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a b s t r a c t

There is increasing evidence that the clinical efficacy of tamoxifen, the first and most widely used
targeted therapy for estrogen-sensitive breast cancer, depends on the formation of the active metabo-
lites 4-hydroxy-tamoxifen and 4-hydroxy-N-desmethyl-tamoxifen (endoxifen). Large inter-individual
variability in endoxifen plasma concentrations has been observed and related both to genetic and envi-
ronmental (i.e. drug-induced) factors altering CYP450s metabolizing enzymes activity. In this context,
we have developed an ultra performance liquid chromatography–tandem mass spectrometry method
(UPLC–MS/MS) requiring 100 �L of plasma for the quantification of tamoxifen and three of its major
metabolites in breast cancer patients. Plasma is purified by a combination of protein precipitation,
evaporation at room temperature under nitrogen, and reconstitution in methanol/20 mM ammonium
formate 1:1 (v/v), adjusted to pH 2.9 with formic acid. Reverse-phase chromatographic separation
of tamoxifen, N-desmethyl-tamoxifen, 4-hydroxy-tamoxifen and 4-hydroxy-N-desmethyl-tamoxifen is
performed within 13 min using elution with a gradient of 10 mM ammonium formate and acetonitrile,
both containing 0.1% formic acid. Analytes quantification, using matrix-matched calibration samples
spiked with their respective deuterated internal standards, is performed by electrospray ionization–triple
quadrupole mass spectrometry using selected reaction monitoring detection in the positive mode. The
method was validated according to FDA recommendations, including assessment of relative matrix effects
variability, as well as tamoxifen and metabolites short-term stability in plasma and whole blood. The

method is precise (inter-day CV%: 2.5–7.8%), accurate (−1.4 to +5.8%) and sensitive (lower limits of quan-
tification comprised between 0.4 and 2.0 ng/mL). Application of this method to patients’ samples has
made possible the identification of two further metabolites, 4′-hydroxy-tamoxifen and 4′-hydroxy-N-
desmethyl-tamoxifen, described for the first time in breast cancer patients. This UPLC–MS/MS assay is
currently applied for monitoring plasma levels of tamoxifen and its metabolites in breast cancer patients
within the frame of a clinical trial aiming to assess the impact of dose increase on tamoxifen and endoxifen

exposure.

. Introduction
Tamoxifen (Z isomer) (Fig. 1) is a standard hormonal therapy
urrently used for the secondary treatment of hormone-responsive
reast cancer [1–6] and for the prevention in women at high risk of
eveloping the disease [7]. Tamoxifen is a non-steroidal selective
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estrogen receptor modulator (SERM), which competitively binds to
estrogen receptors (ERs) and inhibits estrogen-dependent growth
and proliferation of malignant breast epithelial cells [1,6]. However,
several lines of evidence indicate that the overall anti-proliferative
effects of tamoxifen depends notably on the formation of the
clinically active metabolites 4-hydroxy-tamoxifen and 4-hydroxy-
N-desmethytamoxifen (endoxifen) (B and E in Fig. 1) which have

100-fold greater affinity to ERs and 30–100-fold greater potency
in suppressing breast cancer cell proliferation as compared to the
parent drug [8–12].

Tamoxifen can thus be considered a quasi-prodrug that is exten-
sively metabolised by several polymorphic cytochrome P450 (CYP)

dx.doi.org/10.1016/j.jchromb.2010.10.027
http://www.sciencedirect.com/science/journal/15700232
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ig. 1. Chemical structures of the tamoxifen and its three major metabolites studie
amoxifen; (E) 4-hydroxy-N-desmethyl-tamoxifen (endoxifen); (F) 4′-hydroxy-N-de
-oxide.

nzymes into its active metabolites 4-hydroxy-tamoxifen and
-hydroxy-N-desmethytamoxifen (endoxifen) [1]. Briefly, tamox-

fen is primarily oxidized to N-desmethyl-tamoxifen (the most
bundant metabolite in human plasma) and 4-hydroxy-tamoxifen
redominantly by CYP3A4/5 and CYP2D6, respectively, followed
y endoxifen formation from N-desmethyl-tamoxifen, exclusively
atalyzed by CYP2D6 and from 4-hydroxy-tamoxifen by CYP3A4/5.
amoxifen and its metabolites undergo further glucuronidation
nd sulphation [13,14].

Endoxifen is considered to be responsible for an important part
f the in vivo pharmacological activity of tamoxifen, as endoxifen
lasma concentrations are about 5–10-fold higher than those of 4-
ydroxy-tamoxifen, with a different mode of action for endoxifen
eing suggested [8,10,15].

The clinical outcomes of tamoxifen treatment in terms of effi-

acy and side effects are inconstant, and some patients either fail
o respond or become resistant to tamoxifen therapy [14,16,17].
ne of the proposed mechanisms explaining the impaired response

o tamoxifen therapy is an altered bio-activation into endox-
fen by genetic or environmental factors. A polymorphism in
tamoxifen; (B) 4-hydroxy-tamoxifen; (C) 4′-hydroxy-tamoxifen; (D) N-desmethyl-
hyl-tamoxifen; (G) 3-hydroxy-tamoxifen; (H) �-hydroxy-tamoxifen; (I) tamoxifen-

CY2D6 enzymes that catalyze this conversion has been reported
to influence the blood level of endoxifen [14,18–21] and, in some
retrospective studies, to predict clinical outcomes in patients
[14,21–25]. This has prompted the consideration of a potential
role for CYP2D6 genotype/phenotype testing in patients’ manage-
ment, which remains controversial, however [26–34]. In fact, large
inter-patient variability in endoxifen levels still subsists even after
correcting for CYP2D6 status [18,27]. The remaining variability
may depend on the activity of other cytochromes (CYP3A4/5, 2C9,
2C19), some of them known to be polymorphic, and on the influ-
ence of environmental factors such as interacting co-medications,
among others. Of importance are some selective serotonin reup-
take inhibitors (SSRIs) with strong CYP2D6 inhibiting activity, such
as paroxetine and fluoxetine advised formerly to treat tamoxifen-
induced hot flashes or depression are known to influence tamoxifen

bioactivation [10,28,29].

The plasma concentration of the active metabolites of tamox-
ifen (mainly endoxifen and 4-hydroxy-tamoxifen) corresponding
to the final phenotypic trait, may therefore represent a better
predictor of tamoxifen efficacy than patients’ CYP2D6 genotype.
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owever, whether the monitoring of endoxifen plasma concentra-
ions in breast cancer patients would constitute a valid approach
o optimize individual dosage remains to be demonstrated. In that
ontext, several analytical methods have been published for the
onitoring of tamoxifen and its metabolites in human biologi-

al fluids, including GC–MS [35], CE-MS [36], conventional and
icellar liquid chromatography methods coupled to fluorescence

etection [37–40] and LC–MS/MS methods [41–46]. Reports have
lso been published describing liquid chromatography method
oupled to mass spectrometry or fluorescence detection for the
tudy of tamoxifen metabolism in vitro and in vivo [47–54]. For
ass spectrometry techniques, conventional HPLC [42,45,46] and

ast liquid chromatography coupled to tandem MS methods using
onolithic [41] or small particles (3 �m) packed columns [43,44]

ave been proposed for the quantification of tamoxifen and/or
ts metabolites. With the exception of the HPLC-MS/MS methods
ecently published [42,46], the potential impact of biological matrix
ffects variability on tamoxifen metabolites quantification was only
carcely addressed, as previous assays were using either no I.S.
45], or only a single labeled I.S. [41,43] as a surrogate I.S. for the
uantification of tamoxifen and/or its metabolites.

Herein, we describe the development and validation of an
PLC–MS/MS method for the sensitive quantification in human
lasma of tamoxifen, N-desmethyl-tamoxifen, and the active
etabolites 4-hydroxy-tamoxifen and endoxifen within 13 min.

he influence of matrix effects on tamoxifen and its metabolites
uantification has been thoroughly investigated. The chro-
atographic profile of known (tamoxifen-N-oxide, �-hydroxy-

amoxifen) and previously unreported tamoxifen metabolites
4′-hydroxy-tamoxifen, 4′-hydroxy-N-desmethyl-tamoxifen, 3-
ydroxy-tamoxifen) has also been studied in detail to exclude the
isk of interferences during the comparatively short duration of the
PLC–MS/MS analysis.

. Experimental

.1. Chemicals and reagents

Tamoxifen (Tam) and Z-4-hydroxy-tamoxifen (4-OH-Tam)
ere purchased at Sigma–Aldrich (Schnelldorf, Germany).
-desmethyl-tamoxifen (N-D-Tam) hydrochloride, 4-hydroxy-
-desmethyl-tamoxifen 1:1 E/Z mixture (4-OH-N-D-Tam),
′-hydroxy-tamoxifen (4′-OH-Tam), 4′-hydroxy-N-desmethyl-
amoxifen (4′-OH-N-D-Tam), �-hydroxy-tamoxifen (�-OH-Tam),
-hydroxy-tamoxifen (3-OH-Tam), tamoxifen-N-oxide (Tam-
O), and the internal standards (I.S.): tamoxifen-ethyl-d5

Tam-d5), N-desmethyl-tamoxifen-ethyl-d5 (N-D-Tam-d5),
-hydroxy-tamoxifen-ethyl-d5 (4-OH-Tam-d5) and 4-hydroxy-N-
esmethyl-tamoxifen-ethyl-d5 (endoxifen-d5), were purchased
rom Toronto Research Chemicals Inc. (North York, Canada).

Chromatography was performed using Lichrosolv® HPLC-grade
cetonitrile (MeCN) purchased from Merck (Darmstadt, Germany).
ltrapure water was obtained from a Milli-Q® UF-Plus appara-

us (Millipore Corp., Burlington, MA, USA). Ammonium formate
as purchased from Fluka (Buchs, Switzerland). Formic acid (98%)

nd methanol for chromatography Lichrosolv® (MeOH) were pur-
hased from Merck (Darmstadt, Germany). All other chemicals
ere of analytical grade.

Different sources of blank plasma used for the assessment of
atrix effects and for the preparation of calibration and control
amples were isolated (1850 g, 10 min, +4 ◦C, Beckman Centrifuge,
odel J6B) from outdated blood donation units from the Hospital

lood Transfusion Centre (CHUV, Lausanne, Switzerland) or from
itrated blood withdrawn from patients with Vaquez’s Disease
polycythemia vera).
. B 878 (2010) 3402–3414

2.2. Equipment

The liquid chromatography system consisted of Rheos 2200
quaternary pumps, equipped with an online degasser and a HTS
PAL autosampler (CTC Analytics AG, Zwingen, Switzerland) con-
trolled by Janeiro-CNS software (Flux Instruments, AG, Thermo
Fischer Scientific Inc., Waltham, MA). Separations were done on
a 2.1 mm × 30 mm Acquity UPLC® BEH C18 1.7 �m analytical col-
umn (Waters, Milford, MA, USA) placed in a thermostated column
heater at 40 ◦C (Hot Dog 5090, Prolab, Switzerland). The chro-
matographic system was coupled to a triple quadrupole (TSQ)
Quantum Ultra mass spectrometer (MS) from Thermo Fisher Sci-
entific, Inc. equipped with an Ion Max electrospray ionization (ESI)
interface and operated with Xcalibur software package (Version
2.0.7, Thermo Fischer Scientific Inc., Waltham, MA).

2.3. Solutions

2.3.1. Mobile phase and extracts reconstitution solutions
The mobile phase used for chromatography was composed of

10 mM ammonium formate in ultrapure water (solvent A) and
acetonitrile (solvent B), both containing 0.1% formic acid (FA). A
solution of MeOH/20 mM ammonium formate 1:1 (v/v), adjusted
to pH 2.9 with FA, was used for the reconstitution of the extracted
plasma samples prior to their analysis.

2.3.2. Working solutions, internal standard, calibration standards
and quality controls (QCs) solutions

Stock solutions of deuterated internal standards (I.S.)
(0.5 mg/mL in MeOH) were diluted with acetonitrile (ACN) to obtain
a single working I.S. solution containing 25 ng/mL of tamoxifen-
d5, N-desmethyl-tamoxifen-d5, 4-hydroxy-tamoxifen-d5 and
50 ng/mL of endoxifen-d5 (1:1 E/Z mixture).

Standard stock solutions of tamoxifen base, N-desmethyl-
tamoxifen hydrochloride, 4-hydroxy-tamoxifen base and endox-
ifen (1:1 E/Z mixture) base each at 1 mg/mL were prepared in
MeOH and stored at −20 ◦C. Appropriate volumes of stock solu-
tions were serially diluted with H2O/MeOH (3:1) as indicated in
Table 1 to obtain single working solutions of analytes at con-
centration ranging from to 0.008 to 20 �g/mL. These working
solutions were diluted 1:20 with blank citrated plasma to obtain
for tamoxifen/metabolites the calibration samples ranging from 0.4
to 1000 ng/mL and their corresponding three quality control (low
(L), medium (M) and high (H) QCs) samples ranging from 1.2 to
750 ng/mL. All spiked plasma samples were prepared according to
the recommendations for bioanalytical methods validation stating
that total added volume must be ≤10% of the biological sample [55].
The calibration and control plasma samples were stored as 100 �L
aliquots at −80 ◦C. Of note, the accuracy of calibration and QC sam-
ples is subsequently verified by comparison with another batch
of calibration and QCs samples prepared with freshly made stock
solutions (at the occasion of plasma calibration batch renewal). The
response of both series (i.e. new and previous) of calibration sam-
ples are compared, and analytes’ levels in the two series of QC
samples calculated using the calibration curve established with
both series of calibrations samples. Residuals for newly and pre-
vious calibration standards and quality controls have to meet the
acceptance criteria for precision and accuracy.

2.4. LC–MS/MS conditions
The mobile phase was delivered using the stepwise gradient elu-
tion program reported in Table 2. The thermostated column heater
was set at +40 ◦C and the autosampler was maintained at +4 ◦C. The
injection volume was 10 �L.
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Table 1
Preparation of working solutions.

Drug Stock
solution
solvent

Stock solution
concentration

Working solution concentration
(obtained by dilution of stock solution
with H2O/MeOH 3:1)

Calibration range (obtained by
dilution of working solution
with plasma 1/20)

QCs controls

Tam MeOH 1 mg/mL 0.02–10 �g/mL 1–500 ng/mL 3; 50; 375 ng/mL
4-OH-Tam MeOH 1 mg/mL 0.008–4 �g/mL 0.4–200 ng/mL 1.2; 20; 150 ng/mL
N-D-Tam MeOH 1 mg/mL 0.04–20 �g/mL 2–1000 ng/mL 6; 100; 750 ng/mL
E-endoxifen MeOH 0.5 mg/mL 0.02–10 �g/m
Z-endoxifen MeOH 0.5 mg/mL 0.02–10 �g/m

All stock solutions are mixed together to give single working solutions.

Table 2
Gradient elution program.

Time (min) Buffer A (%) Solvent B (%) Flow rate (�L/min)

0.00 70.0 30.0 300
9.00 48.0 52.0 300
9.01 48.0 52.0 300
9.50 70.0 30.0 350

13.00 70.0 30.0 350

Buffer A: 10 mM NH4 formate + 0.1% formic acid. Solvent B: acetonitrile + 0.1% formic
a
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nium formate 1:1 (v/v), adjusted to pH 2.9 with FA, vortex-mixed
and centrifuged again under the above-mentioned conditions. A

T
I

C

cid. Temperature (◦C): 25. Injection volume (�L): 10.

The MS conditions were as follows: ESI in positive mode,
apillary temperature: 350 ◦C; in source collision induced disso-
iation): 4 V; tube lens voltages range: 122–126 V; spray voltage:
kV; sheath gas pressure: 60 psi and auxiliary gas (nitrogen)
ressure: 10 (arbitrary units). The Q2 collision gas (argon) pres-
ure was 1.5 mTorr (0.2 Pa); Q2 collision induced dissociation
CID): 10 V. MS is acquired in selected reaction monitoring (SRM).
he optimal parameters and MS/MS transitions were deter-
ined by direct infusion of tamoxifen, its metabolites and I.S.

olutions separately into the MS/MS detector at a concentra-
ion of 1 �g/mL in MeOH/20 mM ammonium formate 1:1 (v/v),
djusted to pH 2.9 with FA. The selected m/z transitions and
he collision energy for each analyte and I.S. are reported in
able 3.

The first (Q1) and third (Q3) quadrupoles were set at 2.8 amu
ass resolution (Full-Width Half-Maximum = 2 Da). Scan time and

can width were 0.02 s and 0.5 m/z, respectively. MS acqui-
itions were done in centroid mode. Two segments of data
cquisition were programmed in the positive mode: the first acqui-
ition segment from 0 to 6 min, and the second one from 6 to
2 min.

Chromatographic data acquisition, peak integration and quan-

ification were performed using the QUAL and QUAN browser of
calibur software package (version 2.0.7, ThermoQuest, Thermo
ischer Scientific Inc., Waltham, MA).

able 3
nstrument method for the LC–MS/MS analysis of tamoxifen/metabolites with deuterated

Drug Parent (m/z) Product (m/z)

Tamoxifen (Tam) 372.3 72.10
N-desmethyl-tamoxifen (N-D-Tam) 358.3 58.10
Z-4-hydroxy-tamoxifen (4-OH-Tam) 388.3 70.10

72.10
129.10

Endoxifen (1:1 E/Z mixture) 374.3 58.10
129.10
223.10

Tamoxifen-d5 (Tam-d5) 377.3 72.10
N-desmethyl-tamoxifen (N-D-Tam-d5) 363.3 58.10
4-Hydroxy-tamoxifen (4-OH-Tam-d5) 393.3 72.10
Endoxifen-d5 (1:1 E/Z mixture) 379.3 58.10

E, collision energy; RT, retention time; MS acquisition time (min) = 12.00. Q2 Collision g
L 1–500 ng/mL 3; 50; 375 ng/mL
L 1–500 ng/mL 3; 50; 375 ng/mL

2.5. Clinical blood samples collection

Blood samples were obtained from consenting breast cancer
patients enrolled in the study protocol “Tamoxifen metabolism and
the impact of tamoxifen dose on the level of the active metabolites
in endocrine sensitive breast cancer patients” (ClinicalTrials.gov
Identifier: NCT00963209), approved by the Ethics Committee of the
University Hospital. Written informed consent was obtained from
all patients. Blood samples (5.5 mL) from breast cancer patients
treated with tamoxifen were collected at random time after last
drug intake in Monovettes® (Sarstedt, Nümbrecht, Germany) con-
taining K-EDTA as anticoagulant. According to study protocol, blood
samples were collected in patients receiving 20 mg tamoxifen once
daily, at two occasions at baseline (e.g. on day 0 and day 1, i.e. after
inclusion and before dose escalation), and after 1, 3 and 4 months of
continuous treatment at a regimen of 20 mg tamoxifen twice daily
(BID).

2.6. Plasma sample extraction procedure

A 100 �L aliquot of plasma was mixed with 100 �L of I.S.
solution (25 ng/mL of tamoxifen-d5, N-desmethyl-tamoxifen-d5,
4-hydroxy-tamoxifen-d5, and 50 ng/mL of endoxifen-d5 1:1 E/Z
mixture, in ACN) and with acetonitrile (300 �L), carefully vortex-
mixed and sonificated for 30 s. (Branson Ultrasonics Corporation,
Danbury, CT, USA). The mixture was centrifuged at 4 ◦C for 10 min at
16,000 × g (12,000 rpm) on a benchtop Hettich® Centrifuge (Bench-
top Universal 16R centrifuge, Bäch, Switzerland). A 400 �L aliquot
of the supernatant was transferred into a polypropylene tube and
evaporated to dryness under nitrogen at room temperature. Of
note, SpeedVac® concentrator may also be used, presenting the
advantage of organic solvent recuperation. The solid residue was
reconstituted in 600 �L of a solution of MeOH/20 mM ammo-
400 �L of the supernatant was introduced into 1.5 mL glass HPLC
microvials maintained at +4 ◦C in the autosampler rack during the
entire LC–MS/MS analysis.

analogs as internal standards.

CE (eV) Tube lens (V) Mean RT (min) Polarity mode

23 122 7.7 Positive
21 122 7.4 Positive
38 126 4.3 Positive
25 126 Positive
28 126 Positive
22 122 4.0 Positive
28 122
20 122
24 122 7.7 Positive
21 122 7.4 Positive
25 126 4.3 Positive
22 122 4.0 Positive

as pressure (mTorr) = 1.5.
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highest level of the calibration curve (see Table 1). To ascertain
whether the dilution of this sample could affect the accuracy of
the drug or its metabolites determination, a blank plasma sample
was spiked with pure standards (tamoxifen/metabolites) at a con-
406 E. Dahmane et al. / J. Chrom

.7. Calibration curves

Quantitative analysis of tamoxifen and its three main
etabolites (N-desmethyl-tamoxifen, 4-hydroxy-tamoxifen and Z-

ndoxifen) in plasma was performed using the internal standard
ethod. Deuterated compounds of each target analyte were used

s I.S. Each level of the calibration curve was measured with two
ets of calibrators: the first at the beginning and the second at the
nd of the run. Calibration curves were established with calibration
tandards prepared in citrated plasma.

Calibration standard curves have been calculated and fitted
y quadratic log–log regression [56] of the peak-area ratio of
amoxifen and its metabolites to its respective I.S., versus the nom-
nal concentrations of each analyte in each standard sample. To
etermine the best weighting factor, concentrations were back-
alculated and the model with the lowest total bias across the
oncentration range was considered the best suited. The seven-
oint calibration curves for tamoxifen and its three metabolites
ere established over the range reported in Table 1. The ranges

f calibration were selected to cover the range of concentrations
xpected in patients according to previously published studies
18–20,42].

.8. Analytical method validation

The method validation was based on the recommendations pub-
ished on-line by the Food and Drugs Administration (FDA) [55]
s well as on the recommendations of the Workshop/Conference
eport “Quantitative Bioanalytical Methods Validation and imple-
entation: Best Practice for Chromatographic and Ligand Bindings
ssays” [57] and the Arlington Workshop “Bioanalytical Methods
alidation – A Revisit with a Decade of Progress” [58]. Recom-
endations from Matuszewski to assess matrix effects were also

onsidered [59,60].

.8.1. Selectivity
The assay selectivity was assessed by analysing plasma extracts

rom ten batches of blank plasma from different sources.

.8.2. Accuracy and precision
The concentrations for the quality control (QC) samples were

elected to encompass the whole range of the calibration curve cor-
esponding to the drug levels anticipated to occur in most patient
amples: low (L), medium (M) and high (H). The concentration
elected for the low QC sample corresponds to 3 times the respec-
ive lower limit of quantification (i.e. the lowest calibration level)
ept in the finalized method, in accordance to the FDA recom-
endations [55]. Replicate analysis (n = 6) of three QC samples
as used for the intra-assay precision and accuracy determination.

nter-assay accuracy and precision were determined by duplicate
nalysis of the three QC repeated on six different days. The precision
as calculated as the coefficient of variation (CV %) and the accu-

acy was calculated as the bias or percentage of deviation between
he nominal and measured concentrations.

After the completion of the above validation procedure, for the
outine analysis of patient samples, duplicate QC samples at the
hree concentration levels (L, M and H) were used.

.8.3. Matrix effects, extraction yield and overall recovery
In the initial step of method validation, matrix effects were

xamined qualitatively by the simultaneous post-column infu-

ion of tamoxifen/metabolites and I.S. into the MS/MS detector
uring the chromatographic analysis of 6 different blank plasma
xtracts. The standard solution of all analytes and their corre-
ponding deuterated I.S. at 5 �g/mL was infused at a flow-rate of
0 �L/min during the chromatographic analysis of blank plasma
. B 878 (2010) 3402–3414

extracts. The chromatographic signals in each selected MS/MS tran-
sition were examined to check for any signal perturbation (drift or
shift) at the analytes’ retention time (data not shown).

Subsequently, the matrix effects were also quantitatively
assessed. Three series of QC samples at L, M and H concentrations
were processed as follows:

A) Pure stock solutions dissolved in the reconstitution solvent
(MeOH-buffer (ammonium formate 20 mM, pH adjusted to 2.9
with FA) 1:1) and directly injected onto column.

(B) Plasma extracts samples from 6 different sources, spiked after
extraction with tamoxifen/metabolites and I.S. (from pure stock
solutions in the reconstitution solvent).

(C) Plasma samples from 6 different sources (same as in B) spiked
with tamoxifen/metabolites standard solutions and I.S. before
extraction.

The recovery and ion suppression/enhancement of the MS/MS
signal of drugs in the presence of plasma matrix (i.e. matrix effects)
was assessed by comparing the absolute peak areas of the analytes
either dissolved in the reconstitution solvent: MeOH-buffer 1:1
(A), or spiked after plasma extraction (B) or spiked before plasma
extraction (C), using 6 different batches of plasma, based on the
recommendations proposed by Matuszewski et al. [59,60].

The extraction yield of tamoxifen/metabolites and I.S. was cal-
culated as the absolute peak-area response in processed plasma
samples spiked with the standard analytes before extraction (C)
expressed as the percentage of the response of the same amount
of analytes spiked into blank plasma after the extraction procedure
(B) (C/B ratio in %). The matrix effect was assessed as the ratio of
the peak areas of the analytes spiked into blank plasma after the
extraction procedure (B) to the peak areas of the analytes solu-
bilised in MeOH-buffer 1:1 (A) (B/A ratio in %). The overall recovery
of tamoxifen/metabolites and I.S. was calculated as the ratio of
absolute peak-area responses of tamoxifen/metabolites spiked in
processed plasma samples before extraction (C) to the peak areas of
the analytes solubilised in MeOH-buffer 1:1 (A) (C/A ratio %). Recov-
ery studies were performed with plasma from 6 different sources
spiked with tamoxifen, its metabolites and their respective I.S. at
the concentrations reported in Table 4. The results normalized with
the signal of I.S. (i.e. B2 and C2), used as an index of the effective
injection volume, are also reported in Table 4.

2.8.4. Carry-over
Memory effect has been investigated by the injection during

an analytical run of 2 or 3 blank plasma after the highest calibra-
tion standard. Peak area response in the blank plasma sample, at
each expected retention time, was compared to the peak area of the
corresponding analyte at the lowest limit of quantification (LLOQ).

2.8.5. Dilution effect
During the course of patients’ samples analyses, one patient

sample was found to have tamoxifen concentration exceeding the
centration exceeding by two-fold the highest calibration level. The
sample was thereafter analysed in duplicate after a three, four, five
and six fold dilution to bring the concentration within the calibra-
tion range. Dilution was carried out with blank plasma. Calculated
and expected concentrations were compared.
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Table 4
Matrix effects, extraction yield, overall recovery and process efficiency of tamoxifen/metabolites.

Component Nominal
conc. (ng/mL)

Mean peak area Mean peak area ratio ME (%) CV (%) extRE (%) CV (%) Analysis RE (%) Mean CV (%) PE (%) CV (%)

A (n = 6) B (n = 6) C (n = 6) B2 C2 B/A C/B C2/B2 C/A

Tam 3 1,263,441 1,255,380 1,372,710 0.072 0.076 99.4 3.7 109.3 4.3 105.0 96.4 8.1 108.6 1.6
50 28,878,341 27,938,705 27,393,059 1.606 1.513 96.7 2.0 98.0 4.0 94.2 94.9 3.5

375 228,978,707 226,034,897 21,1505,317 12.997 11.683 98.7 1.0 93.6 2.3 89.9 92.4 1.8
N-D-Tam 6 804,396 497,408 613,605 0.243 0.304 61.8 18.0 123.4 6.9 124.8 109.9 11.9 76.3 14.2

100 17,796,321 10,574,145 10,929,594 5.169 5.406 59.4 21.0 103.4 8.9 104.6 61.4 18.0
750 125,333,845 80,869,169 80,226,329 39.529 39.685 64.5 18.4 99.2 6.7 100.4 64.0 16.2

4-OH-Tam 1.2 537,944 545,444 559,305 0.062 0.067 101.4 2.9 102.5 5.0 107.8 104.1 3.3 104.0 3.5
20 10,730,921 10,607,311 10,417,567 1.202 1.241 98.8 1.5 98.2 3.0 103.3 97.1 3.4

150 79,332,011 79,252,260 76,170,959 8.980 9.076 99.9 1.9 96.1 2.1 101.1 96.0 1.1
Z-endoxifen 3 227,307 235,540 230,538 0.059 0.063 103.6 5.2 97.9 8.1 106.5 105.2 1.2 101.4 4.7

50 4,467,005 4,597,862 4,431,075 1.149 1.205 102.9 0.9 96.4 4.6 104.9 99.2 4.8
375 32,717,609 33,369,469 31,924,813 8.339 8.682 102.0 1.5 95.7 2.5 104.1 97.6 1.1

E-endoxifen 3 154,699 162,010 160,857 0.055 0.059 104.7 5.7 99.3 2.8 106.6 103.6 2.5 104.0 3.7
50 3,048,595 3,146,053 2,988,009 1.074 1.095 103.2 2.3 95.0 3.1 102.0 98.0 4.1

375 22,805,748 23,258,002 22,122,028 7.939 8.109 102.0 1.5 95.1 0.9 102.1 97.0 1.3
Tam-d5 25 17,793,384 17,391,055 18,104,182 96.1 2.8 104.1 1.7 101.7 2.8
N-D-Tam-d5 25 3,404,892 1,959,036 1,937,111 57.5 17.3 98.9 6.8 56.9 15.5
4-OH-Tam-d5 25 8,825,185 8,825,420 8,392,730 100.0 3.0 95.1 3.1 95.1 2.4
Z-endoxifen-d5 25 3,796,772 4,001,590 3,677,241 105.4 2.7 91.9 3.1 96.9 3.8
E-endoxifen-d5 25 2,881,493 2,929,682 2,728,140 101.7 2.0 93.1 2.6 94.7 3.9

A, peak area of standard solutions without matrix and without extraction (MeOH/buffer A 1:1); B, peak area of analytes spiked after extraction; C, peak area of analytes spiked before extraction; B2, ratio of the peak area of the
analyte and the I.S. spiked after extraction; C2, ratio of the peak area of the analyte and the I.S. spiked before extraction; ME, matrix effect expressed as the ratio of the mean peak area of the analytes spiked after extraction (B) to
the mean peak area of the same standard solution without matrix (A) multiplied by 100. A value of >100% indicates ionization enhancement, and a value of <100% indicates ionization suppression; ext RE, extraction procedure
recovery calculated as the ratio of the mean peak area of the analytes spiked before extraction (C) to the mean peak area of the analytes spiked after extraction (B) multiplied by 100; Analysis RE, analysis recovery calculated as
the ratio of the mean peak-area ratio of the analytes spiked before extraction (C2) to the mean peak-area ratio of the analytes spiked after extraction (B2) multiplied by 100; PE, process efficiency expressed as the ratio of the
mean peak area of the analyte spiked before extraction (C) to the mean area of the same analyte standards (A) multiplied by 100.
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.8.6. Stability of tamoxifen and its metabolites
Stability studies of tamoxifen and its three metabolites at dif-

erent storage conditions included:

(a) Stability in plasma spiked with tamoxifen/metabolites (i.e. QCs
at L, M and H concentrations) over time at room temperature
(RT) and at +4 ◦C up to 48 h. Variations of tamoxifen/metabolite
concentrations were expressed as percentages of the initial
concentration measured immediately after preparation, i.e. T0.
Analyses were performed in triplicate at T0 and at each subse-
quent time point.

b) Stability of tamoxifen/metabolites in whole blood at +4 ◦C and
at RT assessed by calculating the percent deviation of the I.S.
normalized peak area of each analyte in the collected plasma
from the initial peak area ratio measured at T0. Two batches of
whole blood samples spiked with analytes at the L, M and H
levels (1 ml final volume) were prepared in triplicate and kept
for 0, 1, 2, 4, 8, 24 and 48 h before plasma separation at +4 ◦C
and at RT. All plasma samples collected from centrifuged blood
aliquots were stored at −80 ◦C and subsequently analysed in
the same analytical sequence.

(c) Stability in plasma samples after multiple freeze-thaw cycles:
plasma QCs at low, medium and high levels of tamox-
ifen/metabolites underwent three freeze-thaw cycles. Frozen
samples were allowed to thaw at RT for 2 h and were
subsequently refrozen at −80 ◦C during approximately 24 h.
Tamoxifen/metabolites levels were measured in aliquots from
the three consecutive freeze–thaw cycles.

d) Stability in plasma samples kept frozen at -80 ◦C: QCs samples
at the L, M and H concentrations were stored at–80 ◦C during 4
months and measured using fresh plasma calibration samples.

.8.7. Identification of other tamoxifen metabolites
Next to tamoxifen, N-desmethyl-tamoxifen, 4-hydroxy-

amoxifen and endoxifen analysis, additional phase I tamoxifen
etabolites were identified in patients samples by comparison

f the retention times and product-ion mass spectra of authen-
ic standard compounds spiked into blank plasma, or added to
atients’ plasma samples. The full-scan mass spectra were acquired
ver a scan range of 40–400 m/z at scanning speed of 0.08 s/scan.

In the present analytical work, the concentrations of the newly
dentified metabolites 4′-hydroxy-tamoxifen and 4′-hydroxy-N-
esmethyl-tamoxifen have also been estimated using 4-OH-Tam-
5 and endoxifen-d5 as I.S. in a separate series of analysis of 20
atients’ samples.

. Results and discussion

.1. Chromatograms

The proposed ultra performance-liquid chromatography cou-
led with tandem MS method enables the simultaneous quan-
ification within 13 min of tamoxifen and three metabolites:
-desmethyl-tamoxifen, 4-hydroxy-tamoxifen and Z-endoxifen

4-hydroxy-N-desmethyl-tamoxifen), in 100 �L plasma aliquots. A
hromatographic profile of the highest calibration plasma sample
ontaining tamoxifen/metabolites is shown in Fig. 2 in the posi-
ive ionization mode, during the two acquisition segments (0–6
nd 6–12 min), using the selected reaction monitoring (SRM) detec-
ion mode; the proposed gradient program is described in Table 2.

amoxifen and its metabolites were eluted in less than 9 min, fol-
owed by approx. 4 min of column re-conditioning step with 70% of
uffer A (ammonium formate 10 mM + 0.1% FA) and 30% of solvent
(acetonitrile + 0.1% FA) at a flow rate of 0.35 mL/min (Table 2).

he respective retention times and mass spectrometry conditions
. B 878 (2010) 3402–3414

for tamoxifen/metabolites and their corresponding stable isotope
labeled I.S. are reported in Table 3. Three m/z transitions were
selected for 4-hydroxy-tamoxifen (m/z 388) with product ions at
m/z 70, 72 and 129, and for endoxifen (m/z 374) with product ions at
m/z 58, 129 and 223, in order to increase the detection sensitivity for
these metabolites. The fragment ions at m/z 72 and 58 are the major
signals visible on the product ion spectrum of 4-hydroxy-tamoxifen
and endoxifen, respectively.

A satisfactory separation was achieved for all considered
analytes, especially for (E-) and (Z-) isomers of endoxifen and
endoxifen-d5 obtained as a racemic mixture (Fig. 2). Data from
blank plasma samples spiked with the deuterated I.S., obtained
throughout the method validation procedure and during patients’
plasma samples analyses, revealed no interfering “cross-talk” sig-
nals arising from the isotopically-labeled I.S. on the transition of the
corresponding target analyte, thus testifying the isotopic purity of
these isotope labeled I.S.

Moreover, the proposed UPLC method provides an excellent
chromatographic separation of tamoxifen-N-oxide from tamoxifen,
preventing therefore analytical bias due to potential in-source dis-
sociation of tamoxifen-N-oxide into tamoxifen that would give rise
to spuriously elevated levels of tamoxifen. Of note, it was rather
unexpected that tamoxifen-N-oxide, intuitively more polar, elutes
later than tamoxifen on a reverse phase column, in line with pre-
vious reports [41,42,49]. Alterations of intra- or inter-molecular
bindings, or pH-dependent changes in molecular lipophilicity, (i.e.
Log D) [50,52] might be involved.

Fig. 3a shows the chromatographic profile of a plasma sample
collected from a hormone sensitive breast cancer patient having
received tamoxifen for 1 month at a regimen of 20 mg twice a
day. The plasma levels of tamoxifen, N-desmethyl-tamoxifen, Z-4-
hydroxy-tamoxifen and Z-endoxifen measured 7.5 h after last drug
intake were 666.6, 929.4, 15.2 and 217.9 ng/mL respectively). As
reported in the literature, only the (Z) isomers of 4-OH-Tam and
endoxifen were observed in plasma, thus excluding any E-Z inter-
conversion of tamoxifen metabolites during sample preparation
[42,44,61,62].

Fig. 3b shows the chromatographic profile of a plasma obtained
from a hormone sensitive breast cancer patient receiving tamox-
ifen for 1.5-year at the standard regimen of 20 mg once daily. The
plasma levels of tamoxifen, N-desmethyl-tamoxifen, Z-4-hydroxy-
tamoxifen and Z-endoxifen measured 13.25 h after last drug intake
were 207.6, 445.2, 1.4 and 6.2 ng/mL, respectively).

3.2. Method validation

3.2.1. Selectivity
No peaks from endogenous compounds were observed at the

drugs retention time in any of the blank plasma extracts. The
product ion monitoring was selected, based on its relative abun-
dance, while avoiding possible structural analogies with the other
analysed drugs or metabolites. All channels were simultaneously
observed, and no selectivity issue as well as no crosstalk were
detected across the acquisition channels.

3.2.2. Internal standard and calibration curve
The use of stable isotope-labeled internal standards is consid-

ered to be the best approach to minimize the influence of matrix
effects on the accuracy and precision of a quantitative method, of
particular importance when using electrospray mass spectrometry
[59,60,63].
Therefore, deuterated analogs of tamoxifen and the metabolites
to be quantified, have been used throughout our analytical method
validation procedure (i.e. tamoxifen-d5, N-desmethyl-tamoxifen-
d5, 4-hydroxy-tamoxifen-d5 and endoxifen-d5 1:1 E/Z mixture).
No problems regarding the isotopic purity, E to Z interconversion,
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nd chemical stability of the I.S. (either in stock solution or in
iological fluid and during sample processing), neither any “cross-
alk” between MS/MS channels used for monitoring tamoxifen and
he considered metabolites and the I.S. were identified throughout

ethod validation procedure.
Calibration curves over the entire ranges of concentrations

elineated in Table 1 were satisfactorily described by quadratic

og-log regression of the peak-area ratio of tamoxifen and its

etabolites to their I.S., versus the concentrations of the respec-
ive analytes in each standard sample. This model of calibration
escribed by Singtoroj et al. [56] was found well suited to best
three major metabolites. Corresponding deuterated analogs are used as internal

fit the criteria of homoscedasticity (homogeneity of variance over
the entire calibration range) and minimum bias for each single
calibrator. The determination coefficients (R2) of all calibration
curves were higher than 0.999 with back-calculated concentra-
tions of the calibration samples within ±15% of nominal values
(±20% at LLOQ).

There was originally some concern that the calibration samples

prepared with citrated plasma collected from blood from outdated
transfusion bags or from Vaquez patients may not fully reflect the
plasma matrix from patients collected on EDTA. However, getting
blood on EDTA from volunteers solely for the purpose of calibra-
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Fig. 3. Chromatographic profiles of plasma samples from

ion samples preparation would be unpractical and difficult to
ustify from an ethical point of view. For the sake of validation,
cross-validation was performed by replicate analysis (n = 3) of QC

amples at the three levels, prepared both in citrated and in EDTA
lasma. The QC samples were assayed using the calibration curve
stablished with citrated plasma samples. Head-to-head compar-
son shows that the anticoagulant does not influence significantly
he analytical results for tamoxifen and its metabolites. No sta-
istically significant differences (p > 0.05) in concentrations were
ound for QCs samples prepared in EDTA and citrated plasma using
alibration curves established with citrated plasma (p values com-
rised within 0.07–0.92 for tamoxifen, N-desmethyl-tamoxifen,
-4-hydroxy-tamoxifen, Z-endoxifen and E-endoxifen (Student t-
est).

.2.3. Precision, accuracy, and LLOQ
Precision and accuracy determined with the L, M and H QC sam-

les are summarized in Table A.1 (on-line supplementary data). The
ean intra-assay precision was similar over the entire concentra-

ion range and always less than 6.8%. Overall, the mean inter-day
recision was within 2.5 and 7.8%. The intra-assay and inter-assay
eviation (bias) from the nominal concentrations of QCs ranged
etween −5.3 and +7.4%, and −1.4 and +5.8%, respectively.

Of note, the chosen ranges of calibration were selected initially
o cover the clinical range of tamoxifen/metabolites concentra-

ions previously reported in the literature [18–20,42]. In fact,
e observed during the method’s validation that the responses

ttained at the LLOQs levels would be sufficient so that it may
e possible to validate this method at even lower levels (ca.
.1–0.75 ng/mL) if desired in the future.
atients (a and b) receiving tamoxifen (details in the text).

3.2.4. Matrix effects and recovery
Matrix effects were examined qualitatively by the simultane-

ous post-column infusion of tamoxifen/metabolites and I.S. into the
MS/MS detector during the chromatographic analysis of six differ-
ent batches of blank plasma. During the chromatography of blank
matrices, the signals at all the m/z transitions selected showed a
remarkably similar pattern, with all traces being essentially super-
imposable. No noticeable matrix effects (no drifts or shifts of the
signals) were observed at the respective retention time of tamox-
ifen and its metabolites and their deuterated I.S. (data not shown).

The inter-subject variations in suppression/enhancement pro-
files have also been studied quantitatively (Table 4). The results
reported in Table 4 (column B/A) indicate that co-eluting plasma
matrix components appear to have a minimal effect on the consid-
ered analytes, except for N-D-Tam whose signal was approximately
halved (mean ratio B/A = 62%). As expected, a similar extent of ion
suppression was observed with N-D-Tam labeled internal standard
(N-D-Tam-d5) (B/A ratio = 57.5%). Thus overall, the mean B/A ratios
for N-D-Tam when normalized with those of deuterated I.S. was 1.1
(i.e. at or slightly above unity), demonstrating the value of stable
isotope-labeled I.S. use for an efficient control of the relative matrix
effect [64]. Plasma matrix does not appear to significantly interfere
with Tam, 4-OH-Tam and both endoxifen isomers ionisation (B/A
ratio ranged between 96.7 and 104.7%).

Using the proposed protein precipitation, supernatant evapo-
ration and dissolution in appropriate buffer, our plasma extraction

procedure provided a good extraction recovery (C/B, column extRE)
always higher than 95%, resulting in an excellent sensitivity.

As indicated in Table 4, the analytical recovery values were
always higher than 89.9%. The process efficiency (i.e. overall recov-
ery) was comprised within 92.4-108.6% except for N-D-Tam, which
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amoxifen. Last chromatograms (bottom traces) are blank plasma spiked with: (a
′-hydroxy-tamoxifen and tamoxifen-N-oxide and (b) pure standard of 4′-hydroxy

ives a process efficiency around 67%. As reported above, matrix
omponents do influence to some extent N-D-Tam ionisation and
onsequently the overall process efficiency, requiring therefore the
reparation of calibration and control samples in a plasma matrix
eflecting at best the composition of the samples to be analysed.
ost importantly, this is not so much the absolute matrix effect, but

ather its variability (relative matrix effect) that must be reduced.
s shown in Table 4, the variability of the matrix effect in 6 different
lasma matrix were close to 20% for N-D-Tam at all QCs and never
xceeded 5.7% for all other analytes, which indeed demonstrates
hat the proposed extraction procedure is able at least to normal-
ze these matrix effects, even in the absence of the correcting effect
f labeled I.S. In fact, the use of isotope-labelled internal standards
n our method seems to effectively control most of the residual rela-
ive matrix effect variability. This has been experimentally verified
otably for N-D-Tam for which the observed matrix effect variabil-

ty in 6 plasma lots never exceeded 4% when N-D-Tam peak areas
here normalized to those from its deuterated I.S. (N-D-Tam-d5).

.2.5. Memory effect
No major carry-over was observed with our method. The high-

st memory effect was observed for tamoxifen, the most lipophilic
nalyte. This carry-over effect was successfully eliminated by pro-
ramming the injection of three blank samples after the highest

alibration standard, prior to the analysis of patients’ samples. The
eak intensity visible in the third blank matrix sample corresponds
o less than 20% of that of the LLOQ sample. In fact, during routine
lasma analysis, it has prudently been decided to program a single
lank plasma injection after each patient’s sample which was found
M transition (m/z 374 → 58, 129, 223) in plasma from 6 unselected patients receiving
standards of �-hydroxy-tamoxifen, 4-hydroxy-tamoxifen, 3-hydroxy-tamoxifen,
methyl-tamoxifen (details in the text).

sufficient to reduce the memory effect to an extent unlikely to affect
the accuracy of tamoxifen and its metabolites measurements in the
following patients’ plasma samples.

3.2.6. Dilution effect
After the three, four, five and six-fold dilutions of the spiked

plasma with tamoxifen/metabolites at a concentration exceeding
by two-fold the high calibration level, the deviation (bias) from the
expected concentrations of all compounds was less than 8.2%. This
indicates that plasma samples containing tamoxifen/metabolites
above the highest level of calibration can be adequately diluted
with blank plasma prior to the LC–MS/MS analysis, to bring down
concentration within the calibration range.

3.2.7. Stability of tamoxifen/metabolites in plasma and whole
blood
(a) The stability of tamoxifen/metabolites in human plasma sam-

ples was ascertained with QC samples left at room temperature
(RT) and at +4 ◦C up to 48 h. The variation over time of the
concentrations of tamoxifen and its metabolites in plasma
remained comprised within ±15% of initial (T0) concentrations
(see Table A.2 in on-line supplementary data), indicating that
tamoxifen and its metabolites are stable in plasma at RT and at
+4 ◦C.
(b) During the clinical study, which prompted this analytical devel-
opment, some blood samples had to be stored temporarily at
+4 ◦C before being shipped to our laboratory and centrifuged for
plasma collection. Given the absence of information on the sta-
bility of tamoxifen and its principal metabolites in blood, we
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Fig. 5. Product ion spectra of the pure standards (a) 4′-hydroxy-tamo

have studied the evolution of their concentrations over time
in whole blood. The results of stability studies in whole blood
are summarized in Table A.3 (on-line supplementary data),
indicating that tamoxifen and its metabolites can reliably be
considered as stable in whole blood, up to 8 h storage either at
+4 ◦C or at RT.

(c) Variations of tamoxifen/metabolites concentrations were
always less than −15% from nominal levels after three
freeze-thaw cycles (Table A.2, in on-line supplementary data),

indicating no significant loss of drug upon this procedure.

d) QCs samples prepared in batches, distributed as 100 �L aliquots
and stored at −80 ◦C in 1.5 ml Eppendorf vials were analysed 4
months later. All QCs (L, M and H) were analysed in duplicate.
Variations of tamoxifen/metabolites concentrations were less
nd (b) 4′-hydroxy-N-desmethyl-tamoxifen spiked into blank plasma.

than -11.9% from their nominal concentrations, indicating the
long term stability of tamoxifen and its metabolites in plasma
samples stored at −80 ◦C.

3.3. Metabolites profiles studies and metabolites identification

Given the reduced elution time of analytes with UPLC, it was
critical for this analytical development to verify that tamoxifen
metabolites would not potentially perturb the quantification. The

chromatographic elution pattern of reported or putative tamoxifen
metabolites was therefore studied thoroughly.

Three additional peaks were observed in patients samples at
1.7, 5.2 and 8.3 min on the SRM transition (m/z 388 → 70, 72,
129) selected for 4-hydroxy-tamoxifen (itself eluted at 4.2 min)
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Fig. 3b, third chromatogram from top, and Fig. 4a). These metabo-
ites were identified in patients (Fig. 4a) as �-hydroxy-tamoxifen,
′-hydroxy-tamoxifen and tamoxifen-N-oxide, respectively (H, C, I,
espectively in Fig. 1) [13,49,51,65] by comparison to the retention
imes (Fig. 4a, lower chromatogram) and/or product-ion spectra of
uthentic standards spiked into blank plasma or added to patients’
lasma samples (data not shown). The fragmentation pattern of the
′-hydroxy-tamoxifen standard spiked into blank plasma (Fig. 5a)
as equivalent to that observed for the putative endogenous 4′-
ydroxy-tamoxifen. The product ions (72, 129, 145, 223, 316 m/z)
ere invariably observed in all product ion scans determined at the

etention time of the metabolite observed in patients samples.
Interestingly, the UPLC gradient program also allows the base-

ine separation of 4-hydroxy-tamoxifen and 3-hydroxy-tamoxifen
luted at 4.2 and 4.4 min, respectively (Fig. 4a, lower chromatogram
f standard compounds spiked in plasma). The compound 3-
ydroxy-tamoxifen is a metabolite reported to be produced in
itro upon incubation of tamoxifen with human liver microsomes
HLMs) [13]. In patients’ plasma however, there was only a very
mall peak, if any, visible at the retention time of 3-hydroxy-
amoxifen. (Fig. 4a, metabolites profiles in patients).

Finally, inspection of the transition (m/z 374 → 58, 129, 223)
elected for monitoring Z-endoxifen (eluted at 4.0 min) revealed
he presence in patients samples of two additional peaks at 1.5 and
.9 min (Fig. 3b, upper chromatographic profile, and Fig. 4b). The
rst eluted peak at 1.5 min was tentatively identified as �-hydroxy-
-desmethyl-tamoxifen based on literature (no available reference
aterial). The latest peak visible in this m/z transition at 4.9 min
as identified as 4′-hydroxy-N-desmethyl-tamoxifen, which has

he same retention time (Fig. 4b, lower trace) and a comparable
roduct-ion mass spectrum as the synthetic compound (Fig. 5b)
ither spiked into blank plasma or patients’ plasma samples. The
roduct ions (58, 129, 145, 223 and 316 m/z) were observed dur-

ng the fragmentation of the 4′-hydroxy-N-desmethyl-tamoxifen
ure compound and were likewise detected in all product-ion scans
t the retention time of the putative endogenous metabolite. As
ecently described, the fragment at 129 m/z was reported to be
ndicative of the tamoxifen structure [54] and was detected in
roduct ion spectra of both metabolites 4′-hydroxy-N-desmethyl-
amoxifen and 4′-hydroxy-tamoxifen.

The metabolite 4′-hydroxy-tamoxifen, whose formation might
e catalyzed by the polymorphic CYP2B6 [13,61], has been previ-
usly detected in rat and mouse liver microsomes [13,52,61,65] and
n recent in vitro studies (using Human Cytochrome P450 Systems)
s primary metabolite of tamoxifen [13,51], but its occurrence had
ever been formally reported in humans. Similarly, 4′-hydroxy-N-
esmethyl-tamoxifen has been previously detected in mouse liver
icrosomal incubates [52]. Neither metabolite has yet been iden-

ified so far in patients.
This is the first report of the occurrence of 4′-hydroxy-tamoxifen

nd 4′-hydroxy-N-desmethyl-tamoxifen in plasma from patients
nder tamoxifen therapy. Typical metabolites profiles in 6 uns-
lected patients receiving tamoxifen are shown in Fig. 4a and
: 4′-hydroxy-tamoxifen and 4′-hydroxy-N-desmethyl-tamoxifen
re detected in patients’ samples at 5.1 and 4.9 min in their respec-
ive m/z transition channel. So far, both metabolites were found in
ll patients’ samples analysed (n = 70), with substantial variability
n plasma levels.

Although our method has not been formally validated for the
uantification of these newly identified metabolites, their plasma

evels have been estimated in a separate analysis of 20 unselected

atients’ samples. The concentrations of 4′-hydroxy-tamoxifen
nd 4′-hydroxy-N-desmethyl-tamoxifen ranged between 2.2 to
.5 ng/mL, and 4.4 to 11.8 ng/mL, respectively, in patients under
amoxifen 20 mg QD, and between 3.3 to 9.5 ng/mL, and 6.2 to
0.6 ng/mL, respectively, in patients under 20 mg BID tamoxifen
. B 878 (2010) 3402–3414 3413

regimen. The clinical importance of these new metabolites, and
their potential contribution to the clinical effects of tamoxifen
remain to be determined [13]. Limited data available from the liter-
ature suggest that 4′-hydroxy-tamoxifen might have higher affinity
for the estrogen receptor than tamoxifen itself [13,66,67].

4. Conclusion

We have developed and validated a specific and sensitive
UPLC–MS/MS method enabling reliable and sensitive monitoring
of tamoxifen and three clinically relevant metabolites in patients’
plasma. Our method provides an excellent chromatographic sep-
aration of tamoxifen and seven known and previously unreported
metabolites in a relatively short gradient program of 13 min. The
method was developed using deuterated I.S. for all target ana-
lytes, which further strengthen our analytical assay for selective
and sensitive quantification of tamoxifen and its metabolites by
electrospray ionisation mass spectrometry.

During the course of these chromatographic investigations, we
have been able to identify for the first time the two metabolites
4′-hydroxy-tamoxifen and 4′-hydroxy-N-desmethyl-tamoxifen in
plasma from breast cancer patients. Our estimation of 4′-hydroxy
metabolites plasma levels in a subset of patients indicates that
the range of 4′-hydroxy-tamoxifen plasma concentrations was
similar to that measured for 4-hydroxy-tamoxifen. Conversely, 4′-
hydroxy-N-desmethyl-tamoxifen plasma levels were two to three
times lower than the endoxifen levels determined in 20 unselected
patients. The clinical importance of these previously unreported
metabolites and their potential contribution to the clinical effects
of tamoxifen has yet to be determined. Finally, we could show that
3-hydroxy-tamoxifen is very limitedly, if not at all, found in the
blood of patients on tamoxifen therapy.

In conclusion, This UPLC–MS/MS method has been shown suit-
able for measuring exposure of tamoxifen and its metabolites
in tamoxifen-treated breast cancer patients. In this context, the
present analytical methodology is currently applied in a population
pharmacokinetic study of tamoxifen and its metabolites, helping
us primarily at characterizing the influence of pharmacogenetic
and environmental factors (including interacting medications) on
plasma concentrations.

Acknowledgments

The Swiss National Science Foundation (REQUIP Grant No
326000-121314/1 to LAD) and a matching fund from UNIL-CHUV
have made possible the acquisition of the UPLC-MS/MS instrumen-
tation. The Swiss National Science Foundation (Switzerland) (Grant
No 324730-124943/1 to LAD) has supported in part the salary of
TM. The School of Pharmaceutical Sciences, University of Geneva is
acknowledged for having supported the salary of ED.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jchromb.2010.10.027.

References

[1] V.C. Jordan, Steroids 72 (2007) 829.
[2] C.K. Osborne, N. Engl. J. Med. 339 (1998) 1609.
[3] Early Breast Cancer Trialists’ Collaborative Group, Lancet 351 (1998) 1451.

[4] Early Breast Cancer Trialists’ Collaborative Group, Lancet 365 (2005) 1687.
[5] A. Goldhirsch, W.C. Wood, R.D. Gelber, A.S. Coates, B. Thurlimann, H.J. Senn,

Ann. Oncol. 18 (2007) 1133.
[6] V.C. Jordan, Nat. Rev. Drug Discov. 2 (2003) 205.
[7] K. Visvanathan, R.T. Chlebowski, P. Hurley, N.F. Col, M. Ropka, D. Collyar, M.

Morrow, C. Runowicz, K.I. Pritchard, K. Hagerty, B. Arun, J. Garber, V.G. Vogel,

http://dx.doi.org/10.1016/j.jchromb.2010.10.027


3 atogr

[

[

[

[

[
[

[

[
[

[

[

[

[

[

[

[

[
[
[

[
[

[

[

[
[

[

[

[

[

[
[

[

[

[
[

[

[

[
[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

414 E. Dahmane et al. / J. Chrom

J.L. Wade, P. Brown, J. Cuzick, B.S. Kramer, S.M. Lippman, J. Clin. Oncol. 27 (2009)
3235.

[8] M.D. Johnson, H. Zuo, K.H. Lee, J.P. Trebley, J.M. Rae, R.V. Weatherman, Z. Desta,
D.A. Flockhart, T.C. Skaar, Breast Cancer Res. Treat. 85 (2004) 151.

[9] B.S. Katzenellenbogen, M.J. Norman, R.L. Eckert, S.W. Peltz, W.F. Mangel, Cancer
Res. 44 (1984) 112.

10] V. Stearns, M.D. Johnson, J.M. Rae, A. Morocho, A. Novielli, P. Bhargava, D.F.
Hayes, Z. Desta, D.A. Flockhart, J. Natl. Cancer Inst. 95 (2003) 1758.

11] Y.C. Lim, Z. Desta, D.A. Flockhart, T.C. Skaar, Cancer Chemother. Pharmacol. 55
(2005) 471.

12] Y.C. Lim, L. Li, Z. Desta, Q. Zhao, J.M. Rae, D.A. Flockhart, T.C. Skaar, J. Pharmacol.
Exp. Ther. 318 (2006) 503.

13] Z. Desta, B.A. Ward, N.V. Soukhova, D.A. Flockhart, J. Pharmacol. Exp. Ther. 310
(2004) 1062.

14] M.P. Goetz, A. Kamal, M.M. Ames, Clin. Pharmacol. Ther. 83 (2008) 160.
15] X. Wu, J.R. Hawse, M. Subramaniam, M.P. Goetz, J.N. Ingle, T.C. Spelsberg, Cancer

Res. 69 (2009) 1722.
16] R. Clarke, M.C. Liu, K.B. Bouker, Z. Gu, R.Y. Lee, Y. Zhu, T.C. Skaar, B. Gomez, K.

O’Brien, Y. Wang, L.A. Hilakivi-Clarke, Oncogene 22 (2003) 7316.
17] A. Ring, M. Dowsett, Endocr. Relat. Cancer 11 (2004) 643.
18] S. Borges, Z. Desta, L. Li, T.C. Skaar, B.A. Ward, A. Nguyen, Y. Jin, A.M. Storniolo,

D.M. Nikoloff, L. Wu, G. Hillman, D.F. Hayes, V. Stearns, D.A. Flockhart, Clin.
Pharmacol. Ther. 80 (2006) 61.

19] Y. Jin, Z. Desta, V. Stearns, B. Ward, H. Ho, K.H. Lee, T. Skaar, A.M. Storniolo,
L. Li, A. Araba, R. Blanchard, A. Nguyen, L. Ullmer, J. Hayden, S. Lemler, R.M.
Weinshilboum, J.M. Rae, D.F. Hayes, D.A. Flockhart, J. Natl. Cancer Inst. 97 (2005)
30.

20] J. Gjerde, M. Hauglid, H. Breilid, S. Lundgren, J.E. Varhaug, E.R. Kisanga, G. Mell-
gren, V.M. Steen, E.A. Lien, Ann. Oncol. 19 (2008) 56.

21] H.S. Lim, H. Ju Lee, K. Seok Lee, E. Sook Lee, I.J. Jang, J. Ro, J. Clin. Oncol. 25 (2007)
3837.

22] M.P. Goetz, J.M. Rae, V.J. Suman, S.L. Safgren, M.M. Ames, D.W. Visscher, C.
Reynolds, F.J. Couch, W.L. Lingle, D.A. Flockhart, Z. Desta, E.A. Perez, J.N. Ingle,
J. Clin. Oncol. 23 (2005) 9312.

23] M.P. Goetz, S.K. Knox, V.J. Suman, J.M. Rae, S.L. Safgren, M.M. Ames, D.W. Viss-
cher, C. Reynolds, F.J. Couch, W.L. Lingle, R.M. Weinshilboum, E.G. Fritcher, A.M.
Nibbe, Z. Desta, A. Nguyen, D.A. Flockhart, E.A. Perez, J.N. Ingle, Breast Cancer
Res. Treat. 101 (2007) 113.

24] W. Schroth, L. Antoniadou, P. Fritz, M. Schwab, T. Muerdter, U.M. Zanger, W.
Simon, M. Eichelbaum, H. Brauch, J. Clin. Oncol. 25 (2007) 5187.

25] W. Schroth, M.P. Goetz, U. Hamann, P.A. Fasching, M. Schmidt, S. Win-
ter, P. Fritz, W. Simon, V.J. Suman, M.M. Ames, S.L. Safgren, M.J. Kuffel,
H.U. Ulmer, J. Bolander, R. Strick, M.W. Beckmann, H. Koelbl, R.M. Wein-
shilboum, J.N. Ingle, M. Eichelbaum, M. Schwab, H. Brauch, JAMA 302 (2009)
1429.

26] V. Stearns, J. Rae, Expert Rev. Mol. Med. 10 (2008) e34.
27] J. Hoskins, L. Carey, H. McLeod, Nat. Rev. Cancer 9 (2009) 576.
28] C. Kelly, D. Juurlink, T. Gomes, M. Duong-Hua, K. Pritchard, P. Austin, L. Paszat,

BMJ 340 (2010) c693.
29] F. Andersohn, S. Willich, BMJ 340 (2010) c783.
30] S. Nowell, J. Ahn, J. Rae, J. Scheys, A. Trovato, C. Sweeney, S. MacLeod, F. Kadlubar,

C. Ambrosone, Breast Cancer Res. Treat. 91 (2005) 249.
31] P. Wegman, L. Vainikka, O. Stål, B. Nordenskjöld, L. Skoog, L. Rutqvist, S.

Wingren, Breast Cancer Res. 7 (2005) R284.
32] P. Wegman, S. Elingarami, J. Carstensen, O. Stål, B. Nordenskjöld, S. Wingren,

Breast Cancer Res. 9 (2007) R7.

33] T. Lash, E. Lien, H. Sørensen, S. Hamilton-Dutoit, Lancet Oncol. 10 (2009) 825.
34] T. Lash, D. Cronin-Fenton, T. Ahern, C. Rosenberg, K. Lunetta, R. Silliman, S.

Hamilton-Dutoit, J. Garne, M. Ewertz, H. Sørensen, L. Pedersen, Acta Oncol.
(2010).

35] R. Mihailescu, H.Y. Aboul-Enein, M.D. Efstatide, Biomed. Chromatogr. 14 (2000)
180.

[

[
[

. B 878 (2010) 3402–3414

36] S.J. Carter, X.F. Li, J.R. Mackey, S. Modi, J. Hanson, N.J. Dovichi, Electrophoresis
22 (2001) 2730.

37] K.H. Lee, B.A. Ward, Z. Desta, D.A. Flockhart, D.R. Jones, J. Chromatogr. B: Analyt.
Technol. Biomed. Life Sci. 791 (2003) 245.

38] Y.B. Zhu, Q. Zhang, J.J. Zou, C.X. Yu, D.W. Xiao, J. Pharm. Biomed. Anal. 46 (2008)
349.

39] E.A. Lien, P.M. Ueland, E. Solheim, S. Kvinnsland, Clin. Chem. 33 (1987) 1608.
40] J. Esteve-Romero, E. Ochoa-Aranda, D. Bose, M. Rambla-Alegre, J. Peris-Vicente,

A. Martinavarro-Dominguez, Anal. Bioanal. Chem. 397 (2010) 1557.
41] J. Gjerde, E.R. Kisanga, M. Hauglid, P.I. Holm, G. Mellgren, E.A. Lien, J. Chro-

matogr. A 1082 (2005) 6.
42] S.F. Teunissen, H. Rosing, R.H. Koornstra, S.C. Linn, J.H. Schellens, A.H. Schinkel,

J.H. Beijnen, J. Chromatogr. B: Analyt. Technol. Biomed. Life Sci. 877 (2009)
2519.

43] J. Zweigenbaum, J. Henion, Anal. Chem. 72 (2000) 2446.
44] L.D. Williams, N.C. Twaddle, M.I. Churchwell, D.R. Doerge, J. AOAC Int. 89 (2006)

1168.
45] M. Furlanut, L. Franceschi, E. Pasqual, S. Bacchetti, D. Poz, G. Giorda, P. Cagol,

Ther. Drug Monit. 29 (2007) 349.
46] B. Beer, B. Schubert, A. Oberguggenberger, V. Meraner, M. Hubalek, H. Ober-

acher, Anal. Bioanal. Chem. 398 (2010) 1791.
47] E.A. Lien, E. Solheim, S. Kvinnsland, P.M. Ueland, Cancer Res. 48 (1988) 2304.
48] G.K. Poon, Y.C. Chui, R. McCague, P.E. Llnning, R. Feng, M.G. Rowlands, M. Jarman,

Drug Metab. Dispos. 21 (1993) 1119.
49] G.K. Poon, B. Walter, P.E. Lonning, M.N. Horton, R. McCague, Drug Metab. Dispos.

23 (1995) 377.
50] D.J. Boocock, K. Brown, A.H. Gibbs, E. Sanchez, K.W. Turteltaub, I.N. White,

Carcinogenesis 23 (2002) 1897.
51] C.K. Lim, Z.X. Yuan, R.M. Jones, I.N. White, L.L. Smith, J. Pharm. Biomed. Anal. 15

(1997) 1335.
52] R.M. Jones, Z.X. Yuan, J.H. Lamb, C.K. Lim, J. Chromatogr. A 722 (1996) 249.
53] M. Mazzarino, I. Fiacco, X. de la Torre, F. Botre, Eur. J. Mass Spectrom. (Chichester

Eng.) 14 (2008) 171.
54] M. Mazzarino, X. de la Torre, R. Di Santo, I. Fiacco, F. Rosi, F. Botre, Rapid Com-

mun. Mass Spectrom. 24 (2010) 749.
55] FDA, Homepage, Guidance for Industry: Bioanalytical Method Validation,

2001, http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatory
Information/Guidances/UCM070107.pdf.

56] T. Singtoroj, J. Tarning, A. Annerberg, M. Ashton, Y. Bergqvist, N. White, N.
Lindegardh, N. Day, J. Pharm. Biomed. Anal. 41 (2006) 219.

57] C.T. Viswanathan, S. Bansal, B. Booth, A.J. DeStefano, M.J. Rose, J. Sailstad, V.P.
Shah, J.P. Skelly, P.G. Swann, R. Weiner, Pharm. Res. 24 (2007) 1962.

58] V.P. Shah, K.K. Midha, J.W. Findlay, H.M. Hill, J.D. Hulse, I.J. McGilveray, G.
McKay, K.J. Miller, R.N. Patnaik, M.L. Powell, A. Tonelli, C.T. Viswanathan, A.
Yacobi, Pharm. Res. 17 (2000) 1551.

59] B.K. Matuszewski, M.L. Constanzer, C.M. Chavez-Eng, Anal. Chem. 75 (2003)
3019.

60] B.K. Matuszewski, J. Chromatogr. B: Analyt. Technol. Biomed. Life Sci. 830
(2006) 293.

61] H.K. Crewe, L.M. Notley, R.M. Wunsch, M.S. Lennard, E.M. Gillam, Drug Metab.
Dispos. 30 (2002) 869.

62] Y. Zheng, D. Sun, A.K. Sharma, G. Chen, S. Amin, P. Lazarus, Drug Metab. Dispos.
35 (2007) 1942.

63] R.N. Xu, L. Fan, M.J. Rieser, T.A. El-Shourbagy, J. Pharm. Biomed. Anal. 44 (2007)
342.

64] S. Bansal, A. DeStefano, AAPS J. 9 (2007) E109.

65] C.K. Lim, Z.X. Yuan, J.H. Lamb, I.N. White, F. De Matteis, L.L. Smith, Carcinogen-

esis 15 (1994) 589.
66] P.C. Ruenitz, J.R. Bagley, C.W. Pape, Drug Metab. Dispos. 12 (1984) 478.
67] J. Kool, R. Ramautar, S. van Liempd, J. Beckman, F. de Kanter, J. Meerman,

T. Schenk, H. Irth, J. Commandeur, N. Vermeulen, J. Med. Chem. 49 (2006)
3287.

http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM070107.pdf

	An ultra performance liquid chromatography–tandem MS assay for tamoxifen metabolites profiling in plasma: First evidence o...
	Introduction
	Experimental
	Chemicals and reagents
	Equipment
	Solutions
	Mobile phase and extracts reconstitution solutions
	Working solutions, internal standard, calibration standards and quality controls (QCs) solutions

	LC–MS/MS conditions
	Clinical blood samples collection
	Plasma sample extraction procedure
	Calibration curves
	Analytical method validation
	Selectivity
	Accuracy and precision
	Matrix effects, extraction yield and overall recovery
	Carry-over
	Dilution effect
	Stability of tamoxifen and its metabolites
	Identification of other tamoxifen metabolites


	Results and discussion
	Chromatograms
	Method validation
	Selectivity
	Internal standard and calibration curve
	Precision, accuracy, and LLOQ
	Matrix effects and recovery
	Memory effect
	Dilution effect
	Stability of tamoxifen/metabolites in plasma and whole blood

	Metabolites profiles studies and metabolites identification

	Conclusion
	Acknowledgments
	Supplementary data
	Supplementary data


