine (at approx-
mately 5% of the dose), and in the urine and faecal samples of rat
approximately 4% and 0.5% of the administered dose, respectively).
t was, however, not detected in the dog samples.

According to the FDA draft guidance on Safety Testing of Drug
etabolites (the MIST guidelines, issued in February 2008) [11],

he identification of P6 was not considered mandatory, based on
ts low concentration in human plasma and its presence in rat exc-
eta. Nevertheless, it was the sole plasma metabolite in humans,
nd a major metabolite (>5% in human urine and selected rat
rine samples); hence, its full structural characterisation was desir-
ble.
Metabolite P6 was isolated from rat urine, pooled from 12 ani-
als. The quantity of P6 was assessed by LSC and HPLC–UV–RAD.
detailed description of the isolation of P6 is given in Section 2.

o summarise briefly, multiple injections of rat urine were made
nto the HPLC-column with fractions collected at 1 min intervals.
n the isolated fraction B (B) and fraction A (A). Note: Only the aromatic regions are

The individual fractions were then combined according to their
retention times. The HPLC-separation was then repeated with the
fractions of interest (at the retention time of P6) and P6 was col-
lected manually based on the UV-response (at 259 nm), capturing
the main bulk of the peak (as fraction A) and the tailing end of the
UV-peak (as fraction B). Unexpectedly, LSC determined fraction A to
contain ca. 16 �g, while fraction B contained approximately 31 �g.
The fractions were first examined by HPLC–MS and subsequently
submitted for 1H NMR analysis.

Metabolite P6 was identified by HPLC–MS to have a protonated
molecular ion [M+H]+ of m/z 441 (i.e. 16 mass units over parent),
indicative of a single oxidation. The fragmentation of P6 produced
fragment ions of m/z 377 and m/z 139. The fragment ion at m/z 377
corresponded to addition of oxygen to the characteristic m/z 361,
as seen in parent (following expulsion of the sulfone). As the m/z
139 fragment was observed, the pyrazine moiety was confirmed to
have remained intact, indicating that oxidation had taken place on
the oxadiazole–phenyl–pyridine moiety.

This was further substantiated by the lack of the fragment ions
m/z 222, 286 and 237, which were observed in the mass spectra of
P3, P4 and parent. The presence of the radioisotope pattern sug-
gested that the oxadiazole ring radiolabel was preserved. Again, as
with metabolite P4, the exact site of oxidation could not be identi-
fied based on the MS-evidence; hence, the samples (fractions A and
B) were submitted for 1H NMR spectroscopy for structural charac-

terisation. The suggested structure and fragmentation for P6 are
shown in Table 2.

Analysis of the individual HPLC-fractions (A and B) by 1H NMR
spectroscopy revealed a mixture of two components at almost



E.M. Lenz et al. / Journal of Pharmaceutical and Biomedical Analysis 55 (2011) 500–517 513

199.0754
MSMS m/z 255

[M+H]+

137.0233 255.0653

227.0702

140 160 180 200 220 240 260

m/z

237.0546

O

O
O

O

C
+

O

O

O
O

C
+

O

O

C
+

O

O
MSMS

-CO
rearrangement -CO

OO

O

C
+

O

O O

O C
+

Exact mass =227.0703 Exact mass =227.0703 Exact mass =199.0754
-H2O

[M+H]+

OO O

703

the m

e
c
g

p
z
b
o
‘
s
N
s
c
t
t
i
ı
l

t
L
(
m
n

t
f
m

m
a
g

OO

Exact mass =137.0233 Exact mass =239.0

Fig. 7. LTQ-Orbitrap XL collision cell fragmentation of daidzein,

quimolar concentrations (if combined). Each fraction, however,
ontained different proportions of each of the components, which
reatly facilitated their identification.

The main component in fraction B (the tailing end of the
eak, containing ca. 31 �g of P6) was identified as hydroxy-[14C]-
ibotentan, based on the 1H NMR spectral evidence as outlined
elow. The position of metabolism was confirmed to be on the
xadiazole ring as the oxadiazole proton signal (ı1H 9.03, labelled

f’ in the parent spectrum) was not observed in the metabolite
pectrum (as shown in Fig. 6), suggesting substitution with an
MR-silent moiety, such as a hydroxy-group. The residual aromatic

ignals were preserved, although experiencing some chemical shift
hanges indicative of the structural modification nearby. Hence,
he protons on the para-substituted phenyl ring, in particular
he protons labelled ‘a’, experienced a significant and character-
stic chemical shift change to lower frequency (from ı1H 7.94 to
1H 7.68), while the shift difference for the neighbouring signals
abelled ‘b’ was less severe (from ı1H 7.4 to ı1H 7.3).

No chemical shift changes were observed for the pyridine pro-
ons (labelled c, d and e) or the pyrazole proton (labelled g).
ikewise, the chemical shifts for the methoxy (OMe) and methyl
Me) signals (at ı1H 3.53 and ı1H 2.2, respectively) of the pyrazine

oiety remained unchanged, compared to parent (part of spectrum
ot shown, data not shown).

The minor component contained in fraction B could be struc-
urally evaluated in the 1H NMR spectrum of the earlier eluting
raction (A), where it was abundant, whilst containing approxi-

ately 16 �g of metabolite P6, based on LSC data.

Hence, in the 1H NMR spectrum of fraction A, the signals of the

ain component (the unknown) comprised a set of doublets from
para-substituted phenyl-ring (ı1H 7.41 and ı1H 7.0, with an inte-
ral value of 2 and a coupling constant of 3J = 8.4 Hz), a singlet at
ain component in fraction A, as detected in pre-dose urine [22].

ı1H 8.11 and a 1,3,4 substituted aromatic ring, represented by a
doublet at ı1H 7.94 ppm (3J = 8.9 Hz), a doublet-of-doublets at ı1H
6.81 (3J = 8.9 Hz and 4J = 2.2 Hz) and a doublet at ı1H 6.6 (4J = 2.2 Hz).
There were no signals in the aliphatic region of the spectrum asso-
ciated with this compound (part of spectrum not shown).

Although there were some common structural characteristics,
such as the para-substituted phenyl ring, the structural resem-
blance to [14C]-zibotentan had to be ruled out on closer inspection,
yet this compound warranted further investigation.

Hence, fraction A was subjected to analysis by LC–QTOF mass
spectrometry. In agreement with the 1H NMR findings the frac-
tion was found to contain two components. The main component
was determined to have an accurate mass of m/z 255.0653 Da with
an elemental composition of C15H11O4. The absence of any S or N
suggested the component was not compound related, as the MSMS
fragmentation exhibited no evidence of 14C isotope pattern or frag-
ments common to [14C]-zibotentan and detected metabolites. It
had, however, also been detected in the pre-dose urine and indeed
in other studies involving rat urine samples, albeit at a reduced con-
centration (data not shown), implying that it was an endogenous
compound.

In a repeat investigation on pre-dose rat urine, using the LTQ
Orbitrap, the elemental composition prediction based on an accu-
rate mass of m/z 255.0653 Da using broad limits (i.e. maximum of
20 C, 40 H, 15 O, 15 N and 2 S, with a minimum of 0 for each element)
confirmed this finding (Fig. 7).

A detailed interpretation of the accurate mass fragmentation
spectra and examination of relevant literature, together with the

1H NMR spectroscopic evidence, indicated that the compound was
the flavonoid, daidzein, originating from animal feed [17–22]. The
LC–MSMS spectra obtained by either the LC–QTOF or LTQ Orbitrap
were shown to be identical, when comparing the rat urine sam-
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ig. 8. Example of rat urine HPLC–UV chromatogram (300–310 nm) showing interf
races (190–330 nm) of zibotentan (A) and daidzein (B), displaying the overlapping

le and actual methanolic extracts from the rat pellets (data not
hown). A daidzein standard was subsequently acquired to confirm
he main component in fraction A and enabled the positive identi-
cation of this feed contaminant, by MS and 1H NMR spectroscopy
data not shown).

This finding instigated additional investigations of pre-
ose/control rat urine with the aim of identifying further
omponents derived from the feed, which was available to the ani-
als during the study. An example of a rat urine UV chromatogram

at 300–310 nm) revealing a series of components from the animal
how with MH+ assignments is shown in Fig. 8.

Thus, several isoflavone metabolites have been identified in
he rat urines (pre- and post-dose), which were shown to orig-
nate from the feed [18–22]. These included sulfate conjugates
f daidzein, glycetein and genistein, the aglycones, themselves,
nd their dihydro-derivatives. Although the glucuronide conju-
ates could be easily detected by MS, they were below the limit
f detection for the diode array.

The excretion of isoflavone metabolites is well documented
n the literature. They are known to be derived from the
oy-protein contained in the feed, where they seem to be
resent as glucosides. Following hydrolysis in the gut, the agly-
ones are then absorbed and can undergo further metabolism
18,19,21]. A summary of observed isoflavones and their respec-
ive metabolites as detected by accurate mass is presented in
able 3.
Literature data also showed that although isoflavones have been
haracterised by 1H and 13C NMR spectroscopy, these were gener-
lly derived from the deliberate extraction of food stuff, mainly
rom soybean [23–26]. In contrast, the finding presented here was
rom the coincidental concentration and co-extraction of daidzein,
eaks from excreted isoflavone components. Shown as inset are the UV absorbance
259 nm) used in the metabolite identification of [14C]-zibotentan.

excreted into rat urine during the metabolism study of [14C]-
zibotentan.

3.3. Summary

In summary, the metabolic fate of [14C]-zibotentan was char-
acterised by phase I biotransformations exclusively. It comprised
the formation of the des-pyrazine metabolite P3, the hydrox-
ylated metabolites P4 and P6 (namely the hydroxy-pyrazine
and the hydroxy-oxadiazole metabolite, respectively), as well as
the biaryl acid metabolites, P8 and P9, the latter being either
the des-pyrazine derivative of P8 or the ring opened oxida-
tive derivative of P3. Incubations of human urine and faecal
extracts with �-glucuronidase and aryl-sulfatase confirmed that
no glucuronide or sulfate conjugates were present (data not
shown).

Metabolite P6 was of interest as it was the only metabolite
observed in human plasma, the discovery and structural characteri-
sation of which inadvertently lead to the detection of the co-eluting
and co-extracted contaminant, daidzein. Although quantification
was not the key issue here, the manual collection of P6, however,
relying on the UV-response alone led to the assumption that frac-
tion A contained the majority of the metabolite, while in fact it was
dominated by daidzein. The enrichment of the excreted daidzein
in the sample, however, enabled its detection and characterisation
by 1H NMR spectroscopy.
Overall, the loss of radiolabel as a direct result of the biotrans-
formation of [14C]-zibotentan, coupled with the co-extraction of a
compound with a similar UV-chromophore, justified the extensive
efforts made to structurally elucidate and identify the unknown
component, daidzein.
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Table 3
A summary of accurate mass data of the observed excreted isoflavones and their respective metabolites, identified in pre-dose/control rat urine.

Name Approximately RT (min) [M+H]+ (m/z) Mass error (ppm) Proposed structure

Daidzein 5.25 255.06528 0.371 O

O
OH

OH

Glycetein 5.47 285.07584 0.316 O

O
OH

OH

MeO

Genistein 5.97 271.06018 0.295 O

O
OH

OH

OH

Dihydro-daidzein 4.59 257.08087 0.135 O

O
OH

HO

Dihydro-genistein 4.94 273.07578 0.110 O

O
OH

OH

OH

Daidzein + SO3 3.30 335.02194 −0.179 O

O
O

OH

SO3

Glycetein + SO3 3.55 365.03274 0.481 O

O
O

SO3

OH

MeO

Genistein + SO3 3.88 351.01683 −0.241 O

O
O

OH

OH

SO3

Daidzein + Gluca 2.78 431.09707 −0.471 O

O
O

HO

Gluc

Genistein + Gluca 3.03 447.09185 −0.755 O

O
O

OH

HO

Gluc

Note: Glycetein + Gluc and dihydro-glycetein were not detected.
a Below limit of UV-detection, but identified by HPLC–MS.



5 al and

w
l

4

h
l

l
t
t
p

r
i
a
u
s
t
o
t
d
a
w
m

p
d
o
l

p
p
t

i
o
b
a

o
c

o
4

h
s
t
m
i

i
e
i
d
s

t
e
e
s
m

[

[

[

[

[

[

[

[

[

16 E.M. Lenz et al. / Journal of Pharmaceutic

As a final comment, all the metabolites presented in this paper
ere structurally verified and confirmed in the repeat double-

abelled studies by HPLC–UV–RAD and HPLC–MS.

. Conclusions

The investigation of [14C]-zibotentan metabolism as presented
ere has not been straightforward despite the presence of a radio-

abel and the diversity of analytical instrumentation available.
The identification and structural characterisation of the metabo-

ites was heavily compromised by the loss of the radiolabel due
o unforeseen and unpredicted biotransformation reactions, and
he importance of positioning of the radiolabel in a metabolically
rotected moiety has been demonstrated.

The loss of the radiolabel on the oxadiazole ring has required the
epetition of the studies, using double-labelled [14C]-zibotentan,
n order to capture the full range of metabolites generated
nd excreted. Additionally, the fragmentation was complex and
nusual, yet only provided limited structural information. 1H NMR
pectroscopy was able to provide further structural characterisa-
ion, but required the isolation of every metabolite. The isolation
f metabolites from complex biological matrices is a process prone
o contamination due to co-elution with endogenous material and
osing vehicle, and as presented in this case, despite every effort
nd several HPLC-repetitions, the co-extracted isoflavone, daidzein,
as observed as a major contaminant in the 1H NMR spectrum of
etabolite P6.
However, in the end, the metabolites of interest could be

ositively identified. Unusually, all the biotransformations were
ominated by phase I reactions, such as hydroxylations, ring
pened oxidations and des-alkylations, as no conjugated metabo-
ites were observed in the study.

In summary, the metabolites structurally identified (as generally
resent at ca. >5% of dosed radioactivity) in human excreta and
lasma were metabolites P3, P4 and P6, which were also present in
he preclinical samples.

Metabolites P8 and P9 were discussed in detail as they were
nvolved in a metabolic pathway that led to the loss of the radiolabel
n the oxadiazole ring, although they did not pose a toxicity risk,
eing present on average at <2% of excreted radioactivity in rats
nd human.

All other metabolites (P1, P2, P5, P7, P11 and P12) were either
nly present in trace amounts in humans or excreted at <5% per-
entage of dose; hence, further investigations were not required.

As mentioned earlier, P6 was of particular interest, as it was the
nly human circulating metabolite, although it only represented ca.
% of plasma radioactivity.

Metabolite P6 was characterised as the oxadiazole-
ydroxylated-derivative of [14C]-zibotentan by 1H NMR
pectroscopy, which also revealed the presence of and led to
he identification of the isoflavone, daidzein. Isoflavones are com-

on components of soy products, which are, in turn, constituents
n animal diets.

Although it has not been uncommon to detect isolated
soflavones in metabolism studies by HPLC–MS, this study, how-
ver, instigated their systematic identification in rat urine. Hence,
nvestigations of pre-dose rat urine samples by accurate mass
etermination on the LTQ Orbitrap mass spectrometer revealed a
eries of isoflavones present as aglycones and their metabolites.

Isoflavones have previously been characterised by NMR spec-

roscopy predominantly in food research (mainly on soybean
xtracts), yet the detection of excreted urinary daidzein as a co-
xtracted contaminant in the 1H NMR spectrum of P6, which was
ufficiently concentrated during the sample preparation of the drug
etabolite, was an unexpected discovery.

[

[
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