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Abstract

ZD6474 (N-(4-Bromo-2-fluorophenyl)-6-methoxy-7-[(1-methylpiperidin-4-yl)methoxy] quinazolin-4-amine) is a tyrosine kinase inhibitor
with anti-angiogenic and anti-tumor activity that is currently undergoing human trials for cancer treatment. Pharmacokinetic studies in
animal models are an important component in clinical development of this agent to relate pre-clinical models to patient treatment. A liquid
chromatography tandem mass spectrometry method was developed for the determination of ZD6474 levels in mouse plasma and tissues.
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lasma (0.05 mL) and tissue homogenates (0.1 mL of 10 mg/mL) were extracted under alkaline conditions with ethyl acetate:pe
/v) after addition of the internal standard (trazodone, 2-[3-[4-(3-chlorophenyl)-1-piperazinyl]propyl]-1,2,4-triazolo[4,3-a]pyridine(2H)-
ne). Separation was achieved on a C18, 50 mm× 2 mm column with quantitation by internal standard reference and multiple re
onitoring of the ion transitionsm/z 475→ 112 (ZD6474) andm/z 372→ 176 (trazodone). The calibration curve was linear from a r

panning 20–20,000 ng/mL in plasma and 10–320 ng/mg in tissue homogenates. Mean recoveries from plasma and tissue homo
8 and 90%, respectively. The accuracy in plasma was 88% at the lower limit of quantitation (20 ng/mL with a 50�L plasma sample) wit
igh precision (R.S.D.% < 10%). Assay performance in liver and other tissue homogenates is also reported. The assay was a
harmacokinetic study in mice to determine dosing schedules that would approximate therapeutic ZD6474 levels determined in h
2005 Elsevier B.V. All rights reserved.
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. Introduction

Cancer progression: tumor growth, invasion, angiogenesis
nd metastasis, is largely regulated by autocrine and paracrine
ignaling through growth factors and their binding to recep-
or tyrosine kinases (RTKs). Upon binding of growth factors
o respective RTKs, dimerization and subsequent phospho-
ylation of the intracellular kinase domain occurs. Resulting
hosphotyrosines serve as docking sites that recruit signal

ransduction intermediates, ultimately leading to cell prolif-
ration[1]. Approaches to therapies designed to target the
ignal transduction pathway to inhibit tumor growth,
ngiogenesis or both include: anti-growth factor antibodies,
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receptor antagonism, anti-receptor monoclonal antibo
anti-sense and small molecule tyrosine kinase inhib
(TKIs) [2,3].

4-Anilinoquinazolines are a class of orally available s
thetic small molecules designed to bind to the intracel
kinase domain of RTKs, preventing phosphorylation and
rupting the necessary signal transduction for cell prolifera
[4,5]. ZD6474 (N-(4-Bromo-2-fluorophenyl)-6-methoxy-
[(1-methylpiperidin-4-yl)methoxy] quinazolin-4-amine) h
demonstrated potent and selective activity against the
cular endothelial cell growth factor receptor (VEGF
Flk1/KDR) [4,5], which plays a key role in tumor angioge
esis [6] and the epidermal growth-factor receptor (EG
[4,5], which is overexpressed in several cancer types[7]. The
dual activity of ZD6474 allows a single molecularly targe
agent to be effective against the dividing tumor vascula

731-7085/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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as well as the tumor cell population. ZD6474, administered
orally as a once daily treatment, has demonstrated anti-tumor
and anti-angiogenic capability in vitro and in vivo[8,9] and
is currently in Phase II clinical trials.

Pharmacokinetic studies conducted in pre-clinical mod-
els provide useful information about absorption, distribution,
elimination and efficacy that can be translated to the clinical
setting. Presently, there are no available or published methods
for the measurement of ZD6474. The 4-anilinoquinazolines
with basic side chains demonstrate good tandem mass spec-
trometric performance. Therefore, we developed a simple,
rapid and sensitive LC/MS/MS assay to measure ZD6474
from mouse plasma and tissue.

2. Experimental

2.1. Chemicals and reagents

ZD6474 was a generous gift from AstraZeneca (Maccles-
field, UK) and trazodone was obtained from Sigma (St. Louis,
MO). All other chemicals and solvents were of reagent or
higher grade and obtained from Fisher Scientific (Pittsburgh,
PA).

2.2. Standards preparation
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Fig. 1. Structure of ZD6474 [MH]+ ion and product ion,m/z 112 (A) and
the product ion spectrum (B) for ZD6474 under the described mass spectro-
metric conditions.

mass spectrometer (Foster City, CA) with a turbo ionspray
source interfaced to a PE Sciex 200 HPLC system. Samples
were chromatographed with a Prodigy ODS, 5�m, 100Å,
50 mm× 2 mm column (Phenomenex, Torrance, CA). The
LC elution was isocratic with 80% acetonitrile containing
10 mM ammonium acetate and 0.1% acetic acid at a flow
rate of 200�L/min and sample injection volume of 20�L.
The analysis time was 5 min.

The mass spectrometer settings were: turbo ionspray
temperature, 250◦C; spray needle, 4500 V; declustering
potential (DP), 15 V; focus plate (FP), 75 V; collision energy
(CE), 40 V; collision gas, N2 (CAD), 10 units. Samples were
quantified by the internal standard reference method in the
MRM mode by monitoring the transitionm/z 475→ 112 for
the analyte ZD6474 (loss ofN-(4-bromo-2-fluorophenyl)-
6-methoxy-7-hydroxy-quinazolin-4-amine [MW 363]) as
shown inFig. 1andm/z 372→ 176 for the internal standard
trazodone (loss of 1-(3-chlorophenyl)-piperazine [MW 196])
as shown inFig. 2. Each ion transition was integrated for
500 ms. Q1 was operated in the low resolution mode (4 amu
window) to pass both halogenated isotopic species of ZD6474
(m/z 475–478) and trazodone and Q3 remained at unit resolu-
tion to retain mass specificity for the non-halogenated product
ions.
Standard dilutions of ZD6474 were prepared in ace
rile. For analysis in plasma and tissue, ZD6474 was a
o 10 mg/mL control tissue homogenate (10–320 ng
issue) and plasma (20–20,000 ng/mL) and them extra
s described in Section2.3. Each dilution contained 50 n
f trazodone, the internal standard, in a final volume
mL acetonitrile. Trazodone was prepared at 1�g/mL in
cetonitrile.

.3. Sample preparation

Tissue samples were homogenized at 10 mg/mL
0 mM ammonium acetate, pH 9.0 (adjusted with am
ium hydroxide) and 100�L of tissue homogenate was us

or the extraction. For the analysis of blood samples 50�L of
lasma was used. To each sample, 50 ng (50�L of 1 �g/mL)
f trazodone was added followed by 1 mL of pentane/e
cetate (1/1, v/v) containing 0.1% (v/v) ammonium
roxide (30%, w/v) and extraction by vortexing for 10 m
rganic and aqueous layers were separated by centrifug

10 min, 12,000 RCF) and the organic layer remo
vaporated by vacuum centrifugation at room temper
nd reconstituted in 1 mL of acetonitrile for LC/MS/M
nalysis.

.4. Mass spectrometry

Positive ion electrospray ionization (ESI) mass spe
ere obtained with a PE Sciex API-3000 triple quadru
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Fig. 2. Structure of trazodone (internal standard) [MH]+ ion and product
ions,m/z 176 and 148 (A) and the product ion spectrum (B) for trazodone
under the described mass spectrometric conditions.

2.5. Pharmacokinetic study in mice

Female balb/c mice (8–10 weeks old) were purchased
from Charles River Laboratories (Wilmington, MA) and
allowed to acclimate for 7 days. Animals were housed
(three per cage) in polycarbonate cages and kept on a
12-h light:12-h dark cycle. Food and water were given ad
libitum. All studies were conducted in accordance with the
National Institutes of Health guidelines for the care and use
of laboratory animals, and animals were housed in a facility
accredited by the American Association for Accreditation
of Laboratory Animal Care (AAALAC).

Mice were treated with ZD6474 daily at a dose of
30 mg/kg byintraperitoneal injection. ZD6474 was made
up as a suspension in sterile filtered 1% Tween 80 and 50�L
injections were used. Mice were dosed daily for 10 days,
and following dosing on day 10 animals were killed by
exsanguination under isoflurane anesthesia at 30 min, 1, 4,
8 and 24 h post-dosing. Two animals were included at each
time point and plasma and tissues (liver, intestine, kidney
and heart) were collected, frozen in liquid nitrogen and
stored at−80◦C prior to extraction and analysis.

2.6. Data analysis

Quantitation of ZD6474 was based on standard curves
i rea

to trazodone peak area using 1/x weighting. Parameters
for the assessment of assay performance were calculated
as:

Accuracy (%)=
(

1 −
∣∣∣∣Theoretical− Measured

Theoretical

∣∣∣∣
)

× 100

Precision (R.S.D.%)

= Standard deviation calculated values

Mean calculated value
× 100

Pharmacokinetic parameters were determined by non-
compartmental analysis using WinNonlin 4.1 (Pharsight,
Mountain View, CA) on a PC.

3. Results and discussion

3.1. Chromatography

ZD6474 and the internal standard trazodone were eluted
at 2.3 and 2.4 min, respectively (Figs. 3 and 4). Peaks were
detected by monitoring the transition fromm/z 475→ 112
for ZD6474 and fromm/z 372→ 176 for trazodone. No in-
terfering peaks were detected at either monitored ion tran-
sition in extracted matrix (plasma or tissue homogenates).
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.2. Inclusion of trazodone as an internal standard

Trazodone (2-[3-[4-(3-chlorophenyl)-1-piperazinyl]p
yl]-1,2,4-triazolo[4,3-a]pyridine-3(2H)-one) was cho
s an internal standard for the analysis of ZD6474 du

he lack of available structural homologs and isotopom
razodone has many physical and chemical character
imilar to ZD6474, including similar pKa’s (piperdine
Ka = 11.1 and piperazine, pKa = 9.7), both compound
ave halogenated phenyl groups and poly nitrogen con

ng aromatic groups (quinazoline and triazolopyridin
roups) and similar solubility and extractability (Table 4).

mportantly, both compounds have very similar ESI-
erformance and CID behavior. Because of the similar
igh pKa’s, both compounds form very abundant [M + H+

ons and the collision induced dissociation is directed by
rotonated basic nitrogens of the piperadine and piper
roups to form few, but abundant, product ions thro
imilar fragmentation mechanisms (Figs.1A and 2A). The
nclusion of trazodone as an internal standard enhance
ccuracy and precision of ZD6474 analysis, when comp

o calculations using just the analyte alone, in sp
lasma samples (Table 1). Similar results were obtaine
hen comparing analysis of ZD6474 in tissues, with
alculations including the ZD6474/IS ratio increas
oth the accuracy and the precision of the assay (dat
hown).
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Fig. 3. MRM chromatogram of blank mouse plasma sample spiked with
50 ng internal standard (trazodone) (A), a ZD6474 plasma standard at
20 ng/mL (LLOQ) spiked with 50 ng trazodone (B) and a plasma sample
from a mouse treated with 30 mg/kg ZD6474 for 10 consecutive days 24 h
after the last dose (C). The dashed line representsm/z transition from 372
to 176 (trazodone,Rt = 2.4 min) and the solid line representsm/z transition
from 475 to 112 (ZD6474,Rt = 2.3 min).

3.3. Assessment of ion suppression and matrix effects

Ion suppression and matrix effects were assessed with
this method by comparison of the results obtained with
standard dilutions of ZD6474 in 1 mL of acetontrile (solvent
standards) and standards added to dried extracts of plasma
and tissue homogenates and then diluted to 1 mL of ace-

Fig. 4. MRM chromatogram of blank mouse liver homogenate sample
spiked with 50 ng internal standard (trazodone) (A), a ZD6474 liver ho-
mogenate standard at 10 ng/mg (LLOQ) spiked with 50 ng trazodone (B)
and a liver tissue sample from a mouse treated with 30 mg/kg ZD6474 for
10 consecutive days 24 h after the last dose (C). The dashed line represents
m/z transition from 372 to 176 (trazodone,Rt = 2.4 min) and the solid line
representsm/z transition from 475 to 112 (ZD6474,Rt = 2.3 min).

tontrile (post-extraction standards). Both sets of solvent and
post-extraction standards also contained 50 ng of trazodone
(IS). No ion suppression or matrix effects were observed.
The final dilutions are very clean as this method uses small
samples volumes (50�L of plasma and 100�L of tissue ho-
mogenate). The volumes are 1/10–1/20 of the typical sample

Table 1
Effect of the internal standard trazodone on the accuracy and precision of ZD6474 analysis in plasmaa

Concentration (ng/mL) Analyte only (n = 7) Internal standard normalized (n = 7)

Observed Accuracy Precision (R.S.D.%) Observed Accuracy Precision (R.S.D.%)

200 258± 15 71.1 5.6 223± 19 88.4 8.5
2000 2305± 402 79.5 17.4 1901± 222 90.1 11.7

10000 10098± 447 96.4 8.8 9421± 237 94.2 5.0
a Values were obtained from seven independent determinations at each concentration in spiked plasma samples and represent mean values± S.D. for the

observed concentrations. Calculations for the analyte only were done using the area of the ZD6474 peak whereas the internal standard normalized datawere
calculated using ZD6474 peak area divided by the peak area of the internal standard (trazodone).
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Table 2
Precision and accuracy for ZD6474 assay in mouse plasma within and between runs

Concentrationa (ng/mL) Within runs (n = 3) Between runs (n = 6)

Observed Accuracy Precision (R.S.D.%) Observed Accuracy Precision (R.S.D.%)

20 17.6± 1.6 88.3 8.9 17.4± 1.2 87.2 6.4
100 90.7± 4.8 90.7 5.3 87.8± 5.6 87.9 6.3
200 184.8± 6.8 92.4 3.6 182.0± 10.6 91.0 5.8

1000 1008± 102 99.2 10.0 978± 126 97.9 12.8
2000 1938± 274 96.9 14.2 1880± 194 94.0 10.4

10000 8980± 220 89.8 2.4 8880± 520 88.9 5.9
20000 21080± 3340 94.6 15.9 21400± 2620 93.0 12.2

a Values are concentration in the plasma (50�L) that was extracted for analysis.

volumes used in many drug assays (0.5–1 mL of plasma).
Additionally the extracted analytes are diluted 20× instead
of concentrated by 2–4× as described in many methods. The
method results in a 1/400–1/1600 dilution of the final sample
as compared to typical drug assays. The use of small sample
volumes and subsequent final dilution is possible because of
the high instrumental sensitivity of the LC/MS/MS assay. As
measured in plasma extracts the LOD is 0.25 ng/mL and the
LLOQ is 1.0 ng/mL in acetontrile. ZD6474 and trazodone
have non-polar and hydrophobic characteristics and sample
extraction with ethyl acetate:pentane, which is non-polar, is
more selective than other solvents. Full mass spectral scans
(100–1000 amu) did not detect any extraneous compounds
extracted from plasma and tissue samples.

3.4. Linearity and LLOQ

Standard curves in spiked matrix were linear from a
range of 20–20,000 ng/mL in mouse plasma and from 10 to
320 ng/mg in tissue homogenates. The linearity of the ratio
of ZD6474 peak area to trazodone (IS) peak area in plasma
(Fig. 5) and tissue homogenates were greater thanr2 = 0.98
using 1/x weighting. Both uniform and 1/x weighting gave
linear regression analysis withr2 approaching 1, however,
the use of 1/x weighting for the standard curve resulted in
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Fig. 5. Standard curve of ZD6474 in mouse plasma with 50 ng tra-
zodone as an internal standard. The solid line (y = 0.0046x − 0.7163) rep-
resents uniform weighting for least squares calculation and the dashed line
(y = 0.0044x − 0.0024) 1/x weighting. Both regression algorithms gave cal-
culated adjustedr2 values >0.98.

sults are shown inTables 2 and 3. The accuracy of within-run
drug measurements in plasma at concentrations from 20 to
20,000 ng/mL ranged from 88.3 to 99.2% with the precision
(as measured by R.S.D.%) ranging from 2.4 to 15.9%. The
between-run accuracy in plasma ranged from 87.2 to 97.9%
and the precision from 5.8 to 12.8%. The accuracy of the

Table 3
Precision and accuracy of ZD6474 analysis in mouse liver tissue (n = 3)

Concentrationsa

(ng/mg)
Observed Accuracy Precision

(R.S.D.%)

10 7.73± 0.67 77.3 8.6
20 15.5± 1.4 77.7 8.8
40 39.7± 1.8 99.2 4.6
80 73.7± 3.8 92.1 5.1

160 166± 11 96.3 6.8
320 328± 15 97.4 4.4

a Values are amounts per mg wet weight of liver tissue in the spiked ho-
mogenate.
etter prediction of standard samples across the conc
ion range. Most notably, the 1/x weighting yielded greate
ccuracy at lower standard values.

The lower limit of quantitation (LLOQ), based on stand
nalytical method validation guidelines[10], was determine

o be 20 ng/mL in plasma and 10 ng/mg in tissue homoge
he LLOQ values translate to an instrument sensitivit
ng/mL ZD6474 following extraction based on a volume
0�L plasma and 100�L of liver homogenate (10 mg/mL
er extraction diluted into a final volume of 1 mL. With

njection volume of 20�L, we can quantify 20 pg (∼40 fmol)
er sample introduction using the extraction and analysis
itions described.

.5. Precision, accuracy and recovery

The precision and accuracy of ZD6474 measurement
ssessed in spiked plasma and liver homogenates and
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Table 4
Summary of ZD6474 assay performance in mouse plasma and tissues

Accuracya Precisiona

(R.S.D.%)
ZD6474
extractionb (%)

IS extractionb

(%)

Plasma 90.9± 7.0 7.6± 4.7 88± 3 96± 10
Liver 90.0± 10.0 6.4± 2.0 84± 12 82± 10
Kidney 87.0± 2.9 8.4± 3.5 91± 6 92± 8
Gut 89.9± 4.4 6.1± 1.9 84± 6 74± 7
Heart 94.4± 3.4 4.2± 1.8 94± 5 93± 8

a Accuracy and precision were calculated as the mean± S.D. for individual
concentrations contained within the range of the assay for each tissue.

b Extraction values represent the mean± S.D. of at least three independent
determinations at various concentrations for ZD6474 and at 50 ng per sample
for the IS (trazodone).

assay in liver homogenates at concentrations ranging from 10
to 320 ng/mg was between 77.3 and 99.2%. The precision of
the assay in liver homogenates was between 4.4 and 8.8%. A
summary of the accuracy and precision of ZD6474 analysis
in plasma and liver, kidney, intestine and heart tissues across
the tested range of the assay is presented inTable 4. All accu-
racy and precision measurements were within the minimum
accuracy (80%) and precision (±20%) ranges for acceptable
analytical method validation[10]. Recovery of ZD6474 from
spiked plasma samples at 100, 1000 and 10,000 ng/mL was
between 84.9 and 89.6% (Table 5). Recovery of ZD6474 and
trazodone from tissues is shown inTable 4. Recoveries were
determined by comparing the abundance of ZD6474 in spiked
matrix samples with solvent dilutions, as no ion suppression
or matrix effects were observed in any of the samples.

3.6. Stability of ZD6474 samples

ZD6474 in plasma and tissue samples were stable for over
6 months when stored at−80◦C. Sample stability was deter-
mined by analyzing sample aliquots within a week of collec-
tion and analyzing another aliquot of the same sample after 6
months storage at−80◦C. The sample analysis gave similar
results within the accuracy and precision of the assay thus
showing no detectable loss of ZD6474 in the stored samples.
Extracted samples in acetonitrile were repeatedly measured
a onth.

3
a

har-
m es-
s y)),

T
R

P .%

5

Fig. 6. Plasma (A) and liver and intestine (B) concentrations of ZD6474 in
mice following treatment at 30 mg/(kg day) for 10 days. Drug levels were
determined post-dosing on day 10. Values represent the mean± S.D. of three
independent determinations.

ZD6474 accumulates relatively slowly in the liver and in-
testine with aTmax of 8 h post-final dose and a long plasma
terminal half-life is observed (Fig. 6; Table 6). The long half-
life in plasma is consistent with Phase I data in humans that

Table 6
Pharmacokinetic parameters of ZD6474 in balb/c mice treated at
30 mg/(kg day) on day 10 of treatmenta

Cmax
b Cmin

b Tmax
c AUC0→t

d t1/2λ
c

Plasma 1.8 1.0 1 27.2 31.0
Liver 525 96 8 7320 6.5
Intestine 173 19 8 2847 7.4

a Female balb/c mice were treated with ZD6474 by i.p. dosing at
30 mg/(kg day). Drug levels were determined in plasma and tissues following
drug treatment on day 10. Parameters were calculated by non-compartmental
analysis.

b Cmax andCmin values are expressed as�M for plasma and nmol/g for
liver and intestine.

c Tmax andt1/2λ values are expressed in hours.
d AUC values are expressed as�M h for plasma and (nmol/g) h for liver

and intestine.
nd proved to be stable at room temperature for up to 1 m

.7. Pharmacokinetic study of ZD6474 in mouse plasma
nd tissues

The LC/MS/MS assay developed was applied to a p
acokinetic study of ZD6474 in mice. Following 10 succ

ive daily intraperitoneal (i.p.) treatments (30 mg/(kg da

able 5
ecovery of ZD6474 from mouse plasmaa

lasma concentration (ng/mL) Recovery (%) R.S.D

5 88.5 4.4
50 89.6 4.2
00 84.9 2.7
a Values were calculated from three independent determinations.
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has shown a terminal half-life approaching 100 h for ZD6474
[11].Table 6lists pharmacokinetic parameters for the plasma,
liver and intestine as determined by non-compartmental anal-
ysis.

4. Conclusions

Quantitation of ZD6474 is necessary for the investigation
of pharmacokinetics in animal models, which is a fundamen-
tal component for clinical development. The LC/MS/MS as-
say developed provides clean chromatography with a low
limit of quantitation. The hydrophobicity of ZD6474 al-
lows for simple and rapid extraction in alkaline ethyl ac-
etate:pentane. The use of trazodone as the internal standard is
advantageous since trazodone demonstrates similar physico-
chemical analytical properties as well as similar extractabil-
ity (recovery) as ZD6474, in addition to being commercially
available and inexpensive. The developed LC/MS/MS assay
for ZD6474 is robust, capable of measuring drug in plasma
and tissues and can be used for pre-clinical and clinical quan-
titation of ZD6474 in biological samples.
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