JPET Fast Forward. Published on May 24, 2004 as DOI: 10.1124/pet.104.065607
JPETFasttiEle hasatobeR dopyehied pafdlayt TR0 a8t dhpeis 104065607

JPET # 65607

Comprehensive evaluation of tamoxifen sequential biotransfor mation by the human

cytochrome P450 system in vitro: prominent rolesfor CYP3A and CYP2D6.

Zeruesenay Desta, Bryan A Ward, Nadia V. Soukhova, David A. Flockhart

Divisions of Clinical Pharmacology, Departments of Medicine and Pharmacology, Indiana
University School of Medicine, Indiana(ZD, BAW and DAF) and Georgetown University

Medical Center, Washington DC (NVS)

Copyright 2004 by the American Society for Pharmacology and Experimental Therapeutics.

9102 ‘9T Jequuieldes uo sfeuInor 134SY e Bio'sfeuuno fladsejed( wouy pepeojumoq


http://jpet.aspetjournals.org/

This article has not been copyedited and formatted. The final version may differ from this version.

JPET Fast Forward. Published on May 24, 2004 as DOI: 10.1124/jpet.104.065607

Running title: Tamoxifen sequential metabolism by CY Ps

Cor responding author:

Zeruesenay Desta, Ph.D.

Assistant Professor of Medicine and Pharmacology

Indiana University School of Medicine

Department of Medicine/Division of Clinical Pharmacology
1001 West 10™ street, WD Myers Bldg., W7123
Indianapolis, IN, 46202

Telephone: (317) 6308860  Fax: (317) 630 8185

E-mail: zdesta@iupui.edu

# of text pages 18

# Of tables 4

# Of figures

# Of references 41

# Of wordsin the abstract 195
# Of wordsin the introduction 715
# Of wordsin thediscussion 1457

JPET # 65607

Abbreviations. CY P, cytochrome P450; HLMs, human liver microsomes; HPLC, high

performance liquid chromatography; LC/MS, liquid chromatography/mass spectrometry; TAM,

tamoxifen; endoxifen, 4-hydroxy-N-desmethyl-tamoxifen; ERS, estrogen receptors.

9102 ‘9T Jequuieldes uo sfeuInor 134SY e Bio'sfeuuno fladsejed( wouy pepeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on May 24, 2004 as DOI: 10.1124/jpet.104.065607
This article has not been copyedited and formatted. The final version may differ from this version.

JPET # 65607

ABSTRACT

We performed comprehensive kinetic, inhibition and correlation analyses in human liver
microsomes (HLMs) and experiments in expressed human cytochrome P-450s (CY Ps) to
identify primary and secondary metabolic routes of tamoxifen (TAM) and the CY Ps catalyzing
these reactions at therapeutically relevant concentrations. N-Desmethyl TAM formation catalyzed
by CYP3A4/5 was quantitatively the major primary metabolite of TAM; 4-hydroxyTAM
formation catalyzed by CY P2D6 (and other CY Ps) represents a minor route. Other minor
primary metabolitesinclude a -, 3-, and 4’ -hydroxyTAM and one unidentified metabolite (M-I)
and were primarily catalyzed by CYP3A4, CYP3A5, CYP2B6/2C19 and CY P3A4 respectively.
TAM secondary metabolism was examined using N-desmethyl- and 4-hydroxy-TAM as
intermediate substrates. N-Desmethyl TAM was predominantly biotransformed to o-hydroxy N-
desmethyl-, N-didesmethyl- and 4-hydroxy N-desmethyl-TAM (endoxifen), while 4-
hydroxy TAM was converted to 3,4-dihydroxyTAM and endoxifen. Except for the
biotransformation of N-desmethyl TAM to endoxifen, which was exclusively catalyzed by
CYP2D6, all other routes of N-desmethyl- and 4-hydroxy-TAM biotransformation were
catalyzed predominantly by the CY P3A subfamily. TAM and its primary metabolites undergo
extensive oxidation, principally by CYP3A and CYP2D6 to metabolites that exhibit a range of
pharmacological effects. Variable activity of these CY Ps, brought about by genetic

polymorphisms and drug interactions, may alter the balance of TAM effects in vivo.
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The selective estrogen-receptor modulator tamoxifen (TAM) was first approved in 1977
by the US Food and Drug Administration for the treatment of women with metastatic breast
cancer, and in ensuing years for adjuvant treatment of breast cancer (Osborne, 1998). Currently,
TAM isan established hormonal treatment for all stages of estrogen-receptor (ER)-positive
breast cancer (Early Breast Cancer Trialists Collaborative Group, 1998), and iswidely used asa
chemopreventive agentin women at risk for developing the disease (Fisher et al., 1998).
Ancillary benefits of TAM may include amelioration of cardiovascular and bone diseasein
women (Osborne, 1998). However, there is wide interindividual variability in the clinical
efficacy and side effects of TAM: some patients may be refractory to TAM and many develop
resistance with ongoing treatment (Clarke et al., 2001; Osborne, 1998) and a significant
proportion of patients experience side effects that include hot flashes, thromboembolic events
and gynecologic complications (Osborne, 1998). The mechanisms underlying variable response
to TAM have been the subject of intense study, but remain obscure. Since there is compelling
evidencethat TAM is converted to antiestrogenic metabolites that are more potent than TAM
itself, one hypothesisisthat altered patterns of metabolism of TAM and/or its primary
metabolites might contribute to interindividual variability.

Theories about TAM metabolism and response have been linked since Jordan et al.
demonstrated that high first-pass metabolism of TAM resultsin asignificant increasein its
activity and characterized the first active primary metabolite, 4-hydroxyTAM (Jordan et al.,
1977; 1982). This metabolite has been shown to possess a high affinity for ERs and, 30-100-fold
more potency than TAM in suppressing estrogen-dependent cell proliferation (Robertson et al.,
1982; Coezy et d., 1982; Borgna and Rochefort, 1981; Jordan, 1982). Thus, TAM has been

referred to as a pro-drug that requires activation to exert its effects. Recently, we have
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demonstrated that 4-hydroxy-N-desmethyl TAM (endoxifen), a secondary metabolite of TAM,
exhibits potency similar to 4-hydroxy TAM with respect to ER binding affinity, suppression of
estrogen-dependent cell growth and gene expression (Johnson et al., 2004; Stearns et al., 2003;
Lim et al., 2004).

In vitro and in vivo human studies have demonstrated that TAM undergoes extensive
oxidation predominantly by the cytochrome P450 (CY P) system to several primary and
secondary metabolites (White, 2003; Lonning et al., 1992; Poon et al., 1993). Clinical studies
suggest that the plasma concentrations of TAM and its metabolites vary widely among patients
(Stearns et al., 2003; Lonning et al., 1992). It islikely that variable activity of those CY Ps
involved ater the pattern of metabolism of TAM, leading to differences in systemic exposure of
TAM and/or one or more of its active metabolites.

Severa studies have attempted to define the primary metabolism of TAM in humans.
Demethylation of the aminoethoxy side chain to N-desmethyl TAM appears to be the main route
of TAM metabolism (Lonning et al., 1992; Stearns et al., 2003). 4-HydroxyTAM isareatively
minor metabolite, but it has been studied by a number of investigators because it is a more potent
antiestrogen than TAM (Robertson et al., 1982; Coezy et al., 1982; Borgna and Rochefort, 1981;
Jordan, 1977, 1982). Other human primary metabolites that include a-hydroxyTAM and TAM
N-oxide have been identified (Lonning et al., 1992; White, 2003). Published reportsimplicate
multiple CYPsin TAM N-demethylation, 4-hydroxylation and o-hydroxylation [e.g. (Jacolot et
a., 1991; Creweet a., 2002; Crewe et al., 1997; Dehal and Kupfer, 1997)]. Despite the conduct
of extensivein vitro studies to characterize TAM primary metabolism, critical evaluation of the

published literature highlights the lack of athorough quantitative understanding that will allow
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better prediction of TAM clearance or production of its active antiestrogens or toxic metabolites
in vivo.

There is evidence that the primary metabolites of TAM are further oxidized by the human
CY P system to a variety of important metabolites (Stearns et al., 2003; Coller et al., 2004; Dehal
and Kupfer, 1999; White, 2003; Lonning et al., 1992). The potential significance of TAM
secondary metabolism was suggested by recent studies that identified endoxifen as a potent
antiestrogen metabolite of TAM (Stearns et al., 2003; Johnson et al., 2004; Lim et al., 2004).
Since the plasma concentration of this metabolite in breast cancer patients has been reported to
be much higher (over 6-fold) than that of 4-hydroxyTAM (Stearns et al., 2003; Lien et al., 1990)
it may also play an important role in vivo. Despite this, little information is available regarding
TAM sequential metabolism to its secondary metabolites. Recently, we reported an associ ation
between CY P2D6 genotype and endoxifen formation in breast cancer patients (Stearns et al.,
2003), but the contribution of this and/or other enzymes to its production has not been subject to
careful study. Several secondary metabolites other than endoxifen have been identified in
humans. Knowledge of sequential metabolic pathways |leading to these metabolites and
identification of the specific CY Psinvolved remains essential to a full understanding of the
human metabolism of thisimportant drug.

In the present study, we carried out acomprehensive series of kinetic, correlation and
inhibition studiesin human liver microsomal preparation and recombinant expressed CY Ps to

characterize the metabolism of TAM to both primary and secondary metabolites.
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Materialsand Methods

Chemicals: Endoxifen was synthesized from [Z]-4-hydroxy TAM (98% pure from Sigma, St.
Louis, MO) as described in our recent publication (Stearns et al., 2003; Johnson et al., 2004). Z-
TAM, Z-4-hydroxyTAM, propranolol, troleandomycin, ketoconazole, diethyldithiocarbamate,
quinidine sulfate, glucose-6-phosphate, glucose-6-phosphate dehydrogenase, and B-NADP' were
purchased from Sigma Chemical Co. (St. Louis, MO). For initial metabolite identification, N-
desmethyl TAM, N-didesmethyl TAM and TAM N-oxide that were kindly provided by Dr Irving
W. Wainer (Laboratory of Clinical Investigation, Intramural Research Program, National
Institute on Aging, NIH, Baltimore, Maryland, USA) were used. For actua incubation
experiments, N-desmethyl TAM HCI and o<-hydroxy TAM were purchased from Toronto
Research Chemicals Inc. (Toronto, Canada), or N-desmethyl TAM was synthesized from [Z]-
tamoxifen (98% pure from Sigma, St. Louis, MO) using the same protocol as described
elsewhere (Stearns et al., 2003). ThioTEPA was purchased from the U. S. Pharmacopoeia
Convention (Rockville, MD). Sulfaphenazole and furafylline were purchased from Ultrafine
Chemicals (Manchester, England). Metabolite E [trans-1(4-hydroxyphenyl) 1,2-diphenylbut-1-
ene] was a generous gift of Dr. Michael D. Johnson (Department of Oncology, Lombardi
Comprehensive Cancer Center, Georgetown University Medical Center, Washington, DC, USA).
4'-HydroxyTAM was a generous gift from Dr. Martin Lennard (Section of Molecular
Pharmacology and Pharmacogenetics, University of Sheffield, Sheffield, UK). 3-HydroxyTAM
was kindly provided by Dr. Stephen D. Hall and Dr. David R. Jones (Division of Clinical
Pharmacology, Indiana University School of Medicine, Indianapalis, IN). Omeprazole was a
generous gift from Dr. Tommy Anderson (Clinical Pharmacology, Astra Hassle AB, MéIndal,

Sweden). All other reagents were of HPLC grade.
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Human liver microsomes (HLMs) and expressed CYPs. Mogt of the HLMs used in this
study and Baculovirus-insect cell expressed human CY P450 isoforms (1A2, 2A6, 2B6, 2C8,
2C9, 2C19, 2D6, 2E1, 3A4 and CY P3A5) (with reductase) were purchased from BD
Bioscience/Gentest (Bedford, MA). Some HLM s were prepared from human liver tissues that
were medically unsuitable for liver transplantation by differential centrifugation using standard
procedures. Microsomal pellets were resuspended in areaction buffer to a protein concentration
of 10 mg/ml (stock). Protein concentrations were determined by the Bradford method (Bradford,
1976), using bovine serum albumin as a standard. All microsomal samples were kept at —80°C
until use.

I ncubation conditions. Pilot experiments were performed in HLMsusing TAM, N-
desmethyl TAM and 4-hydroxyTAM as substrates to identify TAM primary and secondary
metabolites and to optimize conditions for incubation and HPLC analysis. Each substrate (1
mg/ml) was prepared in methanol and serially diluted with methanol to the required
concentration. Prior to metabolic incubation, the methanol was evaporated to dryness under
reduced pressure using a Speedvac SC110 Model RH40-12 (Savant Instruments Inc.,
Farmingdale, NY). Duplicate mixtures of 10 uM of each substrate recongtituted in a phosphate
reaction buffer (pH, 7.4) and a NADPH-generating system (1.3 mM B-NADP*, 3.3 mM glucose
6-phosphate, 3.3 mM MgCl,, and 0.4 U/ml glucose 6-phosphate dehydrogenase) were
preincubated at 37°C for 5 min before the reaction was initiated by the addition of 0.5 mg
protein/ml HLMs (final volume, 250uL; all values are final concentrations). After a60 min
incubation period, the reaction was terminated by addition of cold acetonitrile (100ul) and vortex
mixing. Samples were centrifuged at 14,000 rpm for 5 min in an Eppendorf model 5415C

centrifuge (Brinkmann Instruments, Westbury, NY) after addition of an internal standard (20ul
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of 100ug/ml propranolol). An aliquot of supernatant was injected into the HPLC system.
Negativecontrol incubations were run in parallel and included no incubation, no substrate, no
cofactor, or no HLMs (bovine serum albumin was used instead). All experiments were
performed under dim light and in brown Eppendorf tubes to minimize photodegradation of TAM
and its metabolites.

HPLC analysis. Metabolites in microsomal incubates of TAM, N-desmethyl- and 4-
hydroxy-TAM were measured using an HPLC method developed previously by our group (Lee
et a., 2003), (Stearns et al., 2003) with slight modification. Briefly, the incubation sample was
injected onto a semi-permeabl e surface (SPS) cyano guard loading column (1.0 x 0.46 cm I.D.;
5um, 100A) and washed with 1 ml/min deionized water followed by a mobile phase composed
of 35% acetonitrilein 20 mM potassium phosphate buffer (pH, 3) at aflow rate of 1 ml/min. The
duration of washing off the guard column with water and the mobile phase was reduced from 4
min in the previous publication (Lee et al., 2003) to below 2 min in the present study. This
modification significantly improved the sensitivity of the assay by increasing the yield of
metabolites produced in small quantitiesin HLMs. Using the mobile phase, the eluant was
directed (switched) through a Rexchrom cyano analytical Cig column (250 x 4.6 cm I.D.; 5um,
100A; Regis Chemical, Morton Grove, IL) guarded with a Rexchrom 10mm x 3mm C18 guard
column (Regis Chemical, Morton Grove, IL) to alCT Beam Boost post-column photoreactor
supplied with a 5-m reaction coil and a 254 UV lamp (Advanced Separation Technologies,
Whippany, NJ) where the photoreaction converts tamoxifen and its metabolites to highly
fluorescent phenanthrene derivatives. HPLC instruments were controlled by a CLASS-VP™
Version 7.1.1 SP1 Chromatographic Software (Shimadzu Scientific Instruments Inc., Columbia,

MD) and included a Shimadzu Solvent Delivery Module SCL-10A VP, Autoinjector SIL-10AD
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VP, Spectrofluorometric detector RF-10A XL (set at an excitation wavelength of 256 nm and
emission wavelength of 380 nm) and System Controller SCL-10A VP (Shimadzu Corporation,
Analytical Instrument Division, Kyoto, Japan).

| dentification of metabolites. Using the incubation and HPLC conditions described
above, we observed several well-separated fluorescent HPLC peaks in the incubation mixture
consisting of the substrate (TAM, N-desmethyl- or 4-hydroxy-TAM), a NADPH-generating
system and HLMs, but not in the negative control experiments. The identity of each metabolite
peak was confirmed as follows. First, the retention times of the peaks formed in microsomal
incubates were compared with peaks of authentic TAM primary or secondary metabolite
standards when available. The retention times of the reference metabolites weretested after
direct injection or after adding them to incubation mixture that did not contain active
microsomes. Second, selected ion recording scans of the microsomal incubates of TAM were
performed with the help of liquid chromatography — mass spectrometry. M etabolites were
separated using a Rexchrom cyano analytical Cyg column (250 x 4.6 cm 1.D.; 5um, 100A; Regis
Chemical, Morton Grove, IL) guarded with a Rexchrom 10mm x 3mm C18 guard column (Regis
Chemical, Morton Grove, IL) and amobile phase that consist of 50 mM ammonium
acetate/methanol/acetonitrile (50:25:25, v/v/v). The flow rate was 0.2 ml/min. The mass
spectrometer (PE/SciFx API1100) was operated in positive ion mode and tuned for optimal
resolution over the mass range by PE/SciEx proprietary LC2Tune program software. The exact
conditions were: capillary voltage 5300V, orifice voltage 30 V, and mass range of 150 to 450.
The mass spectrometric data obtained in microsomal incubates were compared with the
molecular masses of reference metabolites run in parallel or with the molecular masses of

metabolite profiles of tamoxifen previoudy reported in humans (White, 2003; Lonning et al.,

10
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1992; Poon et al., 1993). Additional information on whether a metabolite peak represents
primary or secondary metabolite was obtained by comparing the peaks of TAM microsomal
incubates with those obtained from incubation of its primary metabolites: N-desmethyl-, 4-
hydroxy- or o<-hydroxy-TAM.

Linear conditionsfor incubation. The duration of incubation and the protein concentrations
used above were useful for initial experiments aimed at identification of TAM primary and secondary
metabolites, but they may not represent linear conditions. Several investigators have used long duration
of incubation, probably to offset low assay sensitivity for metabolites that are normally made at a slower
rate. Given that TAM undergoes sequential metabolism, longer duration of incubation may increase the
likelihood of secondary metabolism, which then may preclude precise estimation of kinetic parameters
and of contribution of specific metabolic routes to the overall clearance or activation of the drug. The
need for optimal microsomal protein concentrations during TAM metabolism studies has been
emphasized elsewhere (Crewe et al., 1997). To determine conditions that are linear for time of
incubation and protein concentration, 10 UM each substrate (TAM, N-desmethyl TAM or 4-
hydroxy TAM) was incubated in HLMs (0-2 mg protein /ml) and a NADPH-generating system at 37°C
across arange of incubation times (0-90 min). Further processing of the samples was the same as the
procedures described above (see Incubation conditions and HPLC analysis). Based on theresults
obtained, 10 min incubation and afinal microsomal protein concentration of 0.1 mg/ml represent
conditions that are linear and minimize secondary metabolism of all the substrates, and were used in the
subsequent experiments.

The concentration of each metabolite was measured by comparing the metabolite peak to a
standard curve obtained using known concentrations of the respective authentic metabolite standard.

Authentic metabolite standards were not available to us for few metabolites identified (M-I, 3,4-

11
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dihydroxyTAM and o-hydroxy N-desmethyl TAM) and these metabolites were quantified using standard
curves obtained from a metabolite standard that had close structural smilarity and HPLC properties with
the metabolite in question. The limitation of this approach is that the fluorescent intensity between the
metabolite and the compound used to quantify it may be different as a result of altered chromaphore. As
aresult, while the Km values for the formation of these metabolites could be estimated appropriately,
actual formation rates of the metabolites could not estimated precisely. Thus, the formation rates
presented for these metabolites as pmol/min/mg protein (or pmol/min/pmol P450) should be viewed
more appropriately as apparent velocities (arbitrary unit/min/mg protein or pmol P450) where an
arbitrary unit = 1000* (metabolite AUC/internal standard AUC)/slope of the standard curve.

Kinetic analysesin HLMs. Full kinetic analyses for the metabolism of TAM and its
primary metabolites, N-desmethyl- and 4-hydroxy-TAM, were determined in characterized
HLMs (n=3 to 4). A range of substrate concentrations (0-100uM) was incubated for 10 min at
37°C with aprotein concentration of 0.1 mg protein/ml and a NADPH-generating system.
Further processing of the samples and HPLC assay were same as described above.

Correlation analysesin HLMs. To determine the correlation between the metabolism of
TAM, N-desmethyl- or 4-hydroxy-TAM and the activity of individual CYP isoform in a panel of
characterized HLMs (n=10 to 11), the respective substrate (10 uM) was incubated at 37°C for 10
min with HLMs (0.1 mg protein/ml) and a NADPH-generating system. Information on the
activity of each CY P isoform, measured by specific reaction marker, and on P450 contents was
provided by the supplier of the HLM s studied (see http/www.gentest.com) and has been detailed
in our previous publication (Ward et a., 2003).

I nhibition experiments. Formation rates of metabolites from TAM, N-desmethyl- and 4-

hydroxy-TAM (10 uM) were evaluated in the absence (control) and presence of known CYP

12
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isoform-specific inhibitors. The inhibitors used were 10uM furafylline (CYP1A2), 50uM
thioTEPA (CYP2B6), 20uM sulfaphenazole (CY P2C9), 5uM omeprazole (CY P2C19), 1uM
quinidine (CYP2D6), 50uM diethyldithiocarbamate (CY P2EL), and 1uM ketoconazole and 50
uM troleandomycin (CY P3A4/5). For competitive inhibitors, each substrate was pre-warmed for
5 min at 37°C with or without the inhibitor and with a NADPH-generating system. HLMs (0.1
mg protein/ml) were added to initiate the reaction and incubated at 37°C for 10 min. For
mechanism-based inhibitors (troleandomycin, furafylline and thioTEPA), the inhibitors and
controls were first pre-incubated in the presence of a NADPH-generating system and HLMs at
37°C for 15 min before the reaction was initiated by addition of the respective substrate. The
inhibitors were studied at concentrations chosen to be selective for the respective CY P isoforms
(Ward et al., 2003). Inhibited formation rates of metabolites were compared with those of control
(with no inhibitor present) and results are expressed as a percentage control activity.

Recombinant human CYP450s. To further probe the specific isoformsinvolved in
tamoxifen primary and secondary metabolism, 10uM of each substrate (TAM, N-desmethyl- or
4-hydroxyTAM) was incubated with microsomes from expressed human CYP 1A2, 2A6, 2B6,
2C8, 2C9, 2C19, 2D6, 2E1, 3A4 and CYP3AS5 (52 to 104 pmol P450/ml in phosphate reaction
buffer, pH, 7.4) at 37°C for 10 min (final incubation volume = 250ul). All other conditions were
the same as those described for HLMs. For selected CY P isoforms, kinetic parameters were
estimated by incubating 0-100 uM of the substrates with expressed CY Ps (52 to 104 pmol of
P450/ml) and a NADPH-generating system for 10 min at 37°C.

Data analysis. Apparent kinetic constants were estimated by non-linear regression
analysis using WinNonlin Software Version 3.1 (Pharsight Corporation, Mountain View, CA).

Formation rates (V) of metabolites vs. substrate concentrations (C) were fit to asingle-site

13
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(V = Vimax * CI(Km + C), two-site (V = [Vimaa * C/(Km1 + C)] + [Vimax * C/(Kmz + C)], or
subgtrate inhibition (V = Via/(1+K)/C+ C/Kg) equation. The model that fit best the data was
selected based on visual inspection of the Eadie-Hofstee plots, the dispersion of residuals and
standard errors of the parameter estimates. In vitro intrinsic clearances (Cli) were given as

V max/ Km. Pearson’ s correlation or linear regression tests were performed using GraphPad Prism
Software Version 3.1 (San Diego, CA) to calculate correlation coefficients. Formations of
metabolitesin HLMs with high and low activity of CY Pswere compared using unpaired two-tail
t-test. P<0.05 was considered statistically significant. Data are presented asmean = SD (n=3to

4 HLMs) or as averages of duplicate experiments.

14
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RESULTS

TAM oxidation toits primary metabolitesin HLMsand expressed CYPs.

A series of experiments were performed in HLMs and expressed CY Psto characterize
TAM oxidation to its primary metabolites in conditions that minimize secondary metabolism.

A. ldentification of TAM primary metabolitesin HLMs. HPLC traces of tamoxifen
and its metabolites from in vitro incubation of TAM with HLM s showed several metabolite
peaks that depended on a NADPH, duration of incubation, and microsomal protein and substrate
concentrations (data not shown). The metabolite peaks at the retention times of 47, 31, 30, 29 and
18.3 minutes respectively were identified as N-desmethyl-, 4'-hydroxy-, 3-hydroxy-, 4-hydroxy-
and a-hydroxy-TAM. 4’ -Hydroxy TAM has been previously detected in the rat (Ruenitz et al.,
1984) and arecent study reported that expressed human CY Ps catalyze its formation (Crewe et
al., 2002), but thisisthe first evidence that this metabolite isformed in HLMs. To our
knowledge, 3-hydroxyTAM was not reported as primary metabolite of TAM in humans. Two
other metabolite peaks were noted at retention times of 15.5 min and 16.8 min. The metabolite
peak at 15.5 min had properties consistent with a secondary metabolite, and subsequent
experiments (see below under secondary metabolism) showed that it concurs with o-hydroxy N-
desmethyl TAM. The metabolite at 16.8 min (designated as M-1) had properties that are
consistent with a primary metabolite, but itsidentity remains unknown. Other primary
metabolites that appeared at retention times >60 min such as TAM N-oxide and metabolite E
[trans-1(4-hydroxyphenyl)1,2-diphenylbut-1-en€] or those that were formed at very slow rates
were not further characterized. Secondary metabolites that include N-didesmethyl TAM

(retention time, 45 min) and endoxifen (retention time, 25 min) were also noted when TAM was
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incubated for 60 min. However, the secondary metabolites of TAM were not observed at 10 min
incubation.

B. Kinetic analysesof TAM primary metabolism in HLMs. Several in vitro studies
have suggested involvement of multiple CYP isoformsin TAM primary metabolism, but
extrapolationsto clinical conditions have been limited in part by the lack of appropriate kinetic
analyses to help identify (and estimate the precise contributions of) the CY Ps that are responsible
at therapeutically relevant concentrations. We have addressed this issue by conducting
comprehensive kinetic analyses of TAM primary metabolism in three HLM's characterized for
their CYP activity in incubation conditions that minimize subsequent metabolism of the primary
metabolites formed. The kinetic parameters for the metabolism of TAM to N-desmethyl- and 4-
hydroxy-TAM illustrated in Table 1 were estimated by fitting formation rates versus TAM
concentrations to a two-site binding equation with use of anonlinear regression analysis (see
Data Analysis). Accordingly, the Eadie-Hofstee plots of these data [formation rates versus
rates/substrate concentration) showed biphasic kinetics (data not shown). Our data suggest the
participation of at least two enzymatic activities. high-affinity (low-capacity) [Km and Vimax1] and
low-affinity (high-capacity) [Kmz and Vimaxz] . The high-affinity (low capacity) system with
average K, values <3uM and a >10-fold higher Viaxi/Km than that of Via/Kne (Table 1) is
probably relevant at therapeutic doses of the drug. The mean steady state plasma concentrations
of TAM following therapeutic doses (20 to 40 mg/day orally) (Lonning et a., 1992), (Stearns et
al., 2003) or even at high doses (120 mg/m? to treat brain tumors) (Ducharme et al., 1997) do
not exceed 2uM and 8uM respectively. Thereis evidence that the concentrations of TAM and its

metabolites are notably higher in human liver tissue relative to plasma, in some cases up to 60-
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fold (Lien et al., 1991). Even then, given the high (over 98%) plasma protein (albumin) binding
of TAM (Lien et a., 1989), the unbound TAM concentration isunlikely to exceed 10uM.
N-Desmethyl- and 4-hydroxy-TAM have been described in the literature as major and
minor metabolites of TAM respectively (Lonning et al., 1992), but the relative contribution of
these two metabolites to the overall oxidation of TAM has not been fully clarified. On the basis
of the averagein vitro Cl;; (Table 1), N-desmethyl TAM formation by the high-affinity
component was 10.7-fold higher than that of 4-hydroxy TAM. Assuming that little secondary
metabolism occurs during the 10 min incubation used in our study and that the contributions of
other metabolic routes are minimal, our data suggest that N-desmethyl- and 4-hydroxy-TAM
formation accounts for approximately 92% and 7% of primary TAM oxidation respectively.
The human liver microsomal preparations listed in Table 1 were precharacterized with
respect to the activity of individual CY Ps. For example, the activity of CYP2D6 in the HLMs
listed in Table 1 was 135, 24.5 pmol/min/mg protein in HG23 and HG112 respectively (and
undetectable in HGO6), while that of CYP3A in HG112, HG23 and HGO6 was 17205, 3320 and
3000 pmol/min/mg protein respectively. We specifically focused on CYP3A and CY P2D6
because there is evidence that CYP3A and CY P2D6 respectively are important catalysts of TAM
N-demethylation (Jacolot et al., 1991; Coller et al., 2004) and 4-hydroxylation (Crewe et al.,
1997; Dehal and Kupfer, 1997). The relationship between the activity of individual CYPsin
these HLMs and Cl;; (Table 1) was tested using linear regression analysis to obtain preliminary
information on the CY Ps catalyzing the low and high affinity component. Our data show that the
Clint for the formation of 4-hydroxyTAM by the high affinity component was significantly
related to CY P2D6 activity (p=0.0015), while the low affinity system was predicted by the

activity of CYP2B6 (P=0.013) and to some extent by CY P2C19 (P=0.053) and CY P3A
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(P=0.061). The Cl;; for N-desmethyl TAM formation by the high-affinity catalyst in the two
HLMs (HG23 and HG112) was related with the activity of CYP3A. However, a higher than
expected Cl; was observed in HGO6. Since both expressed CY P3A4 and CY P3AS5 catalyze
TAM N-demethylation at equivalent rate (described below), the discrepancy we observed in
HGO6 could stem from the fact that a high CYP3A5 level in HGO6 might have not been captured
by testosterone 63-hydroxylation, a reaction marker that was used to measure CY P3A activity in
these HLMss, but which is known to be preferentially catalyzed by CY P3A4 (Williams et al.,
2002). N-Desmethyl TAM formation by the low affinity system was better predicted by CYP1A2
activity.

The kinetic parameters for the formation of 3-hydroxy-, 4'-hydroxy- and o<-hydroxy-
TAM (and apparent values for M-I formation) in HLMs are shown in Table 2. Formation rates
versus TAM concentrations were best fit to asingle-site binding equation in all cases except
those of a-hydroxy TAM, which was best described by a substrate inhibition model with
substrate inhibition constant (Kg) of 221 uM. Although all these metabolites were formed when
TAM was incubated with the HLM s tested, we were unable to reliably estimate kinetic
parameters for the formation of o-hydroxyTAM in HG06 and HG23 and for the formation of 4’ -
hydroxyTAM in HGOG6.

C. Corréation of TAM primary metabolism with CYPsin a panel of HLMs. The
meantSD apparent formation rates expressed in pmol/min/mg protein (range) of M-I, o-
hydroxy-, 4-hydroxy-, 3-hydroxy-, 4 -hydroxy- and N-desmethyl-TAM from 10uM TAM in 10
characterized HLMswere 3.1 + 2.2 (1.1 to 7.8), 0.8+1.7 (0 t0 5.3), 2.3+0.9 (0.9 to 4.3), 1.0+0.9
(0to0 3.1), 0.9+0.9 (0 to 2.8) and 79.0+34.8 (54.2 to 165.0) respectively. The formation rate of N-

Desmethyl TAM in these HLM s was 39.2+19.8-fold (range: 13.8 to 68.4-fold) higher than that of
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4-hydroxyTAM and 10.4+4.2-fold (range: 6.6 to 15.1-fold) higher than the summation of all
other TAM primary metabolites. The data regarding formation rates of M-I should be interpreted
carefully because the identity of this metabolite was not known. Neverthel ess, these results and
the kinetic analysis presented in Table 1 suggest that the N-demethylation pathway accounts for
the mgjority of TAM oxidation and that the contribution of all other pathways is probably
minimal.

The formation rates of o-hydroxy-, 4’ -hydroxy-, N-desmethyl-TAM and M-I correlated
significantly with the activity of CYP3A (r=0.76 to 0.96; p=0.01 to 0.0001) and CY P2B6 (r=0.64
to 0.81; p=0.044 to 0.004). The activity of other CY Ps showed no correlation with any of these
metabolites (data not shown). Whether CY P3A and CY P2B6 are both involved in catalyzing
these reactionsis not apparent from these data because we noted a significant correlation
between the activity of CYP3A and CY P2B6 (r = 0.80; P=0.006) in the panel of HLM's studied.
Inhibition experiments in HLMs and data from expressed CY Ps (described below) suggest that,
except 4’ -hydroxy TAM formation that was catalyzed in part by CYP2B6, CY P3A (but not
CYP2B6) wasthe principal catalyst of o-hydroxyTAM, N-desmethyl TAM and M-I. Formation
rates of 3- hydroxy- and 4-hydroxyTAM showed no correlation with the activity of any of the
CY Ps tested (data not shown), except a non-significant trend for the formation of 4-
hydroxy TAM with the activity of CYP2D6 (r=0.56; p=0.09) and CY P2C9 (r=0.45; p=0.20).

D. Inhibition of TAM primary metabolism in HLMs. The effect of CYP isoform
specific chemical inhibitors on TAM primary metabolism in HLMs (n=4) was tested to identify
the CY Psinvolved. The main findings (data not shown) could be summarized as follows. First,
ketoconazole (1uM) and troleandomycin (50uM) inhibited TAM N-demethylation by an average

of 62% (range: 28% to 90%) and 78% (range: 61% to 90.2%) respectively; sulfaphenazole
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(20uM) also showed inhibition in 3 HLMs by an average of ~31% (range: 24% to 35%), but it
had no effect in one HLM (HG112). Second, quinidine (1uM) partially inhibited (by an average
of 47.7%; range, 32 to 56%) 4 -hydroxyTAM formation in 3 HLMs (HK23, HG23 and HG112),
while thisinhibition was minimal (by <12%) in another HLM (HL2); ketoconazole and
troleandomycin, while having negligible effect on 4-hydroxyTAM formation in the three HLMs
inhibitable by quinidine, were moderate inhibitorsin HL2 (by an average of >45%), suggesting a
contribution of CYP3A in this specific HLM. Third, ketoconazole (1uM) was a potent inhibitor
of TAM metabolism to M-I (by 58%), to a-hydroxyTAM (by 77%) and to 3-hydroxyTAM (to
an undetectable level). Fourth, thioTEPA (50uM) and omeprazole (5uM) decreased 4’ - and 3-
hydroxyTAM formation by ~39% and by ~26% respectively. The effect of other inhibitors on
TAM primary metabolism was negligible (data not shown).

E. TAM primary metabolism by expressed human CYPs. To further probe the
specific P450 involved, TAM metabolism to its primary metabolites was determined in a panel
of expressed CYPs. TAM metabolism to M-I was catalyzed at the highest rate by CYP3A4 (with
small contribution of CYP3A5, CYP2B6, CYP2C8 and CY P2D6), to a-hydroxyTAM by
CY P3A4 (with contribution of CYP3A5), to 4-hydroxyTAM by CY P2D6 (other isoforms that
showed activity include CYP2C19>CY P2B6> CY P2C9>CY P1A2), to 3-hydroxyTAM by
CYP3AS5 (with small activity of CYP2B6 and CY P3A4), to 4'-hydroxyTAM by CY P2B6 (and
CYP2C19), and to N-desmethyl TAM by multiple CYPs. CYP2D6 > CYP2C19 > CYP3A5 =
CYP3A4 > CYP1A2 = CYP2BG6.

Full kinetic analyses were performed for selected CY Ps that showed significant activity
towards formation of TAM primary metabolites. The K, values obtained by fitting formation

rates versus substrate concentrations to a single-site enzyme model were compared with those
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values obtained in HLMs (Tables 1 and 2). The K, values derived for the formation of N-
desmethyl TAM by CYP2D6, CY P3A4 and CY P3A5 (11.6uM, 12.6uM and 19.4uM
respectively) were close to the K, values obtained in HLMs by the high affinity system.
CYP2D6, consistent with previous reports (Crewe et al., 2002), catalyzes TAM N-demethylation
at the highest rate (Cli for CYP2D6, CYP3A4 and CY P3A5 was 0.33, 0.12 and 0.08
ul/min/pmol P450 respectively), but it appears that CY P3A4 and CY P3A5 are the main catalysts
at lower concentrations because no important role could be confirmed for CY P2D6 from the
inhibition and correlation datain HLMs. Of note, a marked increase of TAM N-demethylation
has been reported when healthy volunteers were pretreated with rifampin (Kivisto et al., 1998), a
drug known to induce CY P3A and other CY Ps (but not CYP2D6). In systems that consist of
multiple CYPs (e.g. HLMs and in vivo in humans), the contribution of CYP2D6 in TAM N-
demethylation appears to be minimal. Although expressed CY P2B6 shows catalytic activity
towards TAM N-demethylation, the small inhibitory effect (<20%) of thioTEPA [areatively
selective CYP2B6 inhibitor (Rae et al., 2002)] and the high K, value derived from expressed
CYP2B6 (126uM) makesit unlikely that thisisoform represents the high-affinity system. The
significant correlation between TAM N-demethylation and CY P2B6 activity in a panel of HLMs
may stem from a significant correlation between CYP2B6 and CY P3A activity in these HLMs
(Ward et al., 2003). Consistent with earlier reports (Crewe et a., 2002; Crewe et a., 1997), we
found significant activity of CYP2C9, CYP2C19 and CYP1A2 in TAM N-demethylation, but the
high K values derived from CY P2C9 (118uM) and CY P2C19 (39.4uM) and the fact that the
inhibition of this reaction by specific inhibitors of these enzymes was small in HLM s suggest

that these enzymes play minimal rolein TAM N-demethylation in vivo.
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While, the K, values for 4-hydroxyTAM formation by CY P2B6, 2C9, 2C19, 2D6,
CYP3A4 and 3A5 were <10uM (range: 4 to 9.8uM), the Cli,; (uL/min/pmol P450) was relatively
higher for CYP2C19 (0.09), CYP2D6 (0.08) and CY P2B6 (0.014) compared to the Cl;, obtained
in CYP3A5, CYP3A4 or CYP2C9 (<0.003) (data not shown). The kinetic parameters for the
formation of other TAM primary metabolites were also calculated (data not shown) and
essentially confirmed that CY P3A4 was the main enzyme responsible for the metabolism of
TAM to M-I and a-hydroxyTAM, CYP3A5 was the main enzyme responsible for TAM 3-
hydroxylation and CY P2B6 and CY P2C19 were important catalysts of TAM 4’ -hydroxylation.

F. Summary of TAM primary metabolism in HLMsand expressed CYPs. Based on
the data described above in HLM s and expressed CY Ps (A-E), the proposed human routes of
TAM biotransformation to its primary metabolites and the specific CY Ps catalyzing them are
summarized in Figure 1. In this part of the study, we identified additional TAM primary
metabolites. We carried out comprehensive kinetic analyses, which, together with other
approaches allowed the identification (and estimate contribution) of the metabolic pathways and
the specific CY Psinvolved at therapeutically relevant concentrations of TAM. N-Demethylation
of TAM by CYP3A isthe mgor metabolic route of TAM primary metabolism, while 4-
hydroxyTAM, which represents minor route, was consistently formed in all HLMs. We also
provided the scientific groundwork required for subsequent studies of TAM secondary

metabolism.

TAM secondary metabolism by HL M s and expressed CYPs.

TAM metabolism to its secondary metabolites was studied in HLMs and expressed

CY Ps, using the primary metabolites of TAM, mainly N-desmethyl- and 4-hydroxy-TAM, as
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intermediary substrates. The rationale for selecting these primary metabolites as substrates to
characterize secondary metabolism was based on our TAM primary metabolism data described
above.

a. ldentification of secondary metabolitesof TAM in HLMs. Evidence from the
literature suggests that TAM undergoes sequential metabolism to several secondary metabolites,
including a recently identified active antiestrogen metabolite, endoxifen (Johnson et al., 2004;
Stearns et a., 2003). In the present study, we noted secondary metabolites when TAM was
incubated with HLMs for 60 min. Here, we tested sequential metabolism of TAM to endoxifen
and other secondary metabolites using N-desmethyl- and 4-hydroxy-TAM as substrates. Figure 2
shows HPLC traces of human liver microsomal incubations of N-desmethyl- and 4-hydroxy-
TAM. Three mgjor and two ‘minor (M-11 and M-111) metabolite peaks whose formation
depended on the CY P system were observed in the microsomal incubations of N-desmethyl TAM
(Fig. 2A). The peaks at retention time of 38.2, 24.5 and 14.7 min (Fig. 2A) were consistent with
N-didesmethyl TAM, endoxifen and a-hydroxy N-desmethyl TAM respectively. o-Hydroxy N-
desmethyl TAM was formed from N-desmethyl TAM (Fig. 2A) and TAM (described in the
Primary Metabolism section above), suggesting that TAM is N-demethylated and then o<-
hydroxylated to a-hydroxy N-desmethyl TAM. Another possible route for the formation of this
metabolite could be «<-hydroxylation of TAM followed by N-demethylation. We tested this
possibility by incubating o-hydroxyTAM in HLMs. Indeed, our data provide evidence that o<-
hydroxyTAM undergoes N-demethylation to a-hydroxy N-desmethyl TAM (data not shown).
The metabolite peaks at 15.5 min (M-I1) and 25.5 min (M-111) were formed at relatively low rate
in the HLMs tested (Fig. 2A) under the HPLC conditions tested and no further attempt was made

to characterize their identity. As shown in Figure 2B, 3,4-dihydroxy TAM (retention time,
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~19.9min) and endoxifen (retention time, ~25min) were the main metabolites of 4-hydroxyTAM.
We noted that endoxifen is formed when TAM, N-desmethyl- or 4-hydroxy-TAM were used as
subgtrates. Together, our data demonstrate that TAM undergoes sequential metabolism that
include step-wise N-demethylation (e.g. to N-didesmethyl TAM), hydroxylation (e.g. to 3,4-
hydroxyTAM), or N-demethylation followed by hydroxylation or vise versa (e.g. to endoxifen
and a-hydroxy N-desmethyl TAM).

b. Kinetic analysisof TAM secondary metabolism in HLMs. The kinetics for the
metabolism of N-desmethyl TAM to a-hydroxy N-desmethyl TAM, endoxifen and N-
didesmethyl TAM, and of 4-hydroxyTAM to 3,4-dihydroxy TAM and endoxifen were determined
in different HLMs (n = 3 to 4) that had been characterized for the activity of individual CY P
isoforms. Our pilot dataindicated that CYP3A and CYP2D6 might be important in TAM
secondary metabolism. Thus, HLMswith high and low CY P3A activity and high and low
CY P2D6 activity were deliberately selected for the kinetic analyses experiments. The activity of
CYP3A (pmol/min/mg protein) was higher in HG112 (17205)>>>HG23 (3300)>HG06
(3000)>>HG93 (1660). The activity of CYP2D6 was highest in HG23 (135)>>>HG93 (47)
>HG112 (24.5) >>>HG06 (nondetectable). The kinetic parameters for N-desmethyl TAM
metabolism are summarized in Table 3. Kinetic parameters for o-hydroxy N-desmethyl TAM
formation (Fig. 3A) and endoxifen (Fig. 3B) were obtained by fitting the datato a single site
binding equation. The Eadie-Hofstee plots (data not shown) were characterized by monphasic
kinetics. N-Didesmethyl TAM formation on the other hand was best described by biphasic
kineticsintwo HLMs (HG112 and HG23) (Fig. 3C), with high- (K and Vimex1) and low-affinity
(Kmz in millimolar range and Vimax2) components. The in vitro Cl;y for the high affinity

component was 20- and 3-fold higher than the low-affinity system in HG112 and HG23
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respectively. The kinetics of this metabolite in HG06 exhibited monophasic characteristics and it
appears that the high affinity component is absent in this microsomal preparation (K, value in
HGO6 was 22- and 10-fold higher respectively than those estimated in HG112 and HG23 for the
high affinity component).

The kinetic parameters for the metabolism of 4-hydroxyTAM listed in Table 4 were
estimated by fitting formation rates versus 4-hydroxyTAM concentrations to a single site binding
eguation (3,4-dihydroxyTAM and endoxifen in HGO6 and HG93), or to atwo site binding
equation (endoxifen in HG23, and endoxifen and 3,4-dihydroxyTAM in HG112). The Cl;y for
endoxifen formation by the high affinity component in HG112 (71.7uL/min/mg protein) and
HG23 (11.8uL/min/mg protein) respectively was 32-and 9.6-fold higher than by the low affinity
component (2.24 and 1.23 pL/min/mg protein in HG112 and HG23 respectively). Similarly, the
Clin: for the formation of 3,4-dihydroxyTAM in HG112 by the high affinity system
(59.53uL/min/mg protein) was 56.9-fold higher than that by the low affinity system
(1.05uL/min/mg protein).

Representative plots of formation rates of metabolites vs. substrate concentrations are
shown in Figure 3 where the data form two HLMs with high and low CYP3A activity (Fig. 3A,
3C, 3D and 3E) or high and low CY P2D6 activity (Fig. 3B) are displayed. Visual inspection of
these kinetic curves suggest that the metabolism of N-desmethyl TAM to o-hydroxy N-
desmethyl TAM (Fig. 3A) and of 4-hydroxyTAM to 3,4-dihydroxyTAM and endoxifen (Fig. 3D
and 3E) is exclusively dependent on CY P3A activity, while CY P2D6 appears to be the main
enzyme mediating the formation of endoxifen from N-desmethyl TAM (Fig. 3B). The formation
of N-didesmethyl TAM was also dependent on CY P3A activity, but to a lesser extent (Fig. 3C).

To obtain pilot information as to which isoforms might be involved at therapeutically relevant

25

9102 ‘9T Jequuieldes uo sfeuInor 134SY e Bio'sfeuuno fladsejed( wouy pepeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on May 24, 2004 as DOI: 10.1124/jpet.104.065607
This article has not been copyedited and formatted. The final version may differ from this version.

JPET # 65607

substrate concentrations, we examined the relationship between the in vitro Cl; values obtained
for the high affinity component and the activity of CY P isoformsin the HLMs. The Cl;; for N-
desmethyl TAM metabolism to a-hydroxy N-desmethyl TAM and the Cl;; for 4-hydroxyTAM
metabolism to 3,4-dihydroxyTAM and endoxifen correlated with the activity of CYP3A (data
not shown). CYP3A activity in HG112 was 10.4-fold higher than in HG93, and there was a ~14-
to 15-fold higher Cl.; for the metabolism of 4-hydroxyTAM to its metabolites (Table 4). The
formation of endoxifen from N-desmethyl TAM was dependent on CY P2D6. Consistent with the
involvement of CY P2D6 in endoxifen formation, HGO6 (a phenotypically poor CY P2D6
metabolizer preparation) formed endoxifen at a very low rate (Table 3). The Cl;; derived for
endoxifen in HG23, amicrosomal preparation with high CY P2D6 activity (5.42 ul/min/mg
protein) was over 80-fold higher than that obtained from HGO6 (0.06p/min/mg protein). We
observed an increasein K, value for N-didesmethyl TAM formation with decreasing CY P3A
activity (Table 3), suggesting that the higher affinity enzyme responsible for catalyzing this
reaction might be CYP3A. Endoxifen is formed when both 4-hydroxy- and N-desmethyl-TAM
are used as substrates. However, no relationship was observed between the Cli . for endoxifen
formation from 4-hydroxy TAM and the Cl; for endoxifen formation from N-desmethyl TAM (r?
= 0.05; P=0.85), further supporting the involvement of different enzymes in 4-hydroxylation of
N-desmethyl TAM and N-demethylation of 4-hydroxyTAM to endoxifen. Together, our data
point to an important role of CY P3A in all metabolic routes of N-desmethyl- and 4-hydroxy-
TAM, except in N-desmethyl TAM 4-hydroxylation, which seems to be dependent on CY P2D6
activity.

c. Correlation analysisof TAM secondary metabolism in HLMs. The rate of

metabolism of N-desmethyl- and 4-hydroxy-TAM was determined in apanel of characterized
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HLMs. The average £SD (range) formation rates of o-hydroxy N-desmethyl TAM, endoxifen
and N-didesmethyl TAM from N-desmethyl TAM (10uM) in 11 HLMs were 33.5+18.1 (range,
11to 74.4), 7.945.5 (range: 1.6 to 18.7) and 27.0+£11.7 (12.7 to 53.5) pmol/min/mg protein
respectively. Formation rates of a-hydroxy N-desmethyl TAM correlated significantly with that
of N-didesmethyl TAM (r? = 0.63; p=0.004), but formation rates of endoxifen did not show any
correlation with those of o-hydroxy N-desmethyl- or N-didesmethyl-TAM (r? <0.1; p>0.35). The
average +SD (range) formation rates of 3,4-dihydroxyTAM and endoxifen from 4-hydroxyTAM
were 23.4+18.1 (range, 9.3 to 69.8) and 40.2+29.8 (range, 14.4 to 112.5) pmol/min/mg protein
respectively. A significant correlation was noted between 3,4-dihydroxy TAM and endoxifen
formation ratesin the HLM s tested (r* =0.89; p<0.0001).

Preliminary analyses of the datain Table 3 and 4 suggested that CY P2D6 and CY P3A
might be important to the metabolism of N-desmethyl- and 4-hydroxy-TAM. We arbitrarily
classified the HLMs as high (106.4+19.7 pmol/min/mg protein; n=5) and low (20.6+16.2
pmol/min/mg protein; n=6) CY P2D6 activity HLMs, and high (9730+£4063 pmol/min/mg
protein; n=5) and low (3123+1045 pmol/min/mg protein; n=5) CY P3A activity. The rate of
endoxifen formation from N-desmethyl TAM in the HLMs with high CY P2D6 activity was
significantly higher (12.8+3.8 pmol/min/mg protein) than those in HLMs with low CYP2D6
activity (3.7£1.8 pmol/min/mg protein) (p=0.003). Formation rates of o-hydroxy N-
desmethyl TAM and N-didesmethyl TAM from N-desmethyl TAM, and of 3,4-dihydroxyTAM
and endoxifen from 4-hydroxy TAM in HLMs with high CY P3A activity were significantly
higher (40.3£19.9, 34.5+10.3, 33.7+21.3 and 58.9+33 pmol/min/mg protein respectively) than
those values obtained in HLM s with low CY P3A activity (25.4+13.2, 17.9+4.6, 15.1+8.6 and

21.5+6.3 pmol/min/mg protein respectively) (p<0.05).
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When correlation analyses were performed across the panel of HLM s tested, CY P3A
correlated significantly with rates of: 1) N-desmethyl TAM metabolism to o-hydroxy N-
desmethyl TAM (Fig. 4A) and N-didesmethyl TAM (Fig. 4C); and 2) 4-hydroxyTAM metabolism
to 3,4-dihydroxyTAM (Fig. 4D) and endoxifen (Fig. 4E). There was a statistically significant
correlation between endoxifen formation from N-desmethyl TAM and CY P2D6 activity (Fig.
4B). In addition, rates of a-hydroxy N-desmethyl TAM and N-didesmethyl TAM formation
correlated significantly with the activity of CY P2B6 (r>=0.58 and 0.61; p=0.01 and 0.007
respectively) and with total P450 content (r°=0.54 and 0.44; p=0.016 and 0.038 respectively)
(data not shown). Similarly, rates of 4-hydroxyTAM metabolism to 3,4-dihydroxyTAM and
endoxifen showed significant correlation with the activity of CY P2B6 (r* =0.49 and 0.61;
p=0.024 and 0.007 respectively). Despite the statistically significant correlation between the
activity of CYP2B6 and formation rates of most secondary metabolites, these data alone do not
confirm that CY P2B6 isimportant catalyst of these reactions because, as described above, there
isasignificant correlation between the activity of CYP2B6 and CY P3A. P450s other than those
mentioned here showed no statistically significant correlation with any of the metabolic routes of
N-desmethyl- and 4-hydroxy-TAM.

d. Inhibition of TAM secondary metabolism in HLMs. The inhibitory effects of
isoform specific inhibitors on the metabolism of N-desmethyl- and 4-hydroxy-TAM in HLMs
are shown in Figure 5. Ketoconazole and troleandomycin were the most potent inhibitors of: @)
N-desmethyl TAM metabolism to o-hydroxy N-desmethyl TAM (by ~76 — 92%; Fig. 5A) and N-
didesmethyl TAM (by ~56-70%; Fig. 5C); and b) 4-hydroxyTAM metabolism to 3,4-
dihydroxyTAM (by >88%; Fig. 5D) and endoxifen (by >84%; Fig. 5E). The formation of

endoxifen from N-desmethyl TAM was almost completely inhibited by quinidine (Fig. 5B).
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Other inhibitors showed only mild to moderate inhibitory effect on the metabolism of N-
desmethyl- or 4-hydroxy-TAM.

e. TAM secondary metabolism by expressed CY P isofor ms. The metabolism of N-
desmethyl- and 4-hydroxy TAM by a panel of expressed human CY Psis summarized in Figure 7.
N-Desmethyl TAM metabolism to a-hydroxy N-desmethyl TAM was catalyzed at the highest rate
by CYP3A4 and CYP2D6, while other CY Ps had less activity (Fig. 6A); to endoxifen by
CYP2D6 (Fig. 6B); and to N-didesmethyl TAM by CYP2D6 (Fig. 6C), with participation of
CYP3A4, CYP3AS5, CYP2C19 CYP2C9, CYP2B6 and CY P1A2. The metabolism of 4-
hydroxyTAM to 3,4-dihydroxyTAM (Fig. 6D) and endoxifen (Fig. 6E) respectively was

catalyzed by CYP3A5 and CY P2D6 at the highest rates.
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Discussion

We report a systematic characterization of TAM sequential metabolism in HLMs and
expressed CY Ps, including complete kinetic analyses. The data obtained may serve as a basis to
predict and estimate the contribution of those metabolic pathways and CY Psrelevant to TAM
clearance and its conversion to pharmacologically active metabolites in vivo at therapeutic
concentrations.

TAM biotransformation to its primary metabolites. A thorough quantitative
understanding of the primary metabolism of TAM is critical because the rate of primary
metabolism determines the clearance of the parent drug, the production of more active
antiestrogens (e.g. 4-hydroxyTAM) or more toxic metabolites (e.g. o-hydroxyTAM), and the
rate at which secondary metabolites that include potent antiestrogens (e.g. endoxifen) or more
toxic compounds are formed. We identified six primary metabolites of TAM and the specific
CY Psinvolved in metabolism to them (Fig. 1). Our data, consistent with clinical studies
(Lonning et al., 1992; Stearns et al., 2003), demonstrate that the liver is an efficient catalyst of N-
desmethyl TAM formation, accounting for the majority of TAM oxidation. Our results confirm
previous reports (Jacolot et al., 1991; Crewe et al., 2002; Crewe et al., 1997) that TAM N-
demethylation is catalyzed by the CYP3A subfamily and provide the first evidence that both
CYP3A4 and CYP3AS are catalysts of this reaction at low TAM concentrations.

The hydroxylated metabolites, which represent minor routes, are unlikely to play a
significant rolein TAM clearance, but the possibility that these metabolites contribute to its
activity/toxicity in vivo cannot be ruled out. TAM 4-hydroxylation is the most studied in this
respect because it has been shown that 4-hydroxy TAM is approximately 30-100- fold more

potent antiestrogen than TAM (Robertson et al., 1982; Coezy et al., 1982; Borgna and Rochefort,
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1981; Jordan, 1982) and becauseit is believed to be on the path to a reactive intermediate
formation that binds covalently to proteins (Dehal and Kupfer, 1999). For these reasons, several
investigators have attempted to identify CY Ps responsible for formation of 4-hydroxyTAM, with
varying results [e.g. (Crewe et a., 1997; 2002; Coller et a., 2002; Dehal and Kupfer, 1997)]. We
conducted comprehensive studies in multiple HLM s and expressed CY Ps. Our data suggest that
TAM 4-hydroxylation can be predominantly catalyzed by CYP2D6 in some HLMs with high
CY P2D6 activity. However, in conditions with diminished (or absent) CY P2D6 activity, it seems
that other isoforms become important. These data are consistent with the involvement of multiple
CY Ps and with our clinical datathat show relatively little interpatient variability of 4-
hydroxyTAM in the plasma of breast cancer patients taking tamoxifen (Stearns et al., 2003). o
HydroxyTAM and its sulfated metabolites have been implicated in TAM-induced toxicity in
vitro and animal studies (White, 2003). The present data and previous reports (White, 2003;
Coller et al., 2004) suggest that CY P3A4 and CY P3A5 are important catalysts of TAM a-
hydroxylation, raising the possibility that high CY P3A activity in patients may enhance TAM-
induced toxicity. We have also provided the first evidence that 4’ - and 3-hydroxy-TAM are
formed in HLMs and that CY P2B6 (and probably CY P2C19) and CY P3A5 respectively might
be the principal catalysts of these reactions. The relevance of 4’ - and 3-hydroxyTAM to the
multiple effects of the drug, and their abundance in plasma of patients remains to be determined.
Limited studies available in the literature suggest that these metabolites might have higher
affinity for the estrogen receptor than TAM (Ruenitz et al., 1982; Roos et al., 1983).

TAM sequential biotransformation to its secondary metabolites. We describe here the
first comprehensive in vitro characterization of TAM metabolism to its secondary metabolites,

using its primary metabolites as intermediaries (Fig. 7). We have demonstrated that, N-

31

9102 ‘9T Jequuieldes uo sfeuInor 134SY e Bio'sfeuuno fladsejed( wouy pepeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on May 24, 2004 as DOI: 10.1124/jpet.104.065607
This article has not been copyedited and formatted. The final version may differ from this version.

JPET # 65607

desmethyl TAM and 4-hydroxyTAM, like TAM, undergo extensive oxidation by the CY P system
to anumber of metabolites: a) a-hydroxy N-desmethyl TAM, endoxifen, and N-
didesmethyl TAM were the major N-desmethyl TAM metabolites; and b) 3,4-dihydroxyTAM and
endoxifen were the principal metabolites of 4-hydroxyTAM. Our previous (Stearns et al., 2003)
and current works have demonstrated that endoxifen is formed primarily from N-
desmethyl TAM, but we have shown herein that endoxifen is aso formed from 4-hydroxyTAM.
Several lines of evidence obtained from a variety of experimental approaches clearly
show a prominent role of CYP3A in TAM secondary metabolism: we have shown for the first
time that the metabolism of N-desmethyl TAM to o-hydroxy N-desmethyl TAM and of 4-
hydroxyTAM to endoxifen is predominantly catalyzed by CY P3A; and we have confirmed
CYP3A asthe principal catalyst of N-desmethyl TAM metabolism to N-didesmethyl TAM and of
4-hydroxyTAM metabolism to 3,4-dihydroxyTAM, consistent with other reports (Coller et al.,
2004; Dehal and Kupfer, 1999). These findings may have important implications. 3,4-
DihydroxyTAM is probably further oxidized to a reactive intermediate that covalently binds to
proteins (Dehal and Kupfer, 1999). N-Didesmethyl TAM appears to be highly concentrated in the
liver and is a potent inhibitor of certain P450s that include CY P3A (Comoglio et al., 1996), and
this metabolite may mediate drug interactions involving TAM or it may modify TAM-induced
toxicity by inhibiting formation of CY P450-catalyzed reactive and toxic metabolites of TAM
(Comoglio et a., 1996). Little is known regarding o-hydroxy N-desmethyl TAM, but, like o
hydroxyTAM (White, 2003), it might participatein TAM-induced genotoxicity. It is known that
the expression of CYP3A4/5 ishighly variablelargely due to interindividual differencesin the
response to various environmental exposures (coadministered drugs, herbal medicines,

nutritional supplements) and as the result of genetic polymorphismsthat code for CY P3A4/5
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proteins. Given the major role played by CYP3A in catalyzing a number of primary and
secondary metabolic pathways of TAM, we would expect that interindividual differencesin
CYP3A activity alters TAM activation/detoxification patterns and its efficacy/toxicity in vivo.

Our recent clinical study showed that the plasma concentrations of endoxifen in breast
cancer patients exhibit large interindividual variation (Stearns et al., 2003). Although endoxifen
was formed from both N-desmethyl- and 4-hydroxy-TAM, the CY Psinvolved in its formation
depended on the substrate used: CY P2D6 when N-desmethyl TAM was used as a substrate and
CY P3A when 4-hydroxyTAM was used as a substrate. Despite the efficient conversion of 4-
hydroxyTAM to endoxifen in vitro, the quantitative contribution of this routeis likely small.
Instead, the 4-hydroxylation of N-desmethyl TAM by CY P2D6 appears to be the major source of
endoxifen production in vivo. First, consistent with our in vitro data, we have clinical evidence
that endoxifen plasma concentrations in breast cancer patients receiving TAM (20 mg/day) are
significantly reduced by co-prescription of paroxetine (a known inhibitor of CYP2D6) and in
patients who carry variant alleles of CYP2D6 (Stearns et al., 2003). Second, the steady-state
plasma N-desmethyl TAM concentrations after therapeutic doses of TAM are much higher (on
the average >70-fold) than those of 4-hydroxyTAM (Lonning et al., 1992; Stearns et al., 2003),
essentially in agreement with our in vitro findings that approximately 90% of TAM oxidation is
accounted for by N-desmethyl TAM formation. Whether other factors such as altered production
of the precursor (N-desmethyl TAM) from TAM by CY P3A, or atered elimination of endoxifen
itself dueto conjugation by phase Il enzymes contributes to the inter-patient variability in
endoxifen production in vivo remains to be tested.

Endoxifen isof particular interest to us for a number of reasons. Although this metabolite

was identified in human bilein 1988 (Lien et al., 1988) and subsequently in other human
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biological fluidsincluding plasma (Lien et al., 1989; 1990; 1991), its biological significance was
not clear until recently. A series of in vitro studies conducted by our group suggest that
endoxifen exhibits smilar potency to 4-hydroxyTAM in terms of its ability to bind with estrogen
receptors, in suppressing estrogen dependent growth of human breast cancer cdll lines (Stearns et
al., 2003; Johnson et al., 2004) and in global estrogen-dependent gene expression (Lim et al.,
2004). Thereis evidence that endoxifen is much more abundant in plasma of breast cancer
patients than 4-hydroxyTAM (Lien et al., 1990; Stearns et al., 2003). Thus, we speculate that a
significant part of TAM pharmacological activity in vivo may be due to the conversion of TAM
to active metabolites, most notably endoxifen. The metabolic activity of CY P2D6 exhibits high
interindividual variability, mainly due to the polymorphism of the CYP2D6 gene (over 80 aleles
and allele variants have been described, many of which result in loss of enzyme function)
(Zanger et a., 2004) but also due to several drugs that potently inhibit the activity of CYP2D6
and mimic the inactivating polymorphisms of the enzyme. It follows that variations in endoxifen
concentrations that result from CY P2D6 polymorphisms and drug interactions may influence
anti-tumoral efficacy and side effects of TAM. It isinteresting to note that plasma TAM
concentrations have been reported to be poor predictors of therapeutic outcome (Bratherton et
al., 1984), but that they are also poor predictors of endoxifen concentrations in breast cancer
patients (Jin et a., unpublished data). Further research is warranted to relate endoxifen plasma
concentrations with validated clinical outcomes.

In conclusion, we provide a systematic and comprehensive characterization of TAM
biotransformation to an array of primary and secondary metabolites. Our data make it clear that
TAM metabolism is complex and that multiple approaches as opposed to a single approach are

necessary to appropriately identify the metabolic routes of TAM and the CY Ps responsible at
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therapeutically relevant concentrations. Over all, CY P3A and CY P2D6 were identified as mgor
enzymes involved in the principal TAM sequential metabolic routes (Fig. 1 and 7). Despite the
recent introduction of aromatase inhibitor drugs for the treatment of breast cancer (Baum et al.,
2002), TAM remains the endocrine treatment of choice for ER-positive tumors in premenopausal
women in the neoadjuvant setting and as a chemopreventive in women at high risk for the
disease. Given that TAM and its metabolites exhibit different pharmacological activities that
contribute to the overall therapeutic effect, tissue selectivity and toxicity, our data should allow
improved understanding of the mechanisms and factors that control TAM clearance, activation
and effectsin vivo. They also form the basis for a variety of future studies designed to determine

the effects of genetic polymorphisms and drug interactions on TAM response and toxicity.
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L egend for figures

Figure 1. Proposed in vitro biotransfor mation pathways of tamoxifen (TAM) toitsprimary
metabolitesand the CYPsinvolved. The relative contribution of each pathway to the overall
oxidation of TAM is shown by the thickness of the arrow and the principal CY P isoforms

responsible are highlighted in larger fonts and in bold. M-I, unidentified primary metabolite.

Figure 2. HPL C traces of human liver microsomal incubate of N-desmethyltamoxifen (N-
DMTAM) and 4-hydroxytamoxifen (4-OHTAM ). Each substrate (10 pM) was incubated with
HLMs (0.1 mg/ml protein) and a NADPH-generating system for 10 min at 37°C and processed
as described in the Methods section. (A), Metabolite peaks of N-DMTAM; and (B), metabolite
peaks of 4-OHTAM. NDDMTAM, N-diDMTAM; endoxifen, 4-hydroxy N-DMTAM; alpha-
OHNDMTAM, o-hydroxy N-DMTAM; 3,4-diOHTAM, 3,4-dihydroxyTAM; M-Il and M-I,

unidentified metabolites; and IS, internal standard (propranolol).

Figure 3. Representative kineticsfor the metabolism of N-desmethyltamoxifen (N-
desmethyl TAM) and 4-hydroxytamoxifen (4-hydroxyTAM) in HL M s. Formation rates
(pmol/min/mg protein) were fit to one- or two-site binding equation as described in the Data
Analysis and Results Section in detail. Upper panel: representative plots of N-desmethyl TAM
concentration vs. formation rates of a-hydroxy-N-desmethyl TAM (A), endoxifen (B) and N-
didesmethyl TAM (C) intwo HLMs. L ower panel: representative plots of 4-hydroxyTAM
concentration vs. formation rates of 3,4-dihydroxyTAM (D) and endoxifen (E) in two HLMSs.

The HLMs selected were characterized in terms of individual CY P activity: CYP3A activity
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(pmol/min/mg protein) was high in HG112 (17205), medium in HG23 (3320) and low in HG93
(1660); and CY P2D6 activity (pmol/min/mg protein) was high in HG23 (135) than in HG112

(24.5). Each point represents average of duplicate incubations.

Figure 4. Correlation between the activity of CY P isoforms and the metabolism of N-
desmethyltamoxifen (N-desmethylTAM) and 4-hydroxytamoxifen (4-hydroxyTAM) in a
panel of different HLMs. Upper panel: correlation between formation rates from N-
desmethyl TAM of o-hydroxy N-desmethyl TAM and CY P3A activity (A), of endoxifen and
CYP2D6 activity (B) and of N-didesmethyl TAM and CY P3A activity (C). Lower panel:
correlation between formation rates of 3,4-dihydroxyTAM (D) and of endoxifen (E) from 4-

hydroxyTAM and CY P3A activity. Each point represents average of duplicate incubations.

Figure5. Inhibition of N-desmethyltamoxifen (N-desmethylTAM) and 4-hydr oxytamoxifen
(4-hydroxyTAM) metabolism by CY P isoform specific inhibitorsin HLMs. Theisoform
specific inhibitors used were 20uM furafylline (FURA, CYP1A2), 50uM thioTEPA (CY P2B6),
20uM sulfaphenazole (SPZ, 2C9), 10uM omeprazole (OMP, 2C19), 1uM quinidine (QUIN,
2D6), and 1uM ketoconazole (KETO) and 50 uM troleandomycin (TAO, 3A). Rates of
metabolite formation during incubation with the inhibitors are presented as percent of control
(without inhibitor) activity. Upper panel: inhibition of N-desmethyl TAM metabolismin HLMs
to a-hydroxy N-desmethyl TAM (A), endoxifen (B), and N-didesmethyl TAM (C). L ower panel:
inhibition of 4-hydroxyTAM metabolism to 3,4-dihydroxyTAM (D) and endoxifen (E). Data are

average of duplicate incubation measurements.
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Figure 6. Metabolism of N-desmethyltamoxifen (N-desmethylTAM) and 4-
hydroxytamoxifen (4-hydroxyTAM) by a pand of recombinant human CY P isofor ms.
Upper panel: Metabolism of N-desmethyl TAM to a-hydroxy N-desmethyl TAM (A), endoxifen
(B) and N-didesmethyl TAM (C). Lower panel: Metabolism of 4-hydroxyTAM to 3,4-
dihydroxyTAM (D) and endoxifen (E). Data are presented as average pmol product/min/pmol

P450 of duplicate incubation.

Figure 7. Proposed in vitro biotransfor mation pathways of tamoxifen (TAM) to its
secondary metabolites and the CY P isofor msinvolved. The thickness of each arrow indicates
the relative contribution of each pathway to the formation of a specific metabolite. The principal
enzymes responsible are highlighted in larger fonts and in bold. The primary metabolism of

TAM isdescribed in Figure 1.
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Table 1: Kinetic parametersfor the metabolism of tamoxifen (TAM) to N-desmethylTAM and 4-hydroxyTAM in

HLMs (n=3).
TAM to N-desmethylTAM TAM to 4-hydroxyTAM
HLMs
Vmaxl K ml VmaxllK ml Vmax2 K m2 VmaXZ/K m2 Vmaxl K ml VmaxllK ml Vmax2 K m2 VmaXZ/K m2

HGO6 33.3 11 311 1740 611 29 0.7 13 0.6 0.8 16.2 0.05
HG23 135 2.1 6.4 150 55.6 2.7 3.8 0.7 55 4.3 46.0 0.09
HL112 142 3.3 43.0 1719 910 19 1.2 0.8 15 4.2 115 0.4
Mean 629 2.2 26.8 1203 526 25 1.92 0.9 2.0 3.1 24.6 0.17
+SD 69.2 11 18.7 912 434 0.5 1.67 0.3 2.6 2.0 184 0.17

The HLMs used were characterized with respect to the activity of individua CYP: CYP2D6 activity (measured by bufuralol 1'-hydroxylation)

in HG23 and HG112 was 135 and 24.5 pmol/min/mg protein respectively while in HGO6 it was undetectable; and the activity of CYP3A

(measured by testosterone 6B-hydroxylation) in HG112, HG23 and HGO6 was 17205, 3320 and 3000 pmol/min/mg protein respectively.

Formation rates of metabolites versus TAM concentrations were best fit to a two-site binding equations using a nonlinear regression model

(see Data Analyses). V., pmol/min/mg protein; K, uM; and V ./ K, uL/min/mg protein.
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Table 2. Kinetic parametersfor the metabolism of tamoxifen (TAM) to a-hydroxyTAM, 4'-

hydroxyTAM, 3-hydroxyTAM and M-I in HLMs.

M etabolites HG112 HG23 HGO06

Vix Km VK, V hax Kin  ViadKm Vs  Kn Viad K
M-I 11.9 5.2 2.3 29 4.5 0.6 7.5 6.5 1.2
o-HydroxyTAM 6.5 15 4.5 NE NE NE NE NE NE
3-HydroxyTAM 21 4.5 05 0.8 5.3 0.2 3.0 5.2 0.6
4’ -HydroxyTAM 5.0 4.0 13 1.9 22.2 0.1 NE NE NE

Apparent formation rates (pmol/min/mg protein) of metabolites against TAM concentrations were fit to a single site binding
equation (4’ -hydroxyTAM, M-I and 3-hydroxyTAM) or a substrate inhibition equation (c-hydroxy TAM) as detailed in the

Data Analysis section. V., pmol/min/mg protein; K, uM; and V. / K, uL/min/mg protein; NE, not estimated
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Table 3: Kinetic parametersfor the metabolism of N-desmethyltamoxifen (N-desmethyl TAM) to a-hydroxy N-

desmethylTAM, endoxifen and N-didesmethyl TAM in HLMs.

HLMs o-hydroxy N-
desmethyl TAM* Endoxifen* N-didesmethyl TAM
Vi Koo Via/Ko Voo K, Voo/Ko Vi Ko VoK

HGO6 360 58 6.2 0.06 203 958 2.1
HG23 197 59 34 32.2 5.9 5.4 26.6 8.8 30
HG112 943 47 20.2 6.0 45 1.4 62.2 43 14.6
Mean 500 55 9.9 19.1 5.2 34 973 363 6.6
+SD 392 07 9.0 2.5 932 516 6.9

* Formation rates (apparent) vs. substrate concentrations were best fit to a one-site binding equation using a nonlinear regression analysis
(see Data Analysis). Since endoxifen was formed very slowly in HGO6 (undetectable at substrate concentrations <25uM), the kinetic
parameters estimated from a single-site binding equation were overestimated and are not listed in the table; only mean values from HG23
and HG112 are presented. Data for the formation of N-didesmethyl TAM were characterized by biphasic kineticsin HG23 and HG112 (low
and high affinity) and by monophasic kinetics in HGO6. The low affinity K, values were in millimolar ranges and the kinetic data that
represent the high affinity system (V

K,andV, ../K.,) arepresented here. V., pmol/min/mg protein; K, uM; and V ./ K,

max1’ max1

uL/min/mg protein.
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Table 4: Kinetic parametersfor the metabolism of 4-hydroxytamoxifen (4-hydroxyTAM) to 3,4-

dihydroxyTAM and endoxifen in HLMs.

HLMs 3,4-dihydroxyTAM Endoxifen
Vmax Km Vmax/Km Vmax Km Vmax/Km
HG112 144 24 59.5 162 2.3 717
HG23 ND ND ND 7 6.5 11.8
HGO06 41 3.1 13.2 68 8.7 7.8
HGO3 27 6.4 4.1 67 14.9 4.5
Mean 70.3 4.0 25.6 93 8.1 23.9
+SD 64.0 2.1 29.7 46 53 32.0

Average (apparent) formation rates vs. substrate concentrations were best fit to a single-site (3,4-
dihydroxyTAM and endoxifen in HGO6 and HG93)) or two-site binding (endoxifen in HG23 and HG112 and
3,4-dihydroxyTAM in HG112) equations using a nonlinear regression analysis (see Data Analysis and Results

Section). Kinetic parameters for the high affinity components (V Kmand VUK, ;) are presented here.

max1’

V 1o PMOl/min/mg protein; K, uM; and V ./ K., uL/min/mg protein.
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Fig. 1
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Fig. 3
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Fig. 5
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Fig. 7
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