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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Anastrozole is primarily cleared by hepatic

metabolism via oxidative and conjugating
enzymes.

WHAT THIS STUDY ADDS
• Anastrozole is oxidized to

hydroxyanastrozole mainly by CYP3A4/5
and glucuronidated to anastrozole
glucuronide predominantly by UGT1A4 in
vitro.

• Hydroxyanastrozole glucuronide and
hydroxyanastrozole were quantified as the
major metabolites of anastrozole in plasma
of breast cancer patients.

• This study describes for the first time
anastrozole metabolic pathways and the
enzymes involved, which may serve as the
scientific basis for pharmacogenetic and
drug-interaction assessments.

AIMS
Little information is available regarding the metabolic routes of
anastrozole and the specific enzymes involved. We characterized
anastrozole oxidative and conjugation metabolism in vitro and in vivo.

METHODS
A sensitive LC-MS/MS method was developed to measure anastrozole
and its metabolites in vitro and in vivo. Anastrozole metabolism was
characterized using human liver microsomes (HLMs), expressed
cytochrome P450s (CYPs) and UDP-glucuronosyltransferases (UGTs).

RESULTS
Hydroxyanastrozole and anastrozole glucuronide were identified as the
main oxidative and conjugated metabolites of anastrozole in vitro,
respectively. Formation of hydroxyanastrozole from anastrozole was
markedly inhibited by CYP3A selective chemical inhibitors (by >90%)
and significantly correlated with CYP3A activity in a panel of HLMs (r =
0.96, P = 0.0005) and mainly catalyzed by expressed CYP3A4 and
CYP3A5. The Km values obtained from HLMs were also close to those
from CYP3A4 and CYP3A5. Formation of anastrozole glucuronide in a
bank of HLMs was correlated strongly with imipramine N-glucuronide,
a marker of UGT1A4 (r = 0.72, P < 0.0001), while expressed UGT1A4
catalyzed its formation at the highest rate. Hydroxyanastrozole (mainly
as a glucuronide) and anastrozole were quantified in plasma of breast
cancer patients taking anastrozole (1 mg day-1); anastrozole
glucuronide was less apparent.

CONCLUSION
Anastrozole is oxidized to hydroxyanastrozole mainly by CYP3A4 (and
to some extent by CYP3A5 and CYP2C8). Once formed, this metabolite
undergoes glucuronidation. Variable activity of CYP3A4 (and probably
UGT1A4), possibly due to genetic polymorphisms and drug
interactions, may alter anastrozole disposition and its effects in vivo.
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Introduction

Globally, breast cancer is the most common cancer affect-
ing women and one of the leading causes of death [1]. In
the US, one woman in eight will develop the disease
during the course of her life [2]. Approximately 80% of
breast cancers in post-menopausal women are oestrogen
receptor-positive [3].Since these tumours have cell-surface
oestrogen receptors that bind with oestrogens, leading to
cancer cell proliferation, depletion of circulating and tissue
concentrations of oestrogen or blockade of the cellular
effects of oestrogen by binding to oestrogen receptors is
an effective strategy to reduce tumour growth and slow
disease progression [3, 4].

For over 30 years, tamoxifen has been at the forefront
for the treatment and prevention of oestrogen receptor-
positive (ER-positive) breast cancers in pre- and post-
menopausal women [3]. More recently, potent and
selective inhibitors of aromatase [cytochrome P-450 (CYP)
19], a rate-limiting enzyme in the biosynthesis of oestro-
gens have been effectively used to deplete plasma and
tissue concentrations of oestrogens in post-menopausal
women [4]. Currently, three drugs (letrozole, anastrozole
and exemestane) that belong to the third generation aro-
matase inhibitors are commonly prescribed to treat post-
menopausal women with breast cancer. The clinical use of
aromatase inhibitors has been on the rise in recent years
because large randomized clinical trials have shown that
aromatase inhibitors are superior to tamoxifen in adjuvant
therapy [5–7].

Anastrozole, [2,2′-[5-1H-1,2,4-triazole-1-y-methyl)-
1,3-phenylene]bis(2-methylpropiononitrile)] (Figure 1),
belongs to the non-steroidal triazole-derivative group of
aromatase inhibitors. On the basis of favourable efficacy
and toxicity findings of anastrozole in the Arimidex,Tamox-
ifen Alone or in Combination trial (ATAC) compared with
tamoxifen [5], anastrozole was approved by the US Food

and Drug Administration in 2002 for adjuvant treatment of
postmenopausal, early-stage hormone-sensitive breast
cancer and is currently regarded as the first-line therapy for
this indication. In addition, in the ATAC trial, there was a
further reduction of 44% in the incidence of new contralat-
eral breast cancers in the hormone-receptor positive
women assigned to the anastrozole group compared with
the tamoxifen group. This has stimulated interest in aro-
matase inhibitors as potential chemoprevention agents
and is the basis for an ongoing large multicentre trial com-
paring the two drugs for prevention of a new primary
breast cancer in women with a history of hormone-
receptor positive ductal carcinoma in situ (DCIS) or early
stage breast cancer [5].

However, emerging data suggest high interindividual
variability in the beneficial and adverse effects that include
musculoskeletal disorders and joint pains and bone frac-
ture to anastrozole and other aromatase inhibitor
drugs [8]. Anastrozole is predominantly cleared by hepatic
metabolism and evidence exists that its pharmacokinetics
vary widely among patients [9]. Therefore, it is conceivable
that differences in anastrozole metabolism may contribute
to the overall variability experienced by patients.

Approximately 60% of the dose administered was
excreted as metabolites and ~10% was excreted in urine
as unchanged after administration of a single radiola-
belled dose of 1mg anastrozole to humans [8]. However,
detailed information on how this drug is metabolized is
lacking. Information provided in the product label of the
drug state that triazole, anastrozole glucuronide and
hydroxyanastrozole glucuronide have been identified in
human urine and plasma, suggesting involvement of
P450s (N-dealkylation and hydroxylation) and UGTs
(glucuronidation) [8]. Recently, Ingle et al. reported that
hydroxyanastrozole is the main metabolite of anastrozole
in patients [9]. In a review article citing unpublished data,
Lazarus & Sun [10] report that anastrozole undergoes
direct N-glucuronidation by UGT1A4.The potential sites of
metabolism are shown in Figure 1. However, there are no
published data that confirm these findings or provide
information about the quantitative contribution of each
metabolic pathway to the overall clearance of the drug.
More importantly, the specific enzymes responsible for
anastrozole oxidative metabolism remain unknown,
making prediction of factors controlling its pharmacoki-
netics difficult. In one in vitro study, anastrozole has been
shown to inhibit competitively CYP1A2, CYP2C8/9 and
CYP3A4 [2], but there are no published data that system-
atically address the contribution of these or other
enzymes in vitro or in vivo.

The main purposes of the present study were (i) to
develop a sensitive and reliable LC-MS/MS method to
measure anastrozole and its metabolites in vitro and in
vivo, (ii) to characterize anastrozole metabolic pathways
and identify enzymes catalyzing them by conducting a
comprehensive series of studies in human liver microso-
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Figure 1
Anastrozole chemical structure and potential sites of metabolism
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mal preparations, expressed CYPs and UGTs and (iii) to
determine plasma steady state primary and secondary
metabolism of anastrozole in breast cancer patients
treated with 1 mg day-1 anastrozole.

Methods

Chemicals
Anastrozole (for preclinical evaluation) was obtained from
Toronto Research Chemicals Inc. (Toronto, Canada). Desm-
ethyldiazepam, diethyldithiocarbamate, ketoconazole,
furafylline, omeprazole, pilocarpine, quercetin, quinidine,
thioTEPA, ticlopidine, troleandomycin (oleandomycin triac-
etate), glucose 6-phosphate, glucose-6-phosphate dehy-
drogenase, NADP, alamethicin, magnesium chloride,
b-glucuronidase (from Escherichia coli), Tris-HCl, UDPGA,
imprimine, p-nitrophenol and testosterone were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). Sul-
faphenazole was obtained from Ultrafine Chemicals
(Manchester, UK). Rabbit antihuman UGT1A primary anti-
body was purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, California, USA). Rabbit antihuman UGT2B7
primary and secondary antibodies were purchased from
BD Gentest (Woburn, MA, USA). Precast 10% acrylamide
gels were obtained from Bio-Rad Laboratories (Hercules,
California, USA). Blotto was purchased from Pierce Biotech-
nology (Rockford, IL, USA). Chemiluminescence reagents
were obtained from GE Healthcare (Piscataway, NJ, USA).
All other reagents were of HPLC grade or of the highest
grade commercially available.

Human liver microsomes (HLMs)
Some HLMs that we used were either prepared from
human liver tissues that were medically unsuitable for
transplantation or were purchased from BD Gentest
(Woburn, MA) and Cellz Direct (Austin, TX). Microsomal
fractions were prepared by ultracentrifugation using stan-
dard protocols. Protein concentrations were determined
by the Bradford method [11], using bovine serum albumin
as a standard.The microsomal pellets were suspended in a
reaction buffer to a protein concentration of 10 mg ml-1

(stock) and were kept at -80°C until used. Baculovirus-
insect cell-expressed human P450s (1A2, 2A6, 2B6, 2C8,
2C9, 2C19, 2D6, 2E1, 3A4, and 3A5) (with oxidoreductase
and cytochrome b5) and UGTs (UGT1A1, 1A3, 1A4, 1A6,
1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B15, and 2B17) were pur-
chased from BD Gentest Corp. (Woburn, MA, USA). Other
HLMs obtained from 53 Caucasian donors were processed
through Dr Mary Relling’s laboratory at St Jude Children’s
Research Hospital (Memphis, TN, USA) and were provided
by the Liver Tissue Procurement and Distribution System
(funded by #NO1-DK-9-2310) and by the Cooperative
Human Tissue Network.

A. Anastrozole oxidation in vitro
General incubation conditions Incubation experiments
were performed in HLMs to identify oxidative metabolites
and to optimize conditions for incubation and LC-MS/MS
analysis. Anastrozole was dissolved and serially diluted in
methanol to the required concentration. Methanol was
removed by drying in a speed vacuum before reconstitut-
ing the residue with phosphate buffer and addition of
other incubation components. For the pilot studies, anas-
trozole (10 mM) and a NADPH-generating system (13 mM

NADP, 33 mM glucose 6-phosphate, 33 mM MgCl2, and
0.4 U ml-1 glucose 6-phosphate dehydrogenase) in potas-
sium phosphate buffer (pH 7.4) were allowed to equilibrate
for 5 min at 37°C. The reaction was initiated by adding
HLMs (0.5 mg protein ml-1) and allowed to proceed for
30 min at 37°C (final volume, 250 ml).Then, the reaction was
terminated by placing tubes on ice and immediately
adding 500 ml of acetonitrile. Desmethyldiazepam (20 ml of
250 ng ml-1) was added as an internal standard to the incu-
bation sample which was then vortex mixed for 30 s, and
centrifuged at 14 000 rev min-1 for 5 min in an Eppendorf
model 5415D centrifuge (Brinkmann Instruments, West-
bury, NY). The supernatant was extracted with ethyl
acetate under alkaline pH (0.5 ml of 0.5 M NaOH/glycine
buffer, adjusted to pH 10). After the sample was centri-
fuged for 15 min at 2500 rev min-1 in a Beckman GS-6R
centrifuge (Global Medical Instrumentation, Inc., Ramsey,
Minnesota), the organic phase was removed and evapo-
rated to dryness. The residue was reconstituted with
mobile phase from which an aliquot was injected onto
an HPLC with u.v. or fluorescent detection or onto an
LC-MS/MS system (see below). To capture potential polar
metabolites which may be removed during the extraction
process with organic solvents, the supernatant was also
directly injected onto these detection systems without
further extraction. Negative control incubations were run
in parallel that included exclusion of anastrozole,a NADPH-
generating system or microsomes (bovine serum albumin
was used instead) from the incubation mixture.

LC/MS/MS assay development and metabolite(s) identifi-
cation Pilot experiments that were performed using HPLC
methods with UV and fluorescent detection to identify any
potential anastrozole oxidative metabolites or to deter-
mine the disappearance of the parent drug from the
microsomal incubates consisting of HLMs and cofactors
were noninformative. Although a chromatographic peak
that was consistent with an anastrozole oxidative metabo-
lite was identified using the UV detection method, the
amount of metabolite formed was too low to perform
further kinetic characterization or to conduct structural
elucidation. No metabolite peak was detected in the fluo-
rescent scan and anastrozole depletion when incubated
with HLMs and cofactors was not substantially different
from those observed in negative control incubates.
Therefore, a sensitive LC/MS/MS analytical method was
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developed to identify and quantify human metabolism of
anastrozole. Briefly, anastrozole and the internal standard,
N-desmethyldiazepam were injected onto an LC-MS/MS
that consisted of a LC-20AB pump and SIL-20A HT
autosampler (Shimadzu Addison, IL) and an API 2000
LC/MS/MS triple quadruple system (Applied Biosystems
Foster City, CA) with an electrospray ion source. Anastro-
zole and the internal standard were separated on a 100 ¥
2 mm Luna 3 m C18(2) 100A stainless steel column (Phe-
nomenex,Torrance, CA).The components were eluted with
50% of 0.1% formic acid in water and 50% of acetonitrile
which was degassed in a sonicator for 15 min and deliv-
ered at a flow rate of 0.15 ml min-1.The LC eluate was intro-
duced into the ESI source at the same flow rate.

The mass spectrometer was operated using electro-
spray ionization (ESI) with an ion-spray voltage of +5200 V
and temperature was set at 450°C. The positive ion mul-
tiple reaction monitoring (MRM) mode analysis was per-
formed using nitrogen as the collision gas. The nitrogen
nebulizer gas and curtain gas were both set at 20 psi. The
curtain gas (nitrogen) flow and the ion-spray flow were set
at 0.6 and 0.9 l min-1, respectively. The pressure in the col-
lision cell was set at 2.20 mTorr.The orifice voltage and ring
voltages were set to +35 and +400 V, respectively. A dwell
time of 400 ms and a pause time of 5 ms between scans
were used to monitor the precursor/product ion pairs.

Identification of metabolites Microsomal incubate
(extracted or unextracted) was injected onto the
LC-MS/MS described above. The following approaches
were used to identify possible metabolites in microsomal
incubates of anastrozole. Because we had no access to
anastrozole metabolites (except triazole, which was com-
mercially available), the fragmentation of anastrozole was
used as a guide for interpretation and identification of
potential anastrozole metabolites, where possible. Tar-
geted precursor ion scans were performed as a first step of
metabolite identification. As a guide, a list of expected
metabolites was compiled and possible metabolic path-
ways reconstructed based on the available limited
metabolism data in the product label of anastrozole as well
as predicted metabolic alterations. Suspected masses
identified through the precursor ion scan were targeted
for product ion analysis to confirm further the identity of
these analytes as true metabolites derived from anastro-
zole. Based on the data obtained from LC/MS/MS analysis,
one metabolite peak that was consistent with hydroxya-
nastrozole was identified. Two positive transitions (quanti-
fier MRM and confirmed with the qualifier MRM transition)
were used for the measurement of anastrozole (+294/225
and +294/115), hydroxy-anastrozole (+310.2/241.5 and
+310.2/214.5) and the internal standard desmethyldiaz-
epam (+271/140 and +271/208).

Hydroxyanastrozole was quantified using the ratio of
area under the curve (AUC) of the metabolite to AUC of the
internal standard, Concentrations of the metabolite were

measured by standard curves obtained with anastrozole,
as authentic samples of the synthetic metabolite were not
available to us. The limitation of this approach is that the
MS/MS properties of the metabolite and the parent com-
pound may differ as a result of altered molecular mass.
Therefore, the formation rates (pmol min-1 mg-1 protein or
pmol min-1 pmol-1 CYP) calculated in this study should be
viewed more appropriately as arbitrary units. The limit of
detection of the assay was 50 pg ml-1 and the limit of
quantification was 100 pg ml-1.

Kinetic analyses in HLMs Kinetic studies for anastrozole
metabolism were conducted at conditions linear for dura-
tion of incubation and protein concentration in four
different HLM preparations. Anastrozole (1–200 mM)
was incubated in duplicate for 30 min at 37°C with HLMs
(0.5 mg protein ml-1) and a NADPH-generating system.The
reaction was terminated and processed as described
above. Apparent kinetic parameters were calculated (see
Data analysis).

Correlation analysis of anastrozole hydroxylation Corre-
lation between apparent formation rate of hydroxyanastro-
zole and individual P450 activity was tested using a panel of
characterized HLMs. Low (1 mM) and high (20 mM) concen-
trations of anastrozole were incubated with microsomes
from different characterized human livers. The activity of
each P450 isoform in each HLM preparation was as supplied
(CellzDirect) and was determined by isoform-specific
reaction markers (http://cellzdirect.com/). The correlation
coefficients between the formation rates of anastrozole
metabolites and the activity of each CYP isoform in different
HLMs were calculated (see Data analysis).

Inhibition studies Enzyme specific inhibitors were used to
obtain further information on the specific P450s involved.
Anastrozole (10 mM) was incubated for 30 min at 37°C with
HLMs (0.5 mg ml-1) and cofactor in the absence (control)
and presence of the following known isoform-specific
inhibitors: furafylline (20 mM) for CYP1A2, pilocarpine
(50 mM) for CYP2A6, thioTEPA (50 mM) for CYP2B6, quercetin
(20 mM) and trimethoprim (50 and 100 mM) for CYP2C8, sul-
faphenazole (25 mM) for CYP2C9,ticlopidine (5 mM) for 2C19
and CYP2B6, quinidine (1 mM) for CYP2D6, diethyldithiocar-
bamate (50 mM) for CYP2E1, troleandomycin (50 mM) and
ketoconazole (1 mM) for CYP3A. Inhibition by furafylline,
thioTEPA, diethyldithiocarbamate, and troleandomycin has
been shown to be time-dependent. Therefore, a preincu-
bation protocol was implemented in which the inhibitor
was first incubated with human liver samples and cofac-
tors for 15 min at 37°C before the reaction was initiated by
addition of the respective selective substrate probe. The
specific conditions used with these inhibitors have been
described in detail in our recent publications [12–14].
Percent inhibition of metabolite formation rate by isoform-
specific inhibitors was calculated by comparing the inhib-
ited activity with uninhibited controls (without inhibitors).

Anastrozole metabolism in vitro and in vivo
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Anastrozole metabolism by expressed CYP enzymes The
ability of different expressed human CYP enzymes
(CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4, or 3A5) to
catalyze anastrozole hydroxylation was tested by incubat-
ing anastrozole (20 mM) with 13 pmol P450 and a NADPH-
generating system (same composition as above) at 37°C
for 30 min. All other incubation conditions and assay of the
metabolites were the same as described for HLMs above.
Preliminary analysis suggested that CYP3A4 and CYP3A5
showed the highest activity towards anastrozole hydroxy-
lation. Therefore, the kinetics for hydroxyanastrozole
formation were performed by incubating increasing
concentrations of anastrozole (1–200 mM) at 37°C for
30 min with cofactors and 13 pmol expressed CYP3A4 and
CYP3A5 with or without b5. Kinetic parameters were
obtained using appropriate enzyme kinetic equations (see
Data analysis).

B. Anastrozole metabolism by glucuronidation
The glucuronidation of anastrozole was measured in
pooled HLMs, a panel of recombinant UGTs (UGT1A1, 1A3,
1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B15, and 2B17),
and in microsomes from 53 individual human livers.
Microsomes were pre-incubated with alamethicin
(25 mg ml-1 in final incubation) on ice for 15 min. Alamethi-
cin was dissolved in 90/10 incubation buffer/ethanol. The
final concentration of ethanol in the reaction was less than
0.1%. Incubations (200 ml) contained anastrozole (500 mM),
50 mM Tris-HCl buffer (pH 7.4), 5 mM MgCl2, 0.5 mg ml-1

microsomes/recombinant UGTs and 5 mM UDP-glucuronic
acid (UDPGA), and were carried out at 37°C for 90 min. The
reactions were terminated by addition of 0.2 ml acetoni-
trile containing 10 mM testosterone (internal standard), fol-
lowed by centrifugation at 20 500 g for 15 min.After drying
down supernatant under nitrogen gas at 37°C, samples
were reconstituted in mobile phase. Aliquots (40 ml) were
then analyzed by LC-MS/MS. Control incubations without
UDPGA, substrate or microsomes were carried out to
ensure that produced metabolites were microsome- and
UDPGA-dependent. For identification of the glucuronide
peaks, enzymatic hydrolysis was also carried out. In these
experiments, an aliquot of the incubation mixture was
mixed with an equal volume of 0.15 M acetate buffer pH
5.0 containing 2000 units of b-D-glucuronidase and incu-
bated for 24 h at 37°C prior to analysis. LC/MS/MS was used
for monitoring anastrozole metabolite. The mass spec-
trometer was an API2000 triple quadrupole (Applied
Biosystems, Waltham, MA, USA) equipped with an ESI
interface.The cone voltage was 40 V and the capillary tem-
perature was 550°C. Nitrogen was used as nebulizing and
auxiliary gas. The nebulizing gas backpressure was set at
40 psi, and auxiliary gas at 20 (arbitrary units). Initially, the
mass spectrometer was programmed to perform full scans
between m/z 100 and 1000 in order to observe the [M-H]+

signals. Subsequently, the ions monitored for anastrozole
glucuronide (analyte) and testosterone (IS) were m/z

470.2/225.2 and m/z 289.2/97.2 in positive ion mode,
respectively. The product ion spectra were acquired simul-
taneously using collision energy of 30 eV with a cone
voltage of 40 V. Due to the absence of authentic standards
for anastrozole glucuronide, quantification of the glucu-
ronide was accomplished using a standard curve for anas-
trozole. The standard curve for quantifying anastrozole
glucuronidation was linear from 34 to 831 nM, and the
correlation coefficient was >0.99. The precision was
assessed by relative standard deviation (RSD = SD/Mean ¥
100%), while the accuracy was calculated as relative mean
error of calculated concentrations from nominal concen-
trations [RME = (calculated concentration - nominal
concentration)/nominal concentration ¥ 100%]. The accu-
racy and precision of the back-calculated values for each
concentration were less than 15% of the nominal values.
The retention times of anastrozole glucuronide, anastro-
zole and testosterone were 5.8 min, 6.8 min, and 8.7 min,
respectively.

Kinetic studies for anastrozole glucuronidation were
carried out in pooled HLMs and recombinant UGT1A4.
Anastrozole (10–1000 mM) was preincubated with pooled
HLMs/recombinant UGT1A4 (0.5 mg protein ml-1) at 37°C
for 5 min in a final volume of 200 ml of 50 mM Tris-HCl
buffer (pH 7.5) containing 5 mM MgCl2 and 25 mg ml-1

alamethicin. After preincubation of the reaction mixture,
the reaction was started by adding UDPGA for a final con-
centration of 5 mM. After incubation at 37°C for 90 min, the
reaction was terminated by addition of 200 ml acetonitrile
containing internal standard (testosterone, 200 nM), fol-
lowed by centrifugation at 20 500 g for 15 min to obtain
the supernatant. Aliquots (40 ml) were then analyzed by
LC/MS/MS.

Inhibition studies Anastrozole (500 mM) was incubated in
the absence or presence of different concentrations of
hecogenin, a known UGT1A4 inhibitor. The concentration
of anastrozole was close to its apparent Km. Incubation was
performed for 90 min using 0.5 mg protein ml-1 recombi-
nant UGT1A4 or pooled HLMs.

Correlation analysis of anastrozole glucuronidation

Imipramine N-glucuronidation (UGT1A4) assay: Imi-
pramine N-glucuronidation activity was determined as
previously reported [15] using 0.5 mM imipramine.

Morphine 3-glucuronidation (UGT2B7) assay Morphine
glucuronidation had been previously measured in the
same set of liver microsomes [16] using 0.5 mM morphine.

Genotyping Genotyping of UGT1A4 and UGT2B7 poly-
morphisms was performed in the entire sample set. Two
functional UGT1A4 SNPs (70C>A (P24T) and 142T>G
(L48V)), as well as two tag UGT1A4 SNPs (448T>C (150L)
and 471C>T (157C)), were genotyped. The forward and
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reverse primers were located outside the open reading
frame to obtain specificity of the amplification reaction.
Sequencing primers used were 5′-GGCTGGCCACAGG
ACTGCTTCTC-3′ (forward) and 5′-GGACACTGTGTGCCC
TTAAAGTC-3′ (reverse). PCR products were amplified in a
volume of 40 ml containing 10¥ PCR buffer, 15 mM magne-
sium sulphate, 2 mM dNTP mix, 10 mM primers, 10 ng ml-1

genomic DNA and 5 U ml-1 Taq DNA polymerase (Promega,
Madison, WI). Amplification was performed with an initial
denaturing step at 95°C for 10 min followed by seven
touchdown cycles of primer annealing and extending.
Each cycle included incubating for 20 s at each degree
from 65–59°C and 72°C for 50 s, then 72°C for 1 min, as well
as 35 cycles amplification of 95°C for 20 s, 58°C for 20 s, and
72°C for 50 s and a final extension step at 72°C for 10 min.
PCR products were purified by treatment with shrimp alka-
line phosphatase and exonuclease I for 1 h at 37°C, fol-
lowed by 15 min at 72°C to inactivate enzymes. Haplotype-
tagging UGT2B7 polymorphisms were also genotyped.The
same set of human liver samples had been previously
genotyped for UGT2B7 at position 802C>T (H268Y) and
the haplotype 4 polymorphisms [16].

Western blot UGT1A3 and UGT1A4 expression levels (mg
protein) in the recombinant microsomes were measured
by Western blot using a pan-UGT1A antibody. A UGT2B7-
specific antibody was used for measuring protein in
UGT2B7 recombinant microsomes. Protein expression
(mg) was calculated based on a standard curve con-
structed using purified UGT1A1 protein as previously pub-
lished [17].

C. Anastrozole metabolism in vivo
Plasma samples obtained from postmenopausal women
with breast cancer who were taking 1 mg day-1 of the drug
were used to study anastrozole metabolism in vivo.Women
with breast cancer who met eligibility criteria were pre-
scribed 1 mg day-1 anastrozole to be taken orally. Anastro-
zole was provided by Astra Zeneca. Plasma samples were
obtained at 1, 6, and 12 months after starting anastrozole
intake. Patients were instructed not to take their dose of
anastrozole for that day until after the blood was drawn.
Since anastrozole has a mean terminal elimination half-life
of ~50 h in postmenopausal women, it is unlikely that time
of sampling post dose will have a significant effect on con-
centrations. The study was approved by the Institutional
Review Board of the Johns Hopkins School of Medicine
and written informed consent was provided by each
patient before entry to the study.

The LC-MS/MS method described above for microso-
mal studies was slightly modified to measure anastrozole
and hydroxyanastrozole in human plasma [9]. In brief, to
250 ml of plasma samples, the internal standard desmeth-
yldiazepam was added and extracted using ethyl acetate
under alkaline pH (0.5 ml of 0.5 M NaOH/glycine buffer,
adjusted to pH 10). The sample was vortex mixed and cen-

trifuged for 15 min at 2500 rev min-1 in a Beckman GS-6R
centrifuge. The organic layer was then removed and
evaporated to dryness.The residue was reconstituted with
50 ml of 0.1% formic acid in water from which 25 ml was
injected onto the LC-MS/MS system (see above). To assess
the potential role of glucuronidation in the metabolism of
anastrozole and/or its metabolite, plasma samples were
deconjugated using b-glucuronidase. Plasma samples
(250 ml) were incubated for 18 h with 20 ml of 1000
units ml-1 b-glucuronidase,200 ml of 200 mM acetate buffer
and 10 ml of 600 mM sodium azide.After the addition of the
internal standard the samples were extracted and pro-
cessed as above.The separation system and the conditions
of the LC-MS/MS assay were the same as those described
for microsomal studies.

Plasma concentrations of anastrozole were quantified
using the ratio of area under the curve (AUC) of anastrozole
to AUC of the internal standard and calibration curves that
were constructed by spiking blank plasma with known
amounts of anastrozole. The limit of detection was
50 pg ml-1 and the limit of quantification was 100 pg ml-1.
The concentrations of the metabolite presented in this
paper should be viewed as apparent concentrations (arbi-
trary units ml-1 plasma).

Data analysis
Apparent kinetic parameters (Km and Vmax) for anastrozole
hydroxylation and glucuronidation were estimated by
fitting apparent formation rates of metabolite vs. anastro-
zole concentrations to a single- or two-site Michaelis-
Menten enzyme kinetic equation using nonlinear
regression analysis software (GraphPad Prism Software
Inc, Version 5, San Diego, CA) or the Enzyme Kinetics
Module of SigmaPlot (Systat Software, Inc., San Jose, CA,
USA). Correlation analyses were performed using a Spear-
man’s rank or a Pearson’s correlation test with GraphPad
Prism Software Version 5 (GraphPad Software Inc., San
Diego, CA). P < 0.05 was regarded as statistically signifi-
cant and all tests were two-sided. Data are presented as
mean � SD or as the mean of duplicate measurements,
unless stated otherwise.

Results

Anastrozole oxidation
Identification of anastrozole metabolite in HLM incubates
Using HPLC with UV detection, a single chromatographic
peak that was unique to incubations consisting of anastro-
zole, HLMs and cofactors was noted. This metabolite peak
depended on the NADPH-generating system, duration of
incubation and microsomal protein and substrate concen-
trations (data not shown). LC/MS/MS analysis was per-
formed to characterize further this metabolite peak.
Precursor ion scanning (ESI conditions) identified that this
metabolite exhibited 309 amu (with [M-H]+ at m/z 310) in
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the anastrozole microsomal incubate that consisted of
HLMs and cofactors (but not in negative control experi-
ments) in addition to the 293 amu (with [M-H]+ at m/z
294) of anastrozole (data not shown). To gain further
structural information, a MS/MS spectrum of this potential
metabolite was obtained by collusion-induced dissocia-
tion of the molecular [M+H]+ ion at 310 m/z. The spectrum
contained parent ion (m/z 310) and two major character-
istic fragment ions, m/z 241.5 and 214.5. These transitions
ions were selected in the MRM mode for quantification of
the metabolite where the quantifier was measured with
the quantifier MRM (m/z 310/241.5) and confirmed with
the qualifier MRM transition (m/z 310/214.5). A represen-
tative ion chromatogram of the anastrozole metabolite is
shown in Figure 2. Together, these data suggested that
this metabolite peak was consistent with the monohy-
droxylated metabolite of anastrozole. In the product label
of the drug, hydroxyanastrozole glucuronide has been
stated to be one of anastrozole metabolites in human [8].
Although theoretically anastrozole can undergo hydroxy-
lation in the aromatic ring, it is less likely. We believe that
the metabolite identified in this study represents methyl-
hydroxylation of anastrozole. However, no synthetic
metabolite standard was available to us and thus unam-
biguous assignment of the precise structure could not be
made. The exact position of hydroxylation remains to be
identified as the metabolite identification was based

entirely on mass spectral analysis, because NMR analysis
was not performed in this study.

Kinetic analysis in HLMs Kinetic analysis for the formation
of hydroxyanastrozole from anastrozole was studied in
four different HLM preparations. A representative kinetic
profile of anastrozole metabolism to hydroxyanastrozole in
HLMs is shown in Figure 3.The formation rate of hydroxya-
nastrozole was best fitted to two-site hyperbolic kinetic
equations. Accordingly the apparent formation rate of
hydroxyanastrozole from anastrozole (0.5–200 mM) in HLMs
exhibited biphasic kinetic behaviour in Eadie-Hofstee plots
(Figure 3), which suggested the involvement of at least two
enzymatic activities that were best described by high-
affinity (Km1 and Vmax1) and low-affinity (Km2 and Vmax2) com-
ponents. The estimated kinetic parameters for the high
affinity component are demonstrated in Table 1.The intrin-
sic metabolic clearance of the high-affinity component
(Vmax1/Km1) was 5–10-fold higher than that of the low-
affinity component (Vmax2/Km2), and Km2 was much higher
(millimolar range) than Km1 (data not shown). Since the
metabolite standard was not available to us, quantification
of this metabolite was made using standard curves gener-
ated with anastrozole. Thus the Vmax values provided in
Table 1 and those described in the subsequent tests are not
actual values but instead they should be viewed as relative
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values (arbitrary pmol product min-1 mg-1 protein or arbi-
trary pmol product min-1 pmol-1 P450).

Correlation analysis Apparent rates of anastrozole (1 mM

and 20 mM) hydroxylation in a panel of 11 pre-phenotyped
HLMs were characterized by interindividual variability
(Figure 4). The average apparent hydroxyanastrozole for-
mation rate at 1 mM and 20 mM of anastrozole was 0.098 �
0.09 pmol min-1 mg-1 protein (range 0.0048–0.258, 53.8
fold) and 0.86 � 0.55 (range 0.05–1.68, 33-fold). Formation
rates of hydroxyanastrozole from 1 and 20 mM anastrozole
correlated significantly with the activity of CYP3A, as mea-
sured by both testosterone 6b-hydroxylation (Spearman
r = 0.93 and 0.96, P = 0.0027 and P = 0.0005, respectively)
and midazolam 1′-hydroxylation (Spearman r = 0.86 and
0.89, P = 0.014 and P = 0.007, respectively). Formation rates
of anastrozole from 1 mM anastrozole also significantly cor-
related with CYP2C8 activity (Spearman r = 0.89, P = 0.019),
but this did not reach a statistically significant level at the
higher substrate concentration (Spearman r = 0.77, P =
0.07) (Table 2).

Chemical inhibition of anastrozole oxidation To
identify the P450 enzymes participating in anastrozole
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Figure 3
Representative enzyme kinetic plots for the formation of hydroxyanastrozole in three human liver microsomes (HL091499). Anastrozole (0–200 mM) was
incubated for 30 min at 37°C with HLMs (0.5 mg ml-1). Each microsomal incubation experiment was carried out in duplicate

Table 1
Enzyme kinetic parameters of anastrozole metabolite formation in three human liver samples

HLMs
Enzyme kinetic parameters*
Km � SE (mM) Vmax � SE (pmol min-1 mg-1 protein) Vmax/Km (ml min-1 mg-1 protein)

HL091499 4.5 � 0.43 0.39 � 0.24 0.086
SD117 20.7 � 0.15 0.65 � 0.096 0.031

SD004 21.70 � 0.92 0.63 � 0.10 0.029
HLM (pooled) 23.5 � 0.77 0.30 � 0.03 0.013

Mean (�SD) 17.6 � 8.8 0.49 � 0.17 0.040 � 0.032

*Computer generated SE is provided for the individual HLMs. Other goodness of fits (r2) in the four HLMs were all greater than 0.98.
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Figure 4
Formation rate of hydroxyanastrozole in a panel of characterized HLMs.
Anastrozole (1 mM or 20 mM) was incubated for 30 min at 37°C with HLMs
(0.5 mg ml-1). Each microsomal incubation experiment was carried out in
duplicate. 1 mM ( ); 20 mM (�)
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hydroxylation, 10 mM anastrozole was incubated with P450
isoform-specific inhibitors with HLMs and cofactors. As
shown in Figure 5, troleandomycin (50 mM) and ketocona-
zole (1 mM) showed strong inhibitory effect on rates of
hydroxyanastrozole formation (by 80% and 95%, respec-
tively), while thioTEPA (50 mM), quercetin (20 mM) and pilo-
carpine (50 mM) were moderate inhibitors (by 46%, 54%

and 60%, respectively). Since quercetin showed some inhi-
bition and since the correlation analysis implicated CYP2C8
in anastrozole metabolism,trimethoprim,a selective inhibi-
tor of CYP2C8 [14] was used as additional inhibitor probe.
Trimethoprim (50 mM) inhibited anastrozole metabolism by
only 11.3% (Figure 5) and at 100 mM by only 22% (data not
shown).A similar inhibition profile was observed when 1 mM

anastrozole was used (by 26% and 33% at 50 and 100 mM

trimethoprim). The inhibitory effect of other isoform-
specific inhibitors was marginal (by <20%).

Metabolism of anastrozole by expressed CYPs Because
there was a strong correlation between formation rate of
hydroxyanastrozole from 1 mM anastrozole and from 20 mM

anastrozole (Spearman r = 0.96, P = 0.0005), anastrozole
(20 mM) was used in the experiments involving expressed
CYPs (Figure 6). CYP3A4 and CYP3A5 catalyzed anastrozole
(20 mM) hydroxylation at the highest rate (0.0023
pmol min-1 pmol-1 P450 and 0.0026 pmol min-1 pmol-1

P450, respectively) (Figure 6A). CYP2B6, CYP2D6 and
CYP2C8 also formed hydroxyanastrozole, but when com-
pared with CYP3A4 and 3A5, the involvement of these
enzymes was very low (10.8-, 25- and 30-fold lower, respec-
tively) (Figure 6A). Full kinetic analyses for hydroxyanastro-
zole formation were carried out for CYP3A4, CYP3A5 and
CYP2C8 (Figure 6B). The apparent hydroxyanastrozole for-
mation rates fit better to a single-site Michaelis-Menten
equation. The kinetic parameters are shown in Table 3. In
addition, the kinetics of anastrozole hydroxylation by
CYP3A4 and CYP3A5 was performed in the presence of b5.
The estimated Km and Vmax values, respectively, for these
two enzymes were 13.9 mM and 0.02 pmol pmol-1 P450 ¥
min for CYP3A4 and 21.5 mM and 0.01 pmol min-1 pmol-1

P450 for CYP3A5 in the presence of cytochrome b5. As
shown in Table 3, the apparent formation rate of hydroxya-
nastrozole by CYP3A4 and CYP3A5 was 170- and 4.6-fold
higher in those preparations with b5 than those without
b5 (the Km value was increased by 3.7 and decreased by
2.3-fold, respectively). The Km and Vmax values for formation

Table 2
Correlation between formation rate of hydroxyanastrozole and individual P450-isoform contents in a panel of HLMs

CYPs
Correlation analysis (1 mM anastrozole) Correlation analysis (20 mM anastrozole)
Spearman r P value Spearman r P value

CYP1A2 0.05406 0.9084 0.01802 0.9694
CYP2A6 0.07143 0.879 0.1071 0.8192

CYP2B6 0.3214 0.4821 0.25 0.5887
CYP2C8 0.8857 0.0188 0.7714 0.0724

CYP2C9 0.2857 0.5345 0.3929 0.3833
CYP2C19 0.1786 0.7017 0.03571 0.9394

CYP2D6 0.4325 0.3325 0.5225 0.2289
CYP2E1 -0.2143 0.6445 -0.3571 0.4316

CYP3A (T) 0.9266 0.0027 0.9636 0.0005
CYP3A (M) 0.8571 0.0137 0.8929 0.0068

T, testosterone 6b-hydroxylation; M, midazolam 1′-hydroxylation.
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Figure 5
Inhibition of hydroxyanastrozole formation from anastrozole by a panel
of CYP enzyme specific inhibitors. The final concentrations of the inhibi-
tors used are indicated in parentheses.Anastrozole (10 mM) was incubated
for 30 min at 37°C with HLMs (0.5 mg ml-1) in the presence or absence of
chemical inhibitors. Each microsomal incubation experiment was carried
out in duplicate. Abbreviations: TICL ticlopidine (CYP2B6 and CYP2C19),
QUERC quercetin (CYP2C8), TMP trimethoprim (CYP2C8), TAO troleando-
mycin (CYP3A), Keto ketoconazole (CYP3A), PILO pilocarpine (CYP2A6),
DEDCA diethyldiothicarbamate (CYP2E1), SULPH sulfaphenazole
(CYP2C9), FURA furafylline (CYP1A2), QUIN quinidine
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of hydroxyanastrozole by expressed CYP2C8 was 86.8 mM

and 0.00005 pmol min-1 pmol-1 P450, respectively.

Anastrozole glucuronidation
Anastrozole glucuronidation in HLMs Anastrozole has
been observed to form a quaternary ammonium linked
triazole N+-glucuronide metabolite [18]. To characterize
the role of UGT enzymes in anastrozole glucuronidation,
the glucuronidation of anastrozole was measured in
pooled HLMs. The highest rate of anastrozole glucuronide
formation after normalization by protein content was
observed with UGT1A4 (mean anastrozole glucuronide
formation = 3863 nmol min -1mg-1), followed by UGT1A3
(150 pmol min-1 mg-1), and UGT2B7 (57 pmol min-1 mg-1)
(Figure 7A).

Kinetic analysis of anastrozole glucuronidation by pooled
HLMs and expressed human UGT1A4 Kinetic studies
were performed using pooled HLMs and expressed human
UGT1A4. The apparent kinetic parameters (Km and Vmax)

in HLMs were estimated to be 540.4 � 69.1 mM and
3.7 � 0.2 nmol min-1 mg-1, respectively, comparable with
parameters determined in a previous report [10]. As
anastrozole glucuronidation seems to be specifically
catalyzed by UGT1A4, kinetic studies were performed in
expressed UGT1A4. The Km and Vmax values in expressed
human UGT1A4 were 768.6 � 73.9 mM and 28.8 �
1.5 pmol min-1 mg-1, respectively (Figure 7B). The Km value
for anastrozole glucuronidation derived from HLMs was
close to that obtained in expressed UGT1A4.

Inhibition of anastrozole glucuronidation by UGT1A4
inhibitor The inhibition of anastrozole glucuronidation by
hecogenin, a known UGT1A4 inhibitor, was observed in
both pooled HLMs and recombinant UGT1A4. Hecogenin
at 5 mM inhibited anastrozole glucuronidation activity by
38.4% in pooled HLMs (P < 0.01) and 62.2% in expressed
UGT1A4 (P < 0.01). At 50 mM, hecogenin reduced anastro-
zole glucuronide formation by 69.3% in pooled HLMs (P <
0.01) and 83.6% in expressed UGT1A4 (P < 0.01).
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Figure 6
Metabolism of anastrozole to hydroxyanastrozole by expressed human CYP enzymes. (A) Formation rate of hydroxyanastrozole from anastrozole in a panel
of expressed human CYPs. Anastrozole (20 mM) was incubated for 30 min at 37°C with each isoform (52 pmol ml-1). Each microsomal incubation experiment
was carried out in duplicate. (B) Representative enzyme kinetic plots for hydroxyanastrozole formation by CYP3A4, CYP3A5 and CYP2C8 in the absence of
cytochrome b5 (b). Anastrozole (0–100 mM) was incubated for 30 min at 37°C with each isoform (52 pmol ml-1). Each microsomal incubation experiment was
carried out in duplicate. (B) CYP3A4 ( ); CYP3A5 ( ); CYP2C8 ( )

Table 3
Enzyme kinetic parameters of anastrozole metabolite formation in CYP3A4 and CYP3A5 with and without cytochrome b5

Expressed enzymes
Enzyme kinetic parameters
Km (mM) Vmax (pmol min-1 pmol-1 P450 Vmax/Km (ml min-1 pmol-1 P450)

CYP2C8 86.8 0.00005 <0.00001
CYP3A4 (-b5) 3.7 0.001 0.00027

CYP3A5 (-b5) 48.5 0.003 0.00006
CYP3A4 (+b5) 13.9 0.017 0.0012

CYP3A5 (+b5) 21.5 0.013 0.0006
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Correlation study As shown in Figure 7C, significant
correlations were observed between anastrozole glucu-
ronide formation and UGT1A4 activity, as measured by
imipramine- N-glucuronidation (Pearson r = 0.72, P <
0.0001). Significant correlations were also observed
between anastrozole glucuronide formation with mor-
phine 3-glucuronidation (Pearson r = 0.56, P < 0.0001),
a probe reaction for UGT2B7 (Figure 7D). Morphine
3-glucuronidation formation activities were not available
for 3 of 53 samples.

UGT1A4 is polymorphically expressed in human livers
[19]. UGT1A4 P24T (UGT1A4*2) and L48V (UGT1A4*3)
genetic variants have been shown to be associated with
reduced glucuronidation activities and have minor allele

frequencies of 8% and 9%, respectively [20]. To test
whether these polymorphisms (along with others)
accounted for some of the wide interindividual variability
observed in our panel of human liver microsomes, we
carried out an exploratory genotype-phenotype associa-
tion analysis between the most common genetic variants
in UGT1A4 and UGT2B7 and anastrozole glucuronidation
formation rates. Three out of 53 samples were excluded
from genotyping analysis due to insufficient amounts of
DNA. We found no statistically significant association
between these genetic variants and anastrozole glucu-
ronide formation rates in the 50 human liver microsomes
(supporting Table S1). However, there are limitations to
these data. First, they were unlikely to have adequate

Anastrozole (mM)

Morphine-3-G formation

A B

C D

4000

3000

2000

1000

0

3000

2000

1000

0

400

300

200

100

0

20000

10000

0

0

00 500 1000

r = 0.72 P < 0.0001 r = 0.56 P < 0.0001

(n = 53) (n = 50)

1500 2000 2500 3000 1 2 3 4

N
eg

at
iv

e 
C

tr
l

U
G

T
1A

1

U
G

T
1A

3

U
G

T
1A

4

U
G

T
1A

6

U
G

T
1A

7

U
G

T
1A

8

U
G

T
1A

9

U
G

T
1A

10

U
G

T
2B

4

U
G

T
2B

7

U
G

T
2B

15

U
G

T
2B

17

H
L

M 250 500 1000750A
na

st
ra

zo
le

 g
lu

cu
ro

ni
de

 fo
rm

at
io

n
(p

m
o

l m
in

–1
m

g–
1  

pr
o

te
in

)
Im

ip
ra

m
in

e 
N

-g
lu

cu
ro

ni
de

fo
rm

at
io

n 
(p

m
o

l m
in

–1
m

g–
1  

pr
o

te
in

)

A
na

st
ra

zo
le

 g
lu

cu
ro

ni
de

 fo
rm

at
io

n
(p

m
o

l m
in

–1
m

g–
1  

pr
o

te
in

)

Anastrazole-glucuronide formation
(pmol min–1mg–1 protein)

A
na

st
ra

zo
le

 g
lu

cu
ro

ni
de

 fo
rm

at
io

n
(p

m
o

l m
in

–1
m

g–
1  

pr
o

te
in

)

Figure 7
Anastrozole glucuronidation in HLMs and UGTs enzymes. (A) Formation rate of anastrozole glucuronide from anastrozole single concentration in a panel of
purified human UGTs. Incubations were performed with 0.5 mg ml-1 microsomal protein and 500 mM anastrozole for 90 min at 37°C. Data represent means
of duplicate determinations from a single experiment. (B) Kinetics of anastrozole glucuronidation by recombinant human UGT1A4 and pooled HLMs.
Anastrozole (10–1000 mM) was incubated with pooled HLMs and UGT1A4 at 37°C for 90 min. Data represent the mean of duplicate determinations. (C)
Pearson correlation between anastrozole glucuronide formation rate and imipramine glucuronidation (UGT1A4 probe substrate) formation rate in a bank
of human liver samples (n = 53). (D) Pearson correlation between anastrozole glucuronide formation rate and morphine 3-glucuronidation (UGT2B7 probe
substrate) formation rate in a bank of human liver samples (n = 50). (B) recombinant UGT1A4 (�); pooled HLM ( )
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power to detect genotype-phenotype associations given
the small sample size studied and multiple SNPs with
small functional effects were tested. Second, we realize
that UGT1A4 activity may be compromised by the alter-
native splicing variant previously discovered [21], which
may confound the association between the polymor-
phisms and UGT1A4 activity. Future studies in large
sample sizes and a complete set of SNPs might be
warranted.

Identification of anastrozole metabolites
in vivo
To test the relevance of the in vitro findings to in vivo anas-
trozole metabolism, anastrozole and the metabolites were
measured in plasma samples obtained from women with
breast cancer (n = 54) who were taking anastrozole (1 mg
day-1) for 6 or 12 months. To evaluate the extent of conju-
gation by UGTs in vivo,anastrozole and hydroxyanastrozole
were measured with and without deconjugation using
b-glucuronidase. In b-glucuronidase untreated samples,
the mean (�SD) plasma concentrations of anastrozole and
hydroxyanastrozole were 47.5 � 21.8 ng ml-1 (range 10.1–
119.7, 11-fold) and 0.056 � 0.029 ng ml-1 (range 0.0024–
0.037, 15-fold), respectively. In b-glucuronidase treated
patient samples, anastrozole and hydroxyanastrozole con-
centrations in plasma were 47.1 � 17.1 ng ml-1 (range 17.0–
90.9,5-fold) and 0.62 � 0.27 ng ml-1 (range 0.22–1.5,7-fold),
respectively. Plasma concentrations of anastrozole in
b-glucuronidase treated samples were not statistically
different than those untreated with b-glucuronidase
(Figure 8A; P = 0.82). However, the average plasma concen-
tration of hydroxyanastrozole was significantly higher (>11-
fold) in the b-glucuronidase samples compared with
those samples untreated with b-glucuronidase (Figure 8B;
P < 0.0001).

Discussion

In this study, we report the first systematic characterization
of anastrozole oxidation and glucuronidation in vitro and
in vivo. We show that anastrozole is oxidized to hydroxya-
nastrozole predominantly by CYP3A4. Once formed, this
metabolite undergoes extensive glucuronidation in vivo.
We also show that anastrozole is directly glucuronidated in
vitro predominantly by UGT1A4, although the contribution
of this route in vivo remains to be clarified through mea-
surement of metabolites in urine. These data serve as a
basis to design clinical drug interaction and pharmacoge-
netic studies with CYP3A4 and UGT1A4 aimed at predict-
ing anastrozole clearance.

Available information suggests that anastrozole is pre-
dominantly cleared by hepatic metabolism via oxidation
and glucuronidation in humans to pharmacologically inac-
tive metabolites that include triazole, hydroxyanastrozole
(free and glucuronide conjugated) as well as anastrozole
N-glucuronide [8–10]. In the present study, we have iden-
tified anastrozole N-glucuronide, hydroxyanastrozole and
conjugated hydroxyanastrozole using in vitro and in vivo
approaches. In our in vitro experiments, we identified anas-
trozole glucuronide, supporting the notion that anastro-
zole can undergo direct glucuronidation (probably
N-glucuronidation) [8–10]. In addition, we have shown that
anastrozole is hydroxlated to form hydroxyanastrozole.The
precise structure of the hydroxylated and glucuronidated
metabolites remains unknown. The structural identifica-
tion relied solely on MS/MS data and no NMR analysis was
performed. Hydroxylation seems to occur at the methyl
site (http://med.astrazeneca.co.jp/product/IF/ARI_IF.pdf),
but the possibility of hydroxylation at the aromatic
or methylene sites cannot be ruled out [10]. The
N-glucuronidation could take place at one of the nitrogen
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Plasma concentrations of anastrozole (A) and hydroxyanastrozole (B) in postmenopausal women with breast cancer taking 1 mg day-1 anastrozole orally. Six
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atoms in the triazole ring [10].Triazole (a potential product
of N-dealkylation of anastrozole) has been considered to
be the major circulating metabolite in plasma of patients
taking anastrozole [8]. However, this or any other
N-dealkylated metabolites of anastrozole [e.g. 3,5-Bis-
(2-methylpropiononitrile)-benzoic acid] could not be
detected in our in vitro studies.The reason for this discrep-
ancy is not clear. We had access to synthetic triazole stan-
dard from commercial sources, but repeated attempts to
develop an assay for this metabolite did not materialize,
which could be due to its low molecular weight and high
polarity. The experimental conditions that led to the con-
clusion that triazole is the main metabolite in plasma have
not been published [8] and thus are difficult to evaluate.
Given the robust and sensitive LC-MS/MS assay and the
different approaches we used to study anastrozole
metabolism, it seems unlikely that this is due to limitations
of our experimental or assay conditions.Together,it appears
that anastrozole hydroxylation represents the main oxida-
tive metabolic pathway and anastrozole N-glucuronidation
represents the main conjugation pathway of the drug.
The role anastrozole N-dealkylation plays in anastrozole
metabolism could not be confirmed under the experimen-
tal conditions used in the present study.

To test that the identified oxidative and glucuronidated
metabolic routes of anastrozole in vitro are also present in
vivo, the plasma concentrations of anastrozole and its
metabolites were measured in postmenopausal women
with early-stage breast cancer who were taking anastro-
zole (1 mg day-1). Plasma samples were assayed without
and with b-glucuronidase treatment to reflect free (uncon-
jugated) and total (unconjugated + conjugated) concen-
trations, respectively. Consistent with our in vitro data,
hydroxyanastrozole was detected and quantified in
plasma mainly as the conjugated and, to a small extent, as
the unconjugated (free) form, suggesting that once
formed by oxidation, the hydroxylated metabolite is then
subsequently efficiently conjugated probably by UGTs.
This metabolite represented the main circulating metabo-
lite of anastrozole, with wide interpatient variability. As
with our in vitro findings, no traces of triazole or any other
metabolites of anastrozole (free or conjugated) were
found in any of the clinical samples assayed. Our in vivo
data suggest that exposure of anastrozole glucuronide (or
more appropriately anastrozole conjugate) in plasma is
negligible from the present data and from a previous
report [9]], as shown by the lack of significant difference
between the free and total anastrozole. However, these
data do not exclude the possibility that direct anastrozole
conjugation (N-glucuronidation) is an important pathway
for anastrozole metabolism in vivo. First, it is possible that
enzyme hydrolysis using b-glucuronidase may be incom-
plete for N-glucuronide metabolites [22]. Second, determi-
nations of anastrozole urinary metabolites that will
provide insight in to the contribution of this pathway to
anastrozole elimination were not performed in this study.

Our data strongly suggest that CYP3A4 is the dominant
enzyme catalyzing anastrozole hydroxylation. The data
supporting this conclusion include significant correlation
of CYP3A activity with anastrozole hydroxylation in a panel
of HLMs, CYP3A-isoform specific inhibitors reduce anastro-
zole hydroxylation by over 80%, expressed CYP3A4 cata-
lyzed anastrozole hydroxylation at the highest rate and the
Km values obtained from HLMs were close to those values
obtained from expressed CYP3A4.Of note,CYP3A has been
shown to hydroxylate triazole derivative compounds such
as alprazolam (4-hydroxylation), voriconazole (methyl-
hydroxylation), and estazolam (4-hydroxylation) [20, 23,
24]. Although involvement of CYP3A5 is suggested from
the expressed kinetic data, the Km value was much higher
than that of CYP3A4. Also, correlation analyses and inhibi-
tion with quercetin (a nonspecific inhibitor of CYP2C8)
implicated CYP2C8 in anastrozole hydroxylation, but data
from expressed CYP2C8 show marginal activity towards
this reaction, with Km values over 85 mM, and the extent of
inhibition by trimethoprim, a more selective inhibitor, was
minimal. Together, the contribution of CYP2C8 is likely to
be negligible, if any.

Using enzyme kinetic and correlation studies along
with expressed UGTs, we have demonstrated that anastro-
zole glucuronidation is predominantly catalyzed in vitro by
UGT1A4 (and to a lesser extent by UGT2B7 and UGT1A3).
These findings are consistent with those of Lazarus & Sun
[10] who, citing their unpublished results, reported that
UGT1A4 was the main enzyme responsible for anastrozole
N-glucuronidation in vitro, with an average Km value of
~637 mM, which was close to the results of the present
study.

Anastrozole is currently considered as an established
cost-effective agent for first-line endocrine treatment of all
stages of hormone receptor positive breast cancer in post-
menopausal women and is being tested as a chemopre-
ventive agent in postmenopausal women at risk for
developing the disease [5, 8], but its pharmacodynamic
activity varies widely among individuals [9]. This is evi-
denced by the fact that, some patients develop serious
side effects that include musculoskeltal symptoms [e.g.
arthralgia (~35% of patients)] and fractures (~10% of
patients), etc.], whereas others do not [5]. Also not all
patients show beneficial response to anastrozole therapy.
The reasons for such wide interpatient variability in
response to anastrozole are likely to be multiple. The
present data derived from spot plasma concentrations
suggest that anastrozole exposure among postmeno-
pausal patients may vary widely and this, in turn, may con-
tribute to differences in the effects of anastrozole. Thus, as
a first step to allow testing of the role drug exposure plays
in variable drug response, we identified the specific path-
ways and the specific enzymes involved in anastrozole
metabolism. Our in vitro data together with in vivo
evidence suggest that anastrozole hydroxylation to
hydroxyanastrozole by CYP3A4, which then undergo rapid
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and extensive conjugation probably by UGTs, and anastro-
zole N-glucuronidation to anastrozole glucuronide pre-
dominantly by UGT1A4 are the principal metabolic
pathways of anastrozole (Figure 9). It is well known that
CYP3A4 is expressed in the liver and in extra-hepatic
tissues (e.g. gut, breast), with extensive interindividual vari-
ability mostly dictated by environmental factors, age,
gender and concomitant drug administration [25]. Studies
on drug interactions and pharmacogenetic determinants
on anastrozole exposure are generally limited. Tamoxifen
appears to reduce anastrozole exposure by ~27% [26]. The
precise mechanisms involved are not known, but it is pos-
sible that this interaction is mediated through induction of
CYP3A4 by tamoxifen. In vitro studies suggest that tamox-
ifen activates nuclear receptors such as the human preg-
nane X receptor (PXR) and induces CYP3A4 in primary
human hepatocytes [27, 28]. Although CYP3A5 is polymor-
phically expressed among different ethnic groups, with
CYP3A5*3 (inactive gene form) allele frequencies of 30%,
50% and 90% in African, Asian and Caucasian, respectively
[29, 30], the role of CYP3A5 and any SNPs in the gene that
codes for this enzyme in anastrozole metabolism in vivo is
likely to be small because the in vitro kinetic data pre-
sented here suggest CYP3A4 (not CYP3A5) is the dominant
enzyme responsible for anastrazole metabolism at thera-
peutically relevant concentrations. We have also shown (at
least in vitro) that UGT1A4 is the main enzyme responsible

direct glucuronidation of anastrozole, although the precise
contribution of this enzyme to the in vivo metabolism of
the drug is not yet fully known. Of note, the UGT1A4 gene is
highly polymorphic [20, 21, 31, 32]. Future studies related
to the impact of CYP3A4 drug–drug interaction and/or
UGT1A4 genetic polymorphisms on anastrozole drug dis-
position among postmenopausal women with breast
cancer would be of clinical value.
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