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ABSTRACT

Tamoxifen (TXF), a triphenylethylene antiestrogen, is the major ther
apeutic agent for breast cancer. In rare cases, TXF treatment appears to
increase incidence of endometrial cancer. Also in rats, TXF was found to
induce hepatocellular carcinoma. Previous studies suggested that metab
olism of TXF may contribute to its antiestrogenic and anticancer activity.
The current study demonstrates a novel route of TXF metabolism. TXF
is metabolized by rat and human liver microsomes into a reactive inter
mediate (txfÂ«) which binds irreversibly to microsomal proteins. The

binding requires NADPH and O2 and is inhibited by CO, inhibitors of
P-450, and antibodies to rat NADPH-P450 reducÃase, indicating catalysis

by P4SO. PhÃ©nobarbital treatment of rats markedly increases binding,
suggesting the involvement of induced P450s. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis of proteins from incubation of |I4('|

TXF with phenobarbital-treated microsomes exhibits a major radiola-

beled zone which corresponds to a molecular weight of approximately
54,000, suggesting binding to a P-450. Cysteine and glutathione inhibited
the binding of TXF without significantly affecting P-450-mediated me

tabolism of TXF, possibly by reacting with txfÂ«or by competing for the
same binding sites. Exposure of phenobarbital-treated microsomes and
control-microsomes to 50Â°Cfor 90 s, which inactivates the flavin-con

taining monooxygenase (FMO), diminished binding and pH 8.6 enhanced
binding. Also, alternate FMO substrates inhibited binding. These findings
indicate that P-450 and possibly FMO catalyze the reactions leading to
the formation of txfÂ«.However, incubations with single-labeled and dual-
radiolabeled tamoxifen or with 114(11\l-\-o\iiJc demonstrated that nion-

odesmethyl-TXF and TXF-yV-oxide, the principal P-450 and FMO-
mediated metabolites, respectively, are not on the major route of txf*
formation, indicating that txfÂ»could not be an aldehyde derived from
tamoxifen nitrone. Thus, though the structure of txfÂ«was not character
ized, certain possibilities were excluded. Speculations on the structure of
txfÂ«and on its possible pharmacological and toxicological activity are

presented.

INTRODUCTION

Tamoxifen |Z-|l-[4-(2-dimethyl-aminoethoxy)phenyl]-l,2-
diphenyl-1 -butÃ¨nej), the major therapeutic agent for breast
cancer, belongs to the triphenylethylene class of compounds
(Fig. 1), which demonstrate antiestrogenic activity in animals
and in tissue culture (1-3). Interesting, albeit most puzzling, is
the observation that tamoxifen exhibits both estrogen agonist
and antagonist activity and that the extent of the opposed
activities depends on the animal species used. Thus, tamoxifen
is a full estrogen agonist in the mouse, a partial agonist/
antagonist in the rat, and a pure antagonist in the chick (4-6).
Several studies suggested that the antiestrogenic action of the
triphenylethylene class of compounds involves binding to the
estrogen receptor at the estrogen binding site (7). Others pro-
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posed that the antiestrogenic action of triphenylethylenes may
involve binding to an antiestrogen-binding site (8, 9). However,
despite numerous studies, the mechanism of the antiestrogenic
action of tamoxifen and of other triphenylethylene derivatives
is still not fully understood.

The antiestrogenic activity of tamoxifen was the prime factor
in its development and its current use as a therapeutic agent in
the treatment of breast cancer (10). More recently it has been
proposed that tamoxifen be used in long-term prophylactic
treatment. However, of some concern are the observations that,
in rare cases, tamoxifen treatment evoked endometriosis and
increased incidence of endometrial cancer (11-13). Addition
ally, tamoxifen treatment induces Leydig cell and ovarian tu
mors in mice and hepatocellular carcinoma in rats (14, 15).

A considerable number of xenobiotic compounds undergo
metabolic activation, resulting in covalent binding to proteins
or DNA (16). Such covalent binding with certain compounds
produces tissue toxicity and/or carcinogenicity. However, the
generation of a reactive intermediate and covalent binding could
be beneficial by causing activation of a drug, e.g., cyclophos-
phamide (16), or inactivation of certain endogenous proteins,
possibly by marking them for proteolysis (17). Our earlier
studies demonstrated that TACE,3 which like tamoxifen ex

hibits both partial estrogen agonist and antagonist activity (18),
undergoes metabolic activation by cytochrome P-450 monoox
ygenase and covalent binding to proteins (19, 20). The meta
bolic activation of TACE in vitro was accompanied by a decrease
in estradici binding to the estrogen receptor, and we speculated
that the antiestrogenic activity of chlorotrianisene may involve
the irreversible binding of the reactive intermediate to the
uterine estrogen receptor (21). The structural similarity of
tamoxifen and TACE (Fig. 1) and their similar estrogenic/
antiestrogenic activity suggest that they are likely to have a
similar mechanism of action.

The above observations and our preliminary findings that
tamoxifen could undergo metabolic activation (21) prompted
us to investigate whether the binding of activated tamoxifen to
proteins is irreversible and to examine the enzymatic activity
catalyzing that reaction.

MATERIALS AND METHODS

NADPH, glucose 6-phosphate, glucose-6-phosphate dehydrogenase,
EDTA disodium salt, SDS, cysteine, glutathione, methimazole, and
tris (Trisma base) were purchased from Sigma Chemical Co. (St. Louis,
MO). 1-Benzylimidazole was from Aldrich (Milwaukee, WI). SKF-
525A.HC1 was a gift from Smith, Kline, and French Laboratories
(Philadelphia, PA). Metyrapone was a gift from Ciba Pharmaceutical
Co. (Ardsley, NY). Tamoxifen and tamoxifen citrate were a gift from
ICI Pharmaceuticals Group (Wilmington, DE). [r//iÂ£-'4C]Tamoxifen

3The abbreviations used are: TACE, chlorotrianisene; SDS. sodium dodecyl
sulfate; PAGE, polyacrylamide gel electrophoresis; PB, phÃ©nobarbital;txfÂ«,re
active intermediate of tamoxifen; MC, methylcholanthrene; FMO, flavin-contain
ing monooxygenase; RSH, sulfhydryl-containing compounds; GSH, glutathione;
ER, estrogen receptor; s, singlet; t, triplet; q, quartet; m, multiplet.
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Fig. 1. Structures of tamoxifen and TACE. The thick lines demonstrate
structural similarity.

citrate (21 mCi/mol) was purchased from Amersham Searle Corp.
(Arlington Heights, IL). Methylcholanthrene, electrophoresis duplicat
ing paper (20.3 x 25.4 cm), and X-ray film (X-Omat AR film, 20.3 x
22.9 cm) were from Eastman Kodak (Rochester, NY). PhÃ©nobarbital
sodium and reagent-grade solvents were purchased from Mallinckrodt
(St. Louis, MO). Corn oil (USP grade) was from Matheson, Coleman,
and Bell (Cincinnati, OH). Compressed gases were from Linde Co.
(Danbury, CT). Ultima-Gold scintillation fluid was from Packard
(Downers Grove, IL). The molecular weight standards (A/, 10,000 to
100,000) and the chemicals used for the SDS-PAGE were obtained
from Bio-Rad Laboratories (Richmond, CA). All other chemicals were
of reagent grade quality and were used without further purification.

Animals and Treatment. Sprague-Dawley male and female CD rats
(90 to 100 g) were purchased from Charles River Breeding Laboratories
(Wilmington, MA) and were kept in a room with controlled tempera
ture (22Â°C)and light (12-h light/dark cycle; lights off at 7:00 p.m.

Eastern daylight-saving time). PhÃ©nobarbitaltreatment (37.5 mg/kg
i.p. in 0.2 ml of H2O twice daily) was for 4 days. Liver microsomes
were prepared 12 h after the last injection. Methylcholanthrene treat
ment (25 mg/kg i.p. in 0.4 ml of corn oil once daily) was for 3 days,
and liver microsomes were prepared 48 h after the last injection.
Control animals from each treatment group received injections of the
vehicle only. Microsomes were prepared as previously described (22)
and, unless stated otherwise, they represented a pool of 4 to 8 livers.
The resulting microsomal pellet was washed by resuspension in 1.15%
aqueous KC1 followed by centrifugation at 105,000 x g for 1 h. The
supernatant was discarded, and the microsomal pellet was covered with
2 ml of 1.15% KC1 and stored at -70Â°Cuntil use.

Incubations and Workup. Incubations were carried out in 20-ml glass
scintillation vials containing the following: 0.6 ml of sodium phosphate
buffer (pH 7.4, 60 iimol); 0.1 ml of MgCl2 solution (10 Â¿Â¿mol);micro
somal suspension (0.75 to 1.0 mg) of protein in 0.1 ml of 1.15%
aqueous KC1;EDTA (0.1 ^mol); ['"Cltamoxifen citrate (usually 200,000
dpm and 100 nmol) in 5 or 10 n\ of ethanol; NADPH-regenerating
system (glucose 6-phosphate, 10 ^mol; NADPH, 0.5 iimol; glucose-6-

phosphate dehydrogenase, 2 IU) in 0.1 ml of sodium phosphate buffer
(pH 7.4, lO^mo!); and 0.1 ml of H2O in a final volume of 1.0 ml. After
preincubation at 37Â°Cfor 2 min, the reaction was initiated by adding
the NADPH-regenerating system and incubated at 37Â°Cfor 60 min

under an atmosphere of air (unless stated otherwise) in a water-bath
shaker. The reaction was terminated by adding 10 ml of ethanol.

The sample was filtered through a 2.4-cm Whatman GF/C glass
microfiber filter (Whatman, Ltd., Maidstone, England) in a filter holder
(Schleicher and Schuell, Inc., Keene, NH) attached to a vacuum filter
flask. The trapped precipitate was washed by passing the following
solvents through the filter (20, 25): ethanol, 10 ml; methanol, 20 ml;
hexane, 40 ml; methanol:ether (3:1), 60 ml; and methanol:ether (1:3),
40 ml. The filter was then placed in a 20-ml scintillation vial with 2 ml
of a 2% aqueous SDS solution and permitted to shake in a water-bath
shaker at 37Â°Cfor 2 h to solubilize the proteins. The solution was

transferred to a 12- x 75-mm glass culture tube, and the incubation vial
was rinsed with 1 ml of the 2% SDS solution which was then added to
the tube. The resulting solution was centrifugation at 2400 x g for 10

min; a I-ml aliquot of the supernatant was placed in a scintillation vial
containing 10 ml of Ultima-Gold, and the radioactive content (dpm)
was determined in a Packard Tri-Carb 460 CD spectrometer, using an
automatic quench correction curve generated with 14Cstandards. Oc

casionally counting was repeated, using spectra from 8 to 156 keV, to
minimize counts due to chemiluminescence; in all cases examined,
chemiluminescence did not contribute to counts. A 0.3-ml aliquot of
the SDS solution was used for protein determination by a modified
Lowry procedure (23, 24). Recoveries of proteins were usually above
80%. Results were expressed as nmol of tamoxifen (equivalents) bound
per mg of protein recovered from the GF/C filter.

SDS-PAGE. The precipitate eluted from the GF/C filter was sub
jected to analysis by SDS-PAGE according to a modification of the
Laemmli method (26). Electrophoresis was carried out with a 4%
stacking gel and a 10% polyacrylamide separating gel (11.5 cm long
and 16 cm wide). The lower reservoir contained 0.29 MTris.HCl buffer,
pH 9.2, and the upper reservoir contained a buffer of 0.025 M Tris,
0.192 Mglycine, and 0.1% SDS (pH approximately 8.3 to 8.6). Sample
buffer was 0.0625 M tris, 2% SDS, 10% glycerol, and 5% mercaptoeth-
anol, pH 6.8. After sample application, electrophoresis was conducted
at 10 mA until reaching stacking gel and at 25 mA for 6 h. Molecular
weight marker proteins were run alongside the sample: myosin M,
205,000; 0-galactosidase (M, 116,000); phosphorylase (M, 97,000);
bovine albumin (M, 66,000); egg albumin (M, 44,000); and carbonic
anhydrase (M, 29,000). The gel was stained with Coomassie Blue, and
the radioactivity associated with the different protein bands was deter
mined. After Coomassie Blue staining, the gel was soaked for 30 min
in Amplify, dried, and placed over a sheet of Kodak X-ray film for 4
wk at â€”¿�70Â°Cprior to film processing. Quantitation of the percentage

of radioactivity in the various zones in the dried gels was achieved with
a System 200 imaging scanner (Bioscan, Inc., Washington, DC).

Synthesis of Tamoxifen /V-Oxide. One-half ml of 30% H2O2 was
added to tamoxifen (15 mg) dissolved in 1 ml of high-pressure liquid
chromatography grade methanol. The solution was stored in the dark
for 24 h and evaporated to dryness under a stream of N2 at room
temperature. To remove residual H2O2, 1.5 ml of ethanol were added,
and the solution was evaporated to dryness. The synthesis was similar
to that reported by Foster et al. (35) except that we omitted platinum
oxide, since a product which did not crystallize was produced in the
presence of the catalyst. The resulting material exhibited 'H NMR (90
MHz, CDCl3-trimethylsilane): ppm (b) 0.90 (t, 3H, J 7.5 Hz, CH3CH2);
2.47 (q, 2H, J 8.4 Hz, CH2CH2); 3.23 [s, 6H, N(CH3)2]; 3.63 [t(?), 2H,
NCH2CH2]; 4.37 (t, 2H, J 4.5 Hz, OCH2CH3); 7.17 (s, Ph); and 7.31
(m, Ph). This was essentially the same NMR as that previously reported
for tamoxifen TV-oxide(35). Chromatography on Whatman silica gel
thin-layer chromatography plates developed in CHCl3:meth-
anol:NH4OH (80:20:0.5) yielded Rf of 0.2, with tamoxifen, 0.6, and 4-
hydroxytamoxifen, 0.5.

Preparation of Radiolabeled Tamoxifen-TV-Oxide. [/â€¢//ig-'4C]Tamoxi-
fen citrate (2.4 x IO6dpm, 1.2 ^mol) was placed in 1 ml of water. The

suspension was made basic with 0.1 N NaOH to a pH of approximately
11, and the tamoxifen was extracted with 10 ml of ether. The ether
phase was washed with water to neutrality and evaporated under N2
(recovery based on radioactivity was 90.8%). The residue was dissolved
in 0.5 ml of methanol to which were added 0.2 ml of H2O2.The solution
was left standing in the dark for 24 h, and the workup was as described
above. Thin-layer chromatography revealed a single radioactive spot,
using a Bioscan imaging scanner, with an identical Rf to that of
radioinert Â¿V-oxide.Identification of the radiolabeled TV-oxideis based
on the observation that incubation with liver microsomes, NADPH,
and methimazole yielded a product with identical Rf to that of tamox
ifen. For future use, the /V-oxide was dissolved in ethanol and kept at
4Â°C.Prior to use, purity was established by thin-layer chromatography.

RESULTS AND DISCUSSION

Characteristics of the Activation and Binding of Tamoxifen to
Proteins. Incubation of l4C-labeled tamoxifen with liver micro
somes from untreated (control-microsomes) or from phenobar-
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P450-CATALYZED BINDING OF TAMOXIFEN TO PROTEINS

Table 1 Effect of PB and MC treatment of male and female rats on binding of
tamoxifen (equivalents) to liver microsomal proteins

ExperimentTreatment"'''1

ControlPBControlPB2

ControlPBControlPB3

Control(b)dPB

(5)Control
(5)PB

(4)4

ControlMCSexMMMMFFFFMMFFMMIncubation'

(min)3030606030306060606060606060Tamoxifen

bound
(nmol/mg
ofprotein)0.220.790.382.240.311.140.602.260.28

Â±0.03'I.80Â±
0.09!0.49

Â±0.061.63Â±0.05/0.400.37

* Each set of microsomes, except in Experiment 3, represents a pooled sample

from livers of 4 to 8 male or female rats.
* Control rats for PB treatment received the same regimen of the vehicle

(water). Control for MC treatment received the same regimen of corn oil.
'One mg of microsomal protein and 100 MM|'4C]tamoxifen were used per

incubation. Values represent the mean of duplicate or triplicate incubations after
subtracting values from corresponding incubations conducted in the absence of
NADPH. In the absence of NADPH in control and PB microsomes, there was
binding varying from 0.1 to 0.2 nmol/mg of protein.

d Numbers in parentheses, number of rats.
' Mean Â±SEM from individual rats.
1P Â£0.001 is the probability that the values of PB-microsomes were equal to

those of control-microsomes.

bital-treated (PB-microsomes) male and female rats, in the
presence of NADPH, yielded radiolabeled microsomal proteins
(Table 1). There was a much higher binding activity of
tamoxifen4 with PB-microsomes than with control-micro-

somes, suggesting that PB treatment increased the rate of
formation of txf* or that PB treatment increased the number
of binding sites in the microsomal proteins. By contrast, MC
treatment did not affect binding activity, being similar to con
trol-microsomes (Table 1).

The binding of tamoxifen to proteins appears to be irrevers
ible, since extensive washings with a variety of solvents of widely
different polarities did not dissociate the radiolabel from the
proteins. Additional evidence for irreversible binding, most
probably covalent, was obtained by subjecting the labeled pro-
tein-tamoxifen adducts to SDS-PAGE, followed by Commassie
Blue staining and autoradiofluorography (Fig. 2). Several bands
were detected by protein staining, but the radioactivity remained
associated primarily with a narrow band at M, ~54,000 (40.5%
of the radioactivity) and a broader band of more than 300,000
(31.7%). Also, a small amount of radioactivity (8.1 %) remained
in the well, apparently associated with aggregates. The molec
ular weight region of 50,000 to 60,000 represents several classes
of enzymes: P-450 isozymes; FMO; and esterases. Since FMOs
exhibit molecular weight values between 56,000 and 58,000
and esterases exhibit molecular weights of 59,000 to 60,000
(27, 28), we speculate that the binding of activated tamoxifen
to 54,000 protein is to a P-450. Hitherto it has not been
established whether the binding is, indeed, to P-450 and, if so,
whether it inhibits P-450 enzymatic activity. Our findings dem
onstrate that 60-min incubation of radioinert tamoxifen with
liver microsomes did not decrease spectrally assayed P-450: the,
mean Â±SE of triplicate determinations = 0.86 Â±0.01 nmol/
mg (tamoxifen + NADPH) versus 0.83 Â±0.01 (NADPH).

4 Since the structure of the modified tamoxifen in the adduci has not been
established, binding merely reflects that of tamoxifen equivalents.

Interestingly, in the rat, the effects of tamoxifen on liver P-450s
appear to be sexually dimorphic. The administration of tamox
ifen to ovariectomized or intact female rats did not alter P-450
levels nor its catalytic activity (29, 30). However, in male rats,
tamoxifen elicited a decrease in P-450 level and diminished aryl
hydrocarbon hydroxylase activity (30). The mechanism of those
effects on P-450 in the male rat is not known.

The binding of [uC]tamoxifen was found to be linear up to a

concentration of 25 Â¿Â¿M,assayed after 30-min incubation; satu

ration occurred at approximately 100 ^M tamoxifen (Fig. 3A).
Linearity of binding was up to 60 min with 100 //M tamoxifen
(Fig. 3Ã„). Varying the microsomal protein concentration
showed linearity up to and including 1 mg of protein (not
shown).

Evidence for Catalysis by Cytochrome P-450. Results indicate
that the irreversible binding of tamoxifen is catalyzed by cyto-
chrome P-450 monooxygenase. The reaction is strongly inhib
ited by carbon monoxide (Table 2) and by inhibitors of cyto-
chrome P-450 monooxygenases (Table 3). Antiserum to
NADPH-P450 reducÃasemarkedly inhibited binding (Fig. 4).
The observation that binding was low in both male and female
rat control-microsomes (Table 1) indicates that constitutive
male-specific P450s and female-predominant P450 do not con
tribute significantly to activation of tamoxifen. The findings
that PB treatment of male and female rats markedly increases
the rate of irreversible binding of tamoxifen suggest that P450b/
e (IIB1/IIB2) and/or P450p (IIIA1), known to be induced by
PB (31, 32), catalyzes the formation of the reactive intermedi
ate. Preliminary evidence that antibodies to P-450b inhibit
tamoxifen binding (not shown) supports this conclusion. How
ever, the possibility that PB treatment increased the number of
txf*-binding sites in the microsomal proteins was not ruled out.

Evidence for Catalysis by FMO. Heating microsomes at 50Â°C

for 90 s, known to inactivate liver FMO but not cytochrome P-
450 (33), markedly diminished binding of tamoxifen (Table 4;
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Fig. 2. SDS-PAGE and autofluorography of microsomal proteins from incu

bation of male rat liver PB-microsomes with 100 nM ['4C]tamoxifen..4 represents

a dried gel of Coomassie Blue staining (drying caused some distortion): Lane 2
depicts proteins from the incubation: Lanes I and 3 exhibit molecular weight
marker proteins. B represents a fluorogram of Lane 2 of the dried gel of A
(conditions are described in "Materials and Methods").
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Fig. 3. A, tamoxifen binding as a function of tamoxifen concentration. Incu
bations containing 1 mg of male rat PB-microsomal protein were carried out for
30 min. Points, mean of triplicate determinations; bars, SE. B, time course of
tamoxifen binding. Incubations of 50 and 100 MM['"CJtamoxifen were carried
out with male PB-microsomes (1 mg of protein). Points are the mean of triplicate
determinations; variability is less than 5%.

Footnote 5). Incubations at pH 8.6, apparently the optimal pH
for FMO (34), produced greater binding of tamoxifen than
incubations at pH 7.4. However, contrary to expectations, there
was a significant decrease in A'-oxide levels at the alkaline pH6

(data not shown), indicating that tamoxifen behaves differently
than do certain other FMO substrates. Inhibitors/alternate
substrates of FMO significantly lowered binding (Table 5).
Methimazole (0.2 and 1 mM, 60-min incubation) preferentially
inhibited FMO, inhibiting the accumulation of tamoxifen N-
oxide (85 to 100% inhibition) but not the formation of 4-
hydroxytamoxifen (a P-450-mediated product). However, sig

nificant inhibition of TV-demethylation by methimazole was
observed, indicating inhibition of a certain P-450-mediated
reaction. At 0.01 and 0.05 mM methimazole (15-min incuba
tion), the inhibition was 15% of A'-demethylation, 40% of

TV-oxide accumulation, and 40% of binding. Octylamine, a
presumed positive effector of FMO (42), exhibited primarily
inhibition of the P-450-mediated reactions, tamoxifen-A'-

demethylation (75% inhibition), and 4-hydroxylation (100%

Table 2 Influence of various gas mixtures on binding of tamoxifen equivalents to
male PB-microsomal proteins

Incubations contained 1 mgof microsomal protein and lOOfiM [MC]tamoxifen

and were conducted for 60 min.

AtmosphereAir

Oxygen
N2:02(4:l)
CO:O2(4:1)Binding

of tamoxifen
(nmol/mg ofprotein)1.64

Â±0.27"

1.62 Â±0.29
1.96 Â±0.07 (100)*
O.I9Â±0.04C(10)

" Mean Â±SEM of triplicate determinations (values of corresponding incuba

tions in the absence of NADPH were subtracted).
* Numbers in parentheses, percentage versus the corresponding control.
c P< 0.001 vmiwN2:O2(4:I).

Table 3 Binding of tamoxifen (equivalents) to microsomal proteins in the
presence of inhibitors of cylochrome P-450 monooxygenases

Each incubation contained 1 mg of microsomal protein from PB-treated male
rats and 100 pM ['4C)tamoxifen; incubations were conducted for 60 min. Each

value represents the mean of two or three incubations (values of corresponding
incubations in the absence of NADPH were subtracted).

Experiment1Additions,miviSKF52SA.0.5

Metyrapone, 0.5Tamoxifen

bound
(nmol/mg of

protein)1.98

0.13"

0.15%

ofcontrol100

7
8

Benzylimidazole
0.01
0.10
1.00

2.14

1.09
0.30
0.04

100

51
14
2

" The addition of SKF 525A.HCI did not alter the pH of the incubation

medium.

140r

ino

80

40

20

10 15

*For unknown reasons in certain experiments, similar heat treatment of liver

microsomes diminished tamoxifen binding by 80 to 86%.
*/V-Oxide levels represent the result of the rate of tamoxifen oxidation and N-

oxide reduction; at higher pH, there was some increase in reduction.
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Fig. 4. Effect of antiserum containing polyclonal antibodies to NADPH-P450
reducÃaseon tamoxifen binding. O, nonimmune rabbit serum; â€¢¿�,immune serum.
Each incubation containing 0.75 mg of PB-microsomal protein and 100 MM[I4C]
tamoxifen and antiserum or an equivalent amount of nonimmune serum proteins
was carried out in triplicate for 60 min. Points, percentage of control (100%)
which did not contain either nonimmune or immune serum.
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P450-CATALVZED BINDING OF TAMOXIFEN TO PROTEINS

Table 4 Effects of incubation pH and heal treatment of male PB-microsomes on
the binding oftamoxifen (equivalents) to microsomal proteins

Incubations were in triplicate and were conducted with l mg of microsomal
protein and 100 MM[l4C]tamo\ifen for 60 min. In Experiments 3 to 5. control
represents PB-microsomes kept on ice prior to initiation of reaction; the pH of
incubations was 7.4. In Experiments 3 and 4. each of the triplicates was individ
ually heated: in Experiment 5. a pooled microsomal sample was heated and. after
heating, aliquots were taken for individual incubations.

Tamoxifen bound

Experiment1

pH 7.4
pH8.62

pH 7.4
pH8.63

Control
50-C, 90s4

Control
50'C, 90s5

Control
50'C. 90 snmol/mg

ofprotein1.59
Â±0.061Â°

2.19Â±0.010*2.17

Â±0.0562.74
Â±o.iy2.05

Â±0.15
1.22Â±0.22''2.06

Â±0.099
1.28 Â±0.050"2.11

Â±0.047
1.05 Â±0.046*%

ofcontrol100

137100

126100

60100

6210050

" Mean Â±SD of triplicates from which the values of corresponding incubations

in the absence of NADPH were subtracted.
"Ps 0.001.
' P < 0.025.
">< 0.010.

Table 5 Effect of FMO alternate substrates/inhibitors on the binding oftamo\ij'en (equivalents) to male PB-nticrosomal proteins

Incubations were in triplicate and were conducted with 1 mg of microsomal
protein and 100 /IM [MC]tamoxifen for 60 min. Values of corresponding incuba

tions in the absence of NADPH were subtracted and represent the mean Â±SD
for triplicates, except in Experiments IB and 2B which were conducted in
duplicate and for 15 min.

TamoxifenboundExperiment

Additions1AMethimazole,

0.2niMMethimazole,
1.0m\iBMethimazole,

0.01mMMethimazole.
0.05mMMethimazole.
0.20mM2AThiourea,

10MMBThiourea.

50MMThiourea.
100MM3Chlorpromazine,

1MMChlorpromazine,
10MM4n-Octylamine,

5 mMnmol/mg

ofprotein2.14

Â±0.110.72
Â±O.O.r0.42
Â±0.07"0.61*0.390.350.271.59

Â±0.0611.31
Â±0.045'0.61*0.440.422.17

Â±0.0561.88
Â±0.03T1.

30 Â±0.136"1.51

Â±0.100.22
Â±0.17Â°%

ofcontrol1003420100645744100831007270100876010015

"/>< 0.001.
* No statistical analysis; values represent average of duplicates.
r P < 0.005.

inhibition), but surprisingly octylamine also inhibited the ac
cumulation of the /V-oxide, albeit only by approximately 32%
(data not shown). Though our findings indicate that inhibition
of P-450 essentially eliminates binding oftamoxifen, the above
results suggest the possibility that, in addition to P-450, FMO
may also be involved in catalysis of the binding of tamoxifen.
However, in view of our findings that, in certain experiments,
heat significantly diminished A'-demethylation of tamoxifen,7

7 In two additional experiments, heat treatment of microsomes diminished A-
oxide accumulation by 95CÂ¿and 83rr, respectively. In those experiments. 4-
hydroxylation was not affected, and ,\'-demethylation was inhibited by 47 and

27%, respectively.

0 20 411

Time in Minutes

Fig. 5. Binding of (C'Hj)jA'-tamoxifen and [rinjc-MC]tamoxifen to PB-micro-
somcs as a function of time.

the possibility that heat inactivates a specific P-450 isozyme
that catalyzes txf* formation was not ruled out. Additionally,
it is conceivable that heat merely inactivated and higher pH
activated the protein binding sites for txf*.

Characteristics of the Reactive Intermediate. Earlier studies
demonstrated that liver microsomes metabolized tamoxifen by
ring hydroxylation, A'-oxidation, and yV-demethylation (35).
FMO is known to catalyze A'-oxidation, sec-amine demethyla-
tion, but not hydroxylations. The FMO-mediated activation of
secondary aryl amines via formation of nitrones has been de
scribed (41), and nitrone formation from aliphatic secondary
amines by FMO has been observed (43). Hence, it appeared
conceivable that the reactive intermediate of tamoxifen could
be derived from the A'-oxide or from the monodesmethyl me

tabolite via nitrone. The latter possibility, however, was ruled
out by an experiment using labeled substrate composed of
[C'H.,]2-A'-tamoxifen and [r;n#-uC]tamoxifen (Fig. 5). There
was no loss of the 'H label up to 30-min incubation, and only
a small loss of 'H thereafter. The small decrease in radioactivity
probably reflects competition for binding by monodesmethyl-
tamoxifen possessing only half the amount of tritium originally
present in tamoxifen. These Findings indicated that nitrone
formation and demethylation-yielding formaldehyde were not
a major route for generating the reactive intermediate.8

The possibility that tamoxifen A'-oxide was on the route of
formation of txf* from tamoxifen was examined. The incuba
tion of synthetic [MC]tamoxifen A'-oxide with PB-microsomes

resulted in labeling of the proteins, albeit at about half the rate
ofthat achieved with labeled tamoxifen. This indicated that the
A'-oxide was not on the major path of formation of txf*. It is
possible that the apparent binding of the A'-oxide actually

proceeds via its initial reduction to tamoxifen, which then
undergoes activation. Indeed, we observed that, during incuba
tion of the A'-oxide with liver microsomes, about 10% of the A'-

oxide is reduced to tamoxifen (data not shown).
Of interest is the finding by Reunitz et al. (36) that the

incubation of tamoxifen with liver microsomes yields a metab-

8The possibility that the observed 'H represented 'H-labeled HCHO derived
from .Y-demethylation of tamoxifen. bound to protein via a Schiff base, is highly
unlikely. Vve previously observed that, under similar conditions of incubation of
'"C-labeled HCHO with PB-microsomes. in the presence or absence of NADPH,

there were no detectable radiolabeled proteins.
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Table 6 Inhibition hy sulfhydryl-containing compounds oj the binding oj
tamoxifen (Ã©quivalents)to liver microsomal proteins from PB-trealed male rats

Incubation contained 1 mg of microsomal protein and 100 /JM |'4C]tamo\ifen

and was conducted for 60 min.

Additions(rriM)Cysteine110Glutathionc110.Manine110Mctliioninc110Tamoxifen

bound
(nmol/mg of
protein)2.04

Â±0.14Â°0.61

Â±0.04''0.06'1.29

Â±0.07*0.28
Â±0.02"2.

15Â±0.181.94
+0.131.92

+0.131.83
Â±0.19%

ofcontrol1003036314105959490

" Mean Â±SD of triplicate incubations from which values of corresponding

incubations in the absence of NADPH were subtracted.
* P < 0.001.
' Average of duplicates.

Table 7 Binding of tamoxifen equivalents to human liver microsomal proteins

Patient no."

Tamoxifen bound
(nmol/mg of

protein)

20601
20453
20309
19907
Pooled sample'
Rat liver*

0.30 + 0.10*

0.02 Â±0
0.10 + 0.015
0.06 Â±0.02
0.07 Â±0.01
1.90 + 0.01

" Liver samples were obtained from National Disease Research Interchange
(Philadelphia. PA). One mg of microsomal protein and 100 |iM [uC]tamoxifen

were incubated in the presence of NADPH for 60 min.
h Mean Â±SD of triplicate incubations after subtracting values of incubations

conducted in the absence of NADPH.
' Pooled microsomes from livers of the above 4 patients.
a Pooled microsomes from 8 PB-treated male rats.

olite, which, though not fully characterized, appeared to be the
tamoxifen epoxide. However, others were unable to demon
strate the formation of tamoxifen epoxide by liver microsomes
(37). If our incubation conditions yield tamoxifen epoxide, then
it is conceivable that txf* could be tamoxifen epoxide and/or
tamoxifen epoxide /V-oxide. Future studies will explore this
possibility.

Effects of RSH. Cysteine and GSH markedly inhibited the
binding of tamoxifen to proteins (Table 6). Similarly, yV-acetyl-
cysteine inhibited binding (not shown); alanine and methionine
had no effect. The inhibition by 1 ITIMcysteine was of similar
magnitude independent of the duration of incubation of up to
60 min (not shown). Cysteine and GSH did not affect the
metabolic transformation of tamoxifen by P-450, evidenced by
the lack of inhibition of the 4-hydroxylation and A'-demethyla-

tion; however, at 10 ITIMRSH, considerable inhibition of N-
oxide accumulation and only minimal inhibition of /V-demeth-
ylation were noted (data not shown). Nevertheless, it is possible
that RSH diminish the levels of txf* by inhibiting txf* formation
by certain P-450 isozymes or FMO, or by reacting with txf* to
form RSH-txf* adducts. The latter, however, appears unlikely,
since hitherto we did not detect such highly polar metabolites.
Alternatively, it is conceivable that RSH merely react with the
txf*-binding sites on the proteins and interfere with txf* bind
ing. Indeed, the incubation of GSH with liver microsomes and
NADPH resulted in mixed disulfides (GS-S-proteins).9 The

9 M. Juedes and D. Kupfer, unpublished results.

mechanism of inhibition of binding by these RSH remains to
be resolved.

Human Studies. Human liver microsomes from several indi
vidual donors were much less active in binding tamoxifen than
were liver microsomes from PB-treated rats (Table 7). The most
active human sample was as active as that of the untreated
(control) rats. Low activity in the human could be due to a low
rate of tamoxifen activation or due to a low concentration of
txf* binding sites. Alternatively, the human liver might contain
a higher level of txf*-inactivating system. For instance, if txf*

were indeed an epoxide, then the relatively high level of epoxide
hydratase in human livers (38) could have inactivated txf* and,
thus, inhibited its binding.

Conclusion and Speculations. The current studies demon
strated that phÃ©nobarbital treatment markedly enhanced the
binding of tamoxifen to rat hepatic microsomal proteins. Hu
man livers contain P450 isozymes orthologous to rat P-450
UBI and IIIA1 (40). Thus, it would be of interest to determine
whether livers of humans exposed to inducers of IIB and IIIA
P450 subfamilies would exhibit a marked increase in the irre
versible binding of tamoxifen.

Though P-450 appears to be the prime catalyst in tamoxifen

binding, our findings present weak evidence that FMO may
also catalyze tamoxifen binding. However, it is conceivable that
the FMO-like catalysis is actually mediated by an unusual P-
450 which, like FMO, is inactivated by mild heat, methimazole,
and thiourea and exhibits higher activity at pH 8.6 than at 7.4.
Indeed, a marked decrease in P-450 levels and P-450 activities
by methimazole and thiourea has been previously described
(44). Also, we observed a significant decrease in tamoxifen N-
demethylation (P-450 activity) by heat and an approximate

15% decrease by methimazole (at 10 and 50 UM). However, the
inhibition of tamoxifen binding under those conditions was
much more pronounced. The resolution of this dilemma must
await further studies.

In a previous study, we speculated that the estrogen antago
nistic (antiestrogenic) activity of triphenylethylenes might in
volve inactivation of the ER, possibly through their covalent
binding to the ER (21). Indeed, an earlier study demonstrated
that the administration of tamoxifen to rats alters their uterine
ER by essentially eliminating its binding capacity of ['H]estra-

diol and by altering the ER sedimentation characteristics (39).
The question of whether that alteration of the ER by tamoxifen
involves the action of some form of txf* requires resolution.

Several studies indicated that tamoxifen induces hepatocel-
lular carcinomas in rats and ovarian and Leidig cell tumors in
mice (14, 15). It is conceivable that some form of txf* could be
involved in generating these tumors. Also, it is possible that the
increase in the incidence of endometrial cancers in a small
number of human patients treated with tamoxifen might in part
be due to high levels of txf*. Studies are needed to address those
questions.
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