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metabolites arising from tam are involved has been considered (10).
Indeed, tam undergoes metabolic activation by P450 enzymes to
reactive intermediates that bind covalently to proteins (10â€”12)and
DNA (13â€”16).

The major metabolites of tam formed by human and animal liver
microsomal preparations (Fig. 1) are tam-N-oxide, N-desmethyl-tam,
and 4-OH-tam (17â€”20).The transformation of tam into the N-des
methyl and 4-hydroxy derivatives is catalyzed by CYPs (21), a su
perfamily of heme-containing enzymes in the liver and other tissues of
animals and humans that metabolize xenobiotic and endogenous com
pounds (22). The N-demethylation in mammalian liver is catalyzed
mainly by CYP3A (21, 23). The formation of tam-N-oxide is cata
lyzed primarily by the hepatic microsomal flavin-containing mo
nooxygenase (24). The formation of 4-OH-tam in mammals and
chicken was shown to be catalyzed by P450 (21, 25). Chicken and
chick embryo liver microsomes catalyze tam 4-hydroxylation much
more effectively than rodent and human livers (25). The evidence for
the mammalian P450 isoform(s) that catalyzes that reaction has re
mained controversial (26, 27). On the basis of statistical correlations,
it was suggested that human CYP2C9 and possibly CYP2C8 and
CYP2D6 catalyze tam 4-hydroxylation (26). Incubations of tam with
human CYP2E1 and 2D6 expressed in lymphoblastoma formed de
tectable amounts of 4-OH-tam (data not shown; Ref. 28); however,
another study has categorically stated that CYP2D6 is not involved
(27). Recently, after our earlier report (29) and while this report was
being prepared for submission, some of the above investigators (27)
altered their conclusions and reported that CYP2D6, 2C9, and 3A4
catalyze the 4-hydroxylation (30), thus contributing to the existing
controversy. Our findings that CYP3A4 is unable to catalyze aromatic
hydroxylations at unactivated carbons (31) and the above report that
the rate of 3A4-mediated 4-hydroxylation of tam is 0.004 pmol/min/
pmol of P450 (30) strongly indicate that 3A4 catalysis of tam hy
droxylation is negligible.

Interestingly, 4-OH-tam is approximately 100-fold more potent an
antiestrogen than tam (32, 33), and 4-OH-tam appears to be on the
pathway of formation of the reactive intermediates that bind co
valently to proteins (10) and DNA (34â€”36).Because CYP2D6 (37â€”
39) and CYP2C9 (40, 41) are polymorphic, it was of importance to
establish whether these human P450s catalyze the 4-hydroxylation
and thus resolve the existing controversy concerning catalysis of that
pathway. To resolve this controversy, the current study used three
different preparations containing human P450s: (a) P450s expressed
in Escherichia coli [reconstituted with P450 reductase and lipid 1,2-
O-dilauryl-glyceryl-3-phosphorycholine)]; (b) microsomes of lym
phoblastoma cells containing individual human cDNA-expressed
P450s; (c) microsomes of â€œsupersomesâ€•containing coexpressed
CYP2D6 and P450 reductase; and (d) human liver microsomes from
several donors. The observations in this study indicate that 4-hydroxy
lation of tam in humans is catalyzed primarily by CYP2D6.

MATERIALS AND METHODS

Materials

NADPH, glucose-6-phosphate, glucose-6-phosphate dehydrogenase, and
EDTA were purchased from Sigma Chemical Co. (St. Louis, MO). Lecithin
(dilaurylphosphatidyl choline) was from Calbiochem (La Jolla, CA). [3H-N-
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revealed that only 2D6 significantly catalyzed the 4-hydroxylation. Tam

metabolism by CYP2D6 coexpressed with P450 reductase in a baculovirus
infected insect cell line (â€œsupersomesâ€•)exhibited marked tam 4-hydroxy
lation. In an experiment with human liver microsomes, the inclusion of
quinidine, a specific 2D6 inhibitor, resulted in approximately 50% inhi
bition of tam 4-hydroxylation without affecting N-demethylation. Poly
clonal antibodies raised against 2D6 moderately inhibited (approximately
30%) the 4-hydroxylation in human liver microsomes. These results dem
onstrate a significant contribution by CYP2D6 to the catalysis of tam-4-
hydroxylation by human liver.

INTRODUCTION

Tam,3 a member of the triarylethylene class of compounds, which
exhibit antiestrogenic activity, is the endocrine therapeutic agent of
choice for all stages of breast cancer (I , 2). The observation that tam
treatment diminished the incidence of tumor formation in the con
tralateral breast prompted the current large-scale clinical trials of tam
as a chemopreventive prophylactic agent in women considered at risk
of breast cancer (3, 4). Tam, although not mutagenic in microbial
systems, appears to increase the incidence of human endometrial
cancer (5, 6), causes hepatocellular carcinoma in rats (7, 8), and elicits
high frequency of p.53 mutations (9). The mechanism of the carcino
genic activity of tam is not understood; however, the possibility that
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Table I Metabolism of tam by human livermicrosomesHuman
liver microsomes (0.5 mg of protein) containing tam (100 nmol/200,000dpm)in

a final volume of 1.0 ml were incubated in the presence of anNADPH-regeneratingsystem
at 37Â°Cfor 60 mm. This time period was selected because shorterincubationsoften

yielded low levels of 4-OH-tam, resulting in uncertain measurements.Valuesrepresent
a mean of duplicate measurements.Metabolite

(nmol) 2D6 enzymatic
Donor activityâ€•

no. tam-NO N-Desmethyl-tam 4-OH-tam(pmol/mg/min)51

1.50 1.59 1.0850757
2.05 1.11 1.8556859
1.47 2.11 0.4723481
1.29 1.58 0.9335588
0.96 0.75 0.5646395
1.41 1.62 0.7550212?
0.78 1.40 0.89457183
1.23 1.98 1.1425465
2.25 7.65 1.2087479
1.77 3.40 1.4289080
1.47 3.27 1.28856125â€•
0.85 1.64 0.90 457

CYP2D6 CATALYSIS OF TAM 4-HYDROXYLATION

of NADPH, 10 @molof glucose 6-phosphate, and 2 IU of glucose-6-phosphate

dehydrogenase) in 10 @.tmolof sodium phosphate buffer (pH 7.4) and allowed
to proceed for 60 mm. The enzyme-catalyzed reactions were terminated with
the addition of 2 ml of CH2CI.,.Following the addition of I ml of water, the
metabolites were extracted into CH2CI2 (2 X 2 ml). The combined organic
phase was washed with I ml of water and then evaporated to dryness under a
stream of N2 at ambient temperature. The residue was taken up in 2.0 ml of
ethanol, and the radioactivity of an aliquot (10 pJ) in duplicate was determined

in a Packard Tri-Carb 460 CD liquid scintillation spectrometer using an

automatic quench correction curve previously generated with a series of
quenched â€˜4Cand 3H standards. Routinely, â€”25%of the ethanolic sample was
used for chromatographic separation and quantification of metabolites on TLC,
and the rest of the sample was stored at 0â€”4Â°Cunder argon for possible
repetition of TLC. Chromatographic separation was performed on Whatman
silica gel TLC plates and developed in CHCl@:CH@OH:NH4OH (80:20:0.5,

v/vlv; Refs. 10, 21 and 43), slightly modified from the system described by

Reunitz et a!. (19). Radiolabeled metabolites on TLC were analyzed and

quantified by radioscanning using the System 2000 imaging scanner (Bioscan,
Inc., Washington, DC). In a separate experiment, we demonstrated a recovery
of more than 90% of 4-OH-tam from the incubation (determined by UV
spectra and radiometricaHy).

Microsomes of Lymphoblastoma Cells, Supersomes, and Human Liver.
Microsomes of lymphoblastoma cells containing cDNA-expressed human
P4505 were used to determine the metabolism of tam. After preincubation for
2 mm at 37Â°C in glass vials containing microsomes and radiolabeled tam in

phosphate buffer (pH 7.4), the reaction was initiated by the addition of
NADPH, as described above. The incubation was quenched with ethanol. The
resulting mixture was filtered through a 2.4-cm Whatman GF/C glass micro

fiber filter paper (21 , 43). The ethanol filtrate was evaporated to dryness under
a stream of N,, and the residue was subjected to TLC as described above. The
metabolites were analyzed and quantified by radioscanning. Incubations of

supersomes containing coexpressed CYP2D6 and NADPH-P450 reductase or
human liver microsomes with tam were conducted similarly, as described
above for lymphoblastoma cells.

RESULTS

Human liver microsomes catalyze tam 4-hydroxylation, N-dem
ethylation, and N-oxidation (Table 1). High levels of CYP2D6 enzy
matic activity in the human liver microsomes, assayed as dextro
methorphan O-demethylation, was usually accompanied by a higher

level of 4-OH-tam formation. However, this correlation has not been
always consistent. One possible explanation for the lack of consis
tency between levels of CYP2D6 activity and the rate of 4-hydroxy
lation is that the level of 4-OH-tam represents a resultant value of the

Fig. 1. Major pathway of tam metabolism.

a 206 enzymatic activity was determined by dextromethorphan O-demethylation.

b Incubation with this sample of human liver microsomes was performed at two
different times.
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methyl]tam (85.6 Ci/mmol) was obtained from DuPont-NEN (Boston, MA).
Ultima-Gold, a biodegradable scintillation fluid, was obtained from Packard
(Downers Grove, IL). Normal-phase TLC plates containing fluorescent mdi

cator and preadsorbent strip, were purchased from Whatman, Inc. (Clifton,
NJ). Human liver microsomes were purchased from the International Institute
for the Advancement of Medicine, a division of the Pennsylvania Regional
Tissue Bank (Exton, PA). Antihuman CYP2D6 polyclonal antibodies, manu
factured by Daiichi Pure Chemical Co. Ltd.; microsomes of lymphoblastoma
cells containing eDNA-expressed human P450s; and microsomes of baculo

virus-infected insect cells containing coexpressed CYP2D6 and P450 reduc

tase (supersomes) were obtained from Gentest Corporation (Woburn, MA). All
other chemicals were of reagent-grade quality and were used without further
purification.

Methods

Preparation of Liposomes

Lipid (2 mg) was dissolved in I ml of chloroform, and after vortexing, the
solution was evaporated to dryness under a stream of N2. Water (2 ml) was

added, and the residue was mixed under vortex. The aqueous solution was
sonicated using a Branston Sonicator at duty cycle 3, output 30%, under
continuous pulse for 20 s over ice. After an intermission of 30 s, the procedure
was repeated twice and the liposomes were stored at 4Â°C.

Incubations

Reconstituted System. Human P450s (10 pmol) expressed in E. coli (42),
provided by Dr. E. F. Johnson (Scripps Research Institute, La Jolla, CA), were
reconstituted with 0.2 unit of P450 reductase and 30 @gofliposomes, and kept

on ice for 25 mm with intermittent mixing. After preincubation for 2 mm at
37Â°Cin glass vials containing the reconstituted P450 and radiolabeled tam
(200,000 dpm; 100 nmol, except where indicated otherwise) in 60 @molof

phosphate buffer (pH 7.4) containing 0.1 @molof EDTA and 10 @tmolof
MgCl2, the reaction was initiated by NADPH-regenerating system (0.5 Mmol
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Addition (gd)

Preimmune PAb
serum 206Metabolite

(nmol)4-OH-tam

inhibition(%)tam-NON-Desmethyl-tam4-OH-tam30

20
00

10
300.74

Â±0.04
0.63 Â±0.05
0.68 Â±0.050.70

Â±0.04
0.72 Â±0.06
0.77 Â±0.060.29

Â±0.04
0.25 Â±0.00
0.20 Â±0.02â€•13.831.0a

p@ 0.02.

Table 4 Metabolism of tam by human P450s expressed in E.coliReconstitated

P450s (25 pmol) in the presence oflipid and reductase, in a finalvolumeof
0.4 ml containing tam (40 nmolJ200,000 dpm) and an NADPH-regeneratingsystemwere

incubated at 37Â°Cfor 60 mm. Values represent a mean of triplicate measure
ments Â±SD.Metabolite

(nmol)P450

tam-NO N-Desmethyl-tam4-OH-tam2C8

2.7 1 Â±0. 12 1.80 Â±0. 132C9
1.00Â±0.21 3.77Â± 1.10â€”2C18
1.07 Â±0.1 1 2.24 Â±0.20â€”2C19
3.27Â±0.42 7.91Â±0.33â€”2D6-Val
0.87 Â±0.14 0.93 Â±0.18 0.75 Â±0.20a

less than 0.4 nmol.

Table 5 Metabolism of tam by human P450s expressed in lymphoblastoma celllineMicrosomes
(0.5 mg of protein) and tam (50 nmol/200,000 dpm) in a final volumeof0.5

ml were incubated in the presence of an NADPH-regenerating system at 37Â°Cfor60mm.
Values represent a mean of duplicate measurements.Metabolite

(nmol)P450

tam-NO N-Desmethyl-tam4-OH-tamlAl

0.410.22lA2
0.31 0.20â€”2B6
0.23 0.27â€”2D6-Val
0.86 0.540.832C9(Arg)

+ OR 0.81 0.54â€”2El
+ OR 0.58 0.20â€”3A4

0.14 0.28â€”3A4
+ OR 0.87 0.43â€”2C8

0.20 0.26â€”2A6
0.28 0.25â€”2A6

+ OR 0.39 0.27â€”a

less than 0.4 nmol. OR, coexpressed P450 reductase.

CYP2D6 CATALYSIS OF TAM 4-HYDROXYLATION

Table 2 Effect of quinidine on tam metabolism by human liver microsomes
Incubations containing human liver microsomes (0.25 mg of protein from donor 79)

and tam (25 nmol/200,000 dpm) in a final volume of 0.5 ml were conducted in the
presence of an NADPH-regenerating system at 37Â°Cfor 60 mm. Values represent
mean Â±SD.

Metabolite (nmol)
Quinidine 4-OH-tam

(@sM) tam-NO N-Desmethyl-tam 4-OH-tam inhibition (%)

0 0.41 Â±0.06 0.52 Â±0.06 0.16 Â±0.03â€•
20 0.4 1 Â±0.04 0.55 Â±0.03 0. 11 Â±0.03 31
30 0.37 Â±0.04 0.51 Â±0.03 0.09 Â±0.03â€•
50 0.35 Â±0.02 0.47 Â±0.02 0.07 Â±0.03' 56

a The much lower activity as compared with that of the same preparation of micro
somes in Table I is apparently due to the lower concentration of tam in this experiment.

hp < 0.02.
( P@ 0.01.

Table 3 Effect of a polvclonal antibd@ against 2Db (PAb 2D6) on tam metabolism b@
human liver microsomes

Human liver microsomes (0.25 mg of protein from donor 79) and preimmune serum or
PAb 206 were kept on ice for 25 mm. Tam (25 nmol/200.000 dpm) was added in a final
volume of 0.5 ml. The incubation was conducted in the presence of an NADPH
regenerating system at 37Â°Cfor 60 mm. Values represent a mean of triplicate measure
ments Â±SD.

active toward tam 4-hydroxylation or their activity is minimal in the
liver. Last, incubation of tam with supersomes (normally more active
than other available systems) containing coexpressed CYP2D6 and
P450 reductase yielded 59 pmol/pmol of 2D6/60 mm of 4-OH-tam as
compared with 35 and 30 pmol/pmol of 2D6/60 mm obtained by
cDNA expressed 2D6 in lymphoblastoma cells and reconstituted 2D6,
respectively.

DISCUSSION

The interest in identifying the P450s catalyzing tam 4-hydroxyla
tion has been particularly keen because of the possibility that 4-OH
tam is the active anticancer tam metabolite. 4-OH-tam has an affinity
similar to estradiol for the estrogen receptor and hence has a much
higher affinity than tam for that receptor (32, 33). Also, 4-OH-tam
exhibits activity 50â€”100-fold higher than tam in inhibiting the prolif
eration of normal breast cancer cells and of MCF-7 cancer cells
(47â€”49).Thus, the perplexing observation that tam and 4-OH-tam
exhibit similar antiestrogenic potencies in vivo (50) might merely be
due to the more rapid excretion rate of the much more polar 4-OH
tam. Additionally, 4-OH-tam (trans) can undergo trans-cis isomer
ization (51), an isomerization that converts tam into an estrogen (52).
The trans-cis isomerization of 4-OH-tam in vitro has been shown to
be catalyzed by CYP (53), and based on the observation that keto
conazole inhibits that isomerization, the reaction appears to involve
catalysis by the CYP3A enzyme. Whether CYP2D6 or other P450s
catalyze the trans-cis isomerization of 4-OH-tam has not been inves
tigated.

Additional interest in catalysis of 4-hydroxylation stems from the
observation that 4-OH-tam is on the pathway of formation of the
reactive intermediates that bind covalently to proteins (10) and DNA
(34â€”36).Indeed, microsomal activation of 4-OH-tam in the presence
of DNA and cumene hydroperoxide resulted in DNA adducts that

rate of 4-OH-tam formation and the rate of its metabolism into other
compounds, such as 3,4-dihydroxy-catechol and 4-hydroxy-tam-N-
oxide, and a portion of the catechol is transformed into a reactive
intermediate that binds covalently to proteins (10). Because the rela
tive contribution of those pathways to 4-OH-tam metabolism may
differ from one liver to another, the levels of 4-OH-tam observed do
not strictly reflect the rate of its formation.

The involvement of CYP2D6 in 4-hydroxylation of tam by human
liver microsomes was demonstrated by diminished 4-OH-tam levels
in the presence of quinidine, a specific CYP2D6 inhibitor (Ref. 44;
Table 2). Additionally, polyclonal antibodies against CYP2D6 elicited
partial inhibition of 4-hydroxylation (approximately 30%) by human
liver (Table 3). The lack of a more substantial inhibition by the
antibodies suggested either that a subset of 2D6 is not accessible to
antibody inhibition or that liver microsomes contain additional en
zymes that catalyze the 4-hydroxylation.

To further examine the contribution of CYP2D6 to catalysis of tam
4-hydroxylation, a variety of recombinant human P450s, expressed in
E. coli, in a reconstituted system containing P450 reductase and lipid
was examined. Only CYP2D6 exhibited significant formation of
4-OH-tam (Table 4). Additionally, among a panel of human P450s
(1A I , IA2, 2A6, 2B6, 2C8, 2C9, 2D6, 2El , and 3A4) expressed in
lymphoblastoma cells, only CYP2D6 catalyzed detectable amount of
4-hydroxylation (Table 5). Because metabolism of some substrates by
certain P450s requires the presence of cytochrome b5 or requires b5
for optimal enzymatic activity (45, 46), we examined whether recom
binant CYP2C9 and 2D6 require b5 for optimal tam 4-hydroxylation.
Cytochrome b5 had little or no effect on 4-hydroxylation by either
enzyme; by contrast, b5 exhibited some inhibition of N-oxide accu
mulation and N-demethylation (data not shown). The observation that
even the microsomal preparations containing coexpressed P450 re
ductase and CYP 2A6, 2C9, or 3A4, which are highly active toward
certain substrates (cytochrome b5 is present in these preparations) did
not catalyze the 4-hydroxylation indicates that these enzymes are not
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CYP2D6 CATALYSIS OF TAM 4-HYDROXYLATION

corresponded in chromatographic mobility to the in vivo adducts
derived from administered tam (36). The observation that tam induces
DNA adducts in endometrial tissue of breast cancer patients (54)
suggests a possible mechanism for tam-mediated endometrial cancer;
however, whether 4-OH-tam is involved in DNA adduct formation in
uteri has not been established. Support for the latter hypothesis stems
from the finding that 4-OH-tam is activated to form DNA adducts in
uterine extracts of rats (55). Nevertheless, the crucial question of
whether these adducts are involved in the generation of liver tumors
in animals and uterine tumors in humans needs resolution.

Attempts to identify the specific P450 isoform catalyzing tam
4-hydroxylation in rodents have not hitherto been successful, and
treatment of rats with various P450 inducers did not result in an
increase in 4-hydroxylation (21), indicating that the 4-hydroxylase
in rats represents a constitutive enzyme. By contrast, the current
study with human P450s provides conclusive evidence that
CYP2D6 that is a major catalyst of tam 4-hydroxylation in human
livers. With respect to the involvement of other P450s in that
reaction, one study, based on correlation between the levels of a
given P450 isoform and tam 4-hydroxylation, proposed that 2C9 is
a primary catalyst of 4-hydroxylation and that 2C8 and 2D6 are
also involved, albeit the correlation coefficient of the latter two
was not statistically significant (26). Additionally, based on mo
lecular modeling of enzyme-substrate interactions, Wiseman and
Lewis (56) rationalized a mechanism via which 2C9 is involved in
4-hydroxylation of tam. These authors suggested that a refinement
of their proposed model is required to justify the participation of
2D6 in the 4-hydroxylation (56); unfortunately, no such model
alteration was provided. Our studies do not support the above
conclusions (26, 56) because we found that neither the recombi
nant 2C9, expressed in E. coli, nor 2C9, expressed in the lympho
blastoma cell line with coexpressed reductase, could catalyze de
tectable levels of 4-hydroxylation. By contrast, reconstituted
CYP2D6 and microsomes containing 2D6 expressed in lympho
blastoma or insect cells catalyzed the 4-hydroxylation. Further
support for 2D6 catalysis of 4-hydroxylation in human liver mi
crosomes is based on marked inhibition of that reaction by quin
idine and on its partial inhibition by polyclonal antibodies raised
against 2D6.

The observation that the 2D6-mediated catalysis of tam 4-hy
droxylation yields relatively low levels of 4-OH-tam suggested
that cytochrome b5 may be required for optimal rates of that
reaction. Indeed, earlier studies implicated the involvement of
cytochrome b5 in certain P450-mediated hydroxylation reactions
(45, 46), and it has been suggested that b5 is required for transport
of the second electron (57). Recently, it was shown that CYP3A4
requires cytochrome b5 for catalysis of hydroxylation of certain
substrates (58, 59), and using apo-b5, it was demonstrated that
electron transfer via b5 was not required (58). However, our studies
with reconstituted CYP2D6 indicate that cytochrome b5 is not
essential for the 4-hydroxylation of tam. Hence, we propose that
the low levels of 4-OH-tam detected in mammals (60, 61) are due
to the fact that the 4-OH-tam does not accumulate, due to further
metabolism by ortho-hydroxylation into a catechol and other me
tabolites; in turn, these metabolites are subsequently depleted
through their participation in covalent binding (10). In fact, low
levels of the catechol (3,4-di-OH-tam) have been detected in vivo
and in vitro (32, 60, 61). We have reported significant accumula
tion of the catechol 3,4-di-OH-tam by trapping it as the monome
thoxy derivative, indicating that 3,4-di-OH-tam is indeed pro
duced, but its accumulation is diminished due to its further
transformation and covalent binding (10).

Last, because CYP2D6 is polymorphic (37â€”39),it is conceivable

that the amount of 4-OH-tam generated would vary widely among
cancer patients, and consequently, a given dose of tam may yield
altered therapeutic efficacy and side effects in certain individuals. The
findings that activation of 4-OH-tam by human hepatic microsomes
results in greater covalent binding than activation of tam suggest that
4-OH-tam could potentially be more deleterious than tam despite
being a more potent antiestrogen. These and other considerations
made it important to investigate which human P450s catalyze the
4-hydroxylation.
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