
Bioactivation of Selective Estrogen Receptor Modulators (SERMs)

Tamara S. Dowers, Zhi-Hui Qin, Gregory R. J. Thatcher, and Judy L. Bolton*
Department of Medicinal Chemistry and Pharmacognosy (M/C 781), College of Pharmacy,
University of Illinois at Chicago, 833 S. Wood Street, Chicago, Illinois 60612-7231

1. Introduction
The drug tamoxifen, which opposes the action of estrogen in certain tissues and mimics its
action in other tissues, has played a major role in the decline of breast cancer mortality rates
over the past twenty years (1). This intriguing tissue-specific behavior was demonstrated in
the National Surgical Adjuvant Breast and Bowel Project-sponsored Breast Cancer Prevention
Trial (BCPT), which was launched in April of 1992. In the group of woman at high risk for
breast cancer who were treated with tamoxifen, there was a remarkable 45% reduction in the
incidence of breast cancer, demonstrating for the first time, that breast cancer cannot only be
treated but also prevented (1). Such a positive outcome led researchers to release the results
14 months earlier than originally planned (1). The BCPT also demonstrated a reduced
occurrence in bone fracture incidence (1). However, there was an increased incidence of
endometrial cancer (33 cases versus 14 in the placebo group) (2,3). This troubling result
demonstrates the crucial need of fully understanding the potential carcinogenic mechanisms
of tamoxifen, as well as related selective estrogen receptor modulators (SERMs), as they are
in wide spread use as prophylactic agents in high risk but otherwise healthy individuals.

The most widely recognized mechanism for the carcinogenicity of tamoxifen is estrogen
receptor mediated hormonal activity (4). As tamoxifen has been shown to stimulate uterine
growth and induce estrogen-like changes in the genital tract of humans and other animals (5,
6), it is likely that tamoxifen stimulates estrogen-responsive growth regulatory genes (7). The
regulation of gene transcription may be largely responsible for the carcinogenic effects of
tamoxifen in the endometrium; however, an alternative initiation mechanism could involve
bioactivation of tamoxifen to form either redox-active or electrophilic metabolites, including
a carbocation (8,9), an o-quinone (10), and a quinone methide (11) (Scheme 1). These
metabolites have the potential to act as chemical carcinogens by modifying critical cellular
macromolecules (12,13,14). A complete understanding of the relevant mechanisms of toxicity
would allow for the design of new drugs which do not generate genotoxic or cytotoxic species
while still maintaining their beneficial properties.

Synthetic ligands such as tamoxifen and the related compound, raloxifene, belong to a class
of molecules termed “Selective Estrogen Receptor Modulators” (SERMs). This term signifies
their ability to act as estrogen agonists in some tissues (bone, liver, and cardiovascular system),
antagonists in other tissues (breast and brain), and mixed agonists/antagonists in the uterus.
Tamoxifen has greater stimulatory activity in the uterus compared to that of raloxifene (15,
16,17) and the “Study of Tamoxifen and Raloxifene” (STAR) trial is currently underway to
compare the safety and effectiveness of these two compounds for the prevention of breast
cancer in post-menopausal women (18). Preliminary results of the STAR trial indicate that
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raloxifene works just as well as tamoxifen at reducing breast cancer risk, but does not increase
the risk of endometrial cancer (19). A great deal of effort is being expended toward improving
tissue selectivity of SERMs so that they are optimized for preventing and treating breast cancer
while alleviating menopausal symptoms. Specifically, our current understanding of estrogenic
physiology suggests that the ideal SERM would display estrogen agonist activity in bone,
cardiovascular tissue, and the central nervous system, with antagonist effects in uterus and
breast tissue. As a result, this ideal SERM would enhance bone formation, improve lipid
profiles, and provide neuroprotection, without increasing risk of estrogen-dependent cancers.

1.1. Estrogen Receptor
Estrogens put forth their regulatory effects by binding to estrogen receptors (ERs), which
induces conformational changes in protein structure that allow for receptor dimerization and
interaction with coactivator molecules (Scheme 2) (20,21). The subsequent transcriptional
activation of genes occurs either through the binding of liganded ERs directly to estrogen
response elements (EREs) in gene promoters, or indirectly through binding to other
transcription factors (22,23,24,25,26,27,28,29).

ERs α and β are members of the nuclear receptor superfamily of ligand-inducible transcription
factors (30,31). ERα is predominantly expressed in the breast, uterus, and vagina, whereas
higher levels of ERβ relative to ERα are found in the central nervous system, cardiovascular
system, gastrointestinal system, immune system, kidney, lungs, and bone (32). ERα regulates
the differentiation and maintenance of neural, skeletal, cardiovascular, and reproductive tissues
(33,34). Compounds that modulate ERα transcriptional activity are used to treat osteoporosis,
cardiovascular disease, and breast cancer (35,36). The existence of distinct tissue expression
profiles for ERα and ERβ suggests that tissues could be differentially targeted with receptor
specific ligands (37). However, to date, the complete therapeutic utility of ERβ-selective
ligands remains unclear (37). Several research groups have employed highly selective ERβ
ligands to probe the physiological role of this receptor (37,38,39,40). For example, using the
ERβ selective antagonist, ERB-041, Harris et al. demonstrated that this receptor might be a
useful target of certain inflammatory diseases (40).

ERα and ERβ are 96% homologous in their DNA binding domains and 53% identical in their
ligand binding domains (LBDs) (41). All ERα ligands bind to the C-terminal LBD. The LBD
recognizes numerous compounds differing in size, shape, and chemical properties (42).
Ligands such as the endogenous 17β-estradiol (E2) and the synthetic estrogen diethylstilbestrol
(DES) are pure agonists, while others such as ICI-164,384 function as pure antagonists (42).

SERMs function as antagonists in specific tissue and promoter contexts (43). Two different
activation factors (AFs) mediate the transcriptional activation of ERα; AF-1 in the N-terminus
and AF-2 in the LBD. AF-1 activity is regulated by growth factors through the MAP kinase
pathway (44), while AF-2 activity is regulated through ligand binding (45). Numerous
structural studies suggest that ligands regulate AF-2 activity by altering the structure of the
LBD. Comparison of the structures of unliganded nuclear receptor (NR) LBDs to those of
agonist-bound LBDs suggests that an agonist-induced conformational change involving the
repositioning of helix 12 is essential for AF-2 activity (46). The structures of the ERα LBD
with E2 and raloxifene bound show that both ligands bind at the same site within the LBD, but
each ligand induces a different conformation of helix 12 (47). The alteration of helix 12 by
raloxifene partially buries residues necessary for AF-2 activity, suggesting raloxifene and other
antagonists block AF-2 function by disrupting the conformation of the AF-2 surface.

Several proteins associate in a ligand-dependent manner with the ERs (Scheme 2). These
proteins are termed transcriptional coactivators because they enhance ligand-dependent
transcriptional activation by the ERα and other NRs (48,49). Coactivators SRC-1 and GRIP1
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bind to agonist-bound LBDs for the ERα (and other NRs) using the putative AF-2 interaction
surface (50). Certain coactivators, such as SRC-1 and GRIP1, recognize agonist-bound NR
LBDs through a short signature motif, LXXLL (where L is leucine and X is any amino acid),
termed the NR box (51,52,53,54). A crystal structure of agonist DES bound to the ERα LBD
and a peptide derived from the NR box II region of the coactivator GRIP1 indicates that the
peptide binds in a short α helix to a hydrophobic groove on the surface of the LBD (42). In
contrast, the structure of ERα bound to 4-hydroxytamoxifen, the active metabolite of
tamoxifen, reveals that helix 12 destroys the coactivator recognition site by imitating
interactions of the NR box peptide with the LBD.

It is now understood that the pharmacology of estrogens relies not only on the ligand and the
estrogen receptors but also on third parties, such as gene promoter elements and coregulatory
proteins (55). The ERs can interact with target genes either by binding directly to DNA response
elements or through indirect tethering to other DNA binding transcription factors. Taking all
of these factors into account, there appears to be a number of combinatorial possibilities for
achieving tissue and gene-specific regulation of SERMs. For example, Shang and Brown
revealed that the agonism of tamoxifen could be specifically attributed to the coactivator SRC1,
which is present at a higher concentration in uterine cells compared to mammary gland cells
(29). Therefore, the agonistic activity of tamoxifen in the uterus is a result of the conformation
of the ligand-receptor complex, the promoter context (tethered interaction instead of direct
DNA binding), and the level of specific coactivator. This estrogenic activity could be a major
contributor to tamoxifen’s carcinogenic effects in the endometrium. However, there is a great
deal of interest in additional carcinogenic mechanisms involving the bioactivation of tamoxifen
to reactive metabolites.

1.2. Bioactivation of SERMs
There are at least four different classes of electrophilic metabolites that can be formed from
SERMs; carbocations, quinone methides, diquinone methides, and o-quinones. The
contribution of each electrophile to a particular SERM’s metabolic profile depends on the
structure and reactivity of the SERM. Cytochrome P450 can hydroxylate tamoxifen and related
compounds (toremifene, droloxifene, and idoxifene) at the α-position. Upon conjugation with
sulfate and subsequent loss of the sulfate group, these SERMs form highly reactive
carbocations which can react with DNA (Scheme 1) (8,9); however, the detection of
endometrial DNA-adducts in exposed women remains highly controversial (56,57,58). The
second bioactivation pathway is exemplified by the hydroxylation of tamoxifen by P450 to
form a 4-hydroxylated metabolite, which can be further oxidized to a classical quinone methide
(11) (Scheme 1). The SERM acolbifene is also converted by P450 to a diquinone methide
(59) (Scheme 3). In addition, the SERMs raloxifene (Scheme 4) (60) and desmethylated
arzoxifene (DMA) (61) can be converted to diquinone methides. The raloxifene metabolite has
recently been implicated in the inhibition of P450 3A4 and the alkylation of many other liver
microsomal proteins (62,63). The fourth bioactivation pathway for SERMs involves o-quinone
formation and has been implicated in tamoxifen-mediated protein binding (Scheme 1) (64,
65). Clearly, the structure of a compound determines the formation, reactivity, and selectivity
of the reactive intermediates formed. Understanding the influence of SERM structure on these
properties would provide the valuable insight necessary for the design of new SERMs.

2. Classes of Selective Estrogen Receptor Modulators
SERMs are often categorized as second-, third-, and fourth-generation suggesting a progressive
development in a process intended to improve the beneficial effects while reducing the harmful
side effects associated with the earlier SERMs (41). This general classification of SERMs
serves little purpose because the numbering is highly subjective and does not describe a logical
transition from first to fourth. The prototype SERM, tamoxifen, and its derivatives, toremifene,
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droloxifene, and, idoxifene, belong to the chemical class of triphenylethylene compounds
(Figure 1A). The second-generation SERM raloxifene and the third-generation SERM
arzoxifene are benzothiophene compounds (Figure 1B), while the fourth-generation SERM
alcolbifene is a benzopyran derivative (Figure 1C). As a result, for the purpose of this review,
it is preferable to classify SERMs according to chemical family.

2.1. Triphenylethylene SERMs
SERMs of the triphenylethylene type have been extensively used for the treatment of hormone-
dependent breast cancer. Tamoxifen is an oral drug first used in metastatic breast cancer in the
early 1970s (66). Large clinical trials were initiated in the late 1970s and early 1980s to test
the drug’s role as adjuvant therapy in early stage breast cancer. Observations of marked
decreases in the development of contralateral breast cancer among tamoxifen recipients
suggested potential for the drug in chemoprevention of breast cancer, and a large clinical trial
to test the efficacy of tamoxifen in prevention of invasive breast cancer among women at
increased risk was implemented in the United States in 1992 (66). There are a number of reports
that have emphasized an increased incidence of premalignant and neoplastic endometrial
changes (67,68) which questioned the risk-benefit ratio for this medication (69,70). In addition,
several studies in animal models have raised concern over the safety of chronic treatment with
this drug (71). For example, tamoxifen induces hepatocarcinomas (71), frequent and specific
mutations in the p53 tumor suppresser gene (72), and mammary tumors (73) in rats.

Triphenylethylene derivatives (Figure 1A), with small structural changes compared to
tamoxifen, are also in use for the treatment of breast cancer. Droloxifene, which has a 3-
hydroxy substituent, has antiestrogenic activity in vitro which is equivalent or slightly greater
than that of tamoxifen (74). Interestingly, unlike tamoxifen, droloxifene does not appear to
induce liver tumors in rats and no DNA adducts have been detected from this analog (75).
Similarly, the 4-iodo derivative of tamoxifen, idoxifene, has comparable antiestrogenic
potency to tamoxifen without generating hepatocarcinogenic effects in rodents (76, 77).
Toremifene also displays antiestrogenic activity in the mammary gland and its beneficial
effects on bone mineral density and lipid profiles are similar to that of tamoxifen (41). However,
also like tamoxifen, toremifene has stimulatory effects in the endometrium and is presently
only used in postmenopausal women with metastatic breast cancer (41). Toremifene was found
to form DNA adducts in rats, although the levels were significantly lower for toremifene
compared to that of tamoxifen (78). The annual hazard rate (per 1,000 patients/year) of
developing endometrial carcinoma in patients on toremifene therapy is 1.14, which is much
less compared to that of tamoxifen (2.0) (79). It should be noted however, that in the absence
of extensive epidemiology studies of all of these tamoxifen derivatives, the potential remains
for genotoxic/cytotoxic effects to surface in the future.

2.2. Benzothiophene SERMs
Greater optimism has surrounded the profile of benzothiophene SERMs (Figure 1B) (80).
Much of the enthusiasm relates to the fact that these drugs appear devoid of any agonist activity
in the endometrium, while at the same time appearing to be potent antiestrogens in the breast
and agonists in bone (15, 16, 17). A benzothiophene SERM, raloxifene, is in clinical use for
the prevention and treatment of postmenopausal osteoporosis and is currently in the STAR
trial, the largest breast cancer chemoprevention trial ever conducted (18). Very recent results
of the STAR trial indicate that regular use of raloxifene works just as well as tamoxifen at
reducing breast cancer risk in postmenopausal women at high risk, but appears to cause less
of the dangerous side effects associated with tamoxifen use (19). Raloxifene is not being
pursued in chemotherapy of breast cancer due to low efficacy in women with advanced breast
cancer (81). The Raloxifene Use for The Heart trial (RUTH) is also currently being conducted
to investigate whether raloxifene will decrease the incidence of coronary events and the risk
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of invasive breast cancer in postmenopausal women with heart disease or at risk of heart attack
(82). Preliminary results of this trial indicate that raloxifene does not decrease or increase the
risk of coronary events but could potentially reduce the risk of invasive breast cancer (82).

Arzoxifene is another member of the benzothiophene SERM family, and it has been reported
to have a more favorable therapeutic and safety profile as compared to raloxifene (83,84,85,
86). In addition, unlike tamoxifen, arzoxifene acts as an estrogen antagonist in the uterus
(87). In a phase II trial of arzoxifene in advanced endometrial cancer, arzoxifene showed high
antitumor activity (88). Until very recently, the use of arzoxifene versus tamoxifen as a first-
line therapy in metastatic breast cancer was being studied in a multicenter phase III trial (89).
However, the trial was terminated early after initial results suggested that arzoxifene is inferior
to tamoxifen with respect to time to progression (a measure of time from when the disease is
treated until the disease starts to get worse) (89).

Despite the mixed results obtained from in vivo studies, several cell-based assays have
demonstrated arzoxifene’s efficacy (90). Both arzoxifene and its active metabolite
desmethylated arzoxifene (DMA) were shown to bind the ER with high affinity and inhibit
estrogen dependent growth of MCF-7 breast cancer cells (90). When assayed for the inhibition
of proliferation of these cells, Suh et al. reported arzoxifene (IC50, 0.4 nM) to be more potent
than tamoxifen (IC50, 480 nM) or its active metabolite, 4-hydroxytamoxifen (IC50, 1.2 nM),
with DMA being the most potent agent tested (IC50, 0.05 nM) and raloxifene being equal to
that of arzoxifene (90).

2.3. Benzopyran SERMs
The so-called fourth generation SERM, acolbifene (Figure 1C), is an active benzopyran
derivative of EM-800. Acolbifene is the most potent antiestrogen in terms of inhibition of both
ERα and ERβ (91), and EM-800 is an extremely potent inhibitor of the proliferation of breast
and endometrial cancer cells in culture (92, 93). EM-800 has also been shown to prevent the
growth of estrogen-stimulated tumor xenografts in athymic mice (94) and prevent bone loss
and cardiovascular disease in rats (95).

3. Bioactivation Pathways
Herein, we discuss four different electrophilic metabolites that can be formed from the SERMs
shown in Figure 1. The triphenylethylene SERMs can form highly reactive carbocations, which
have been implicated in DNA binding (8,9,56,57,58,96). The second bioactivation pathway
involves oxidation of tamoxifen and acolbifene to classical quinone methides (11). In addition,
raloxifene (60), DMA (61), and acolbifene (59) can be converted to diquinone methides. The
fourth bioactivation pathway involves o-quinone formation, which is generally a minor
pathway for SERMs. In the following sections, we review these bioactivation pathways along
with an example of formation of more complex reactive intermediates formed from SERMs.

3.1. Carbocations
Hydroxylation of tamoxifen at the α-carbon is predominately carried out by P450s 3A, 2D6,
2C9, 1A1, 1A2, and 1B1 (97). Following O-sulfonation, α-hydroxytamoxifen reacts
preferentially with the exocyclic amino group of guanine in DNA to form two cis and two
trans epimers of α-(N2-deoxyguanosyl)tamoxifen (98). Shibutani et al. reported the detection
of these adducts in the endometrial tissue of 8 out of 16 women treated with tamoxifen (9), and
more recently Kim et al. observed the same adducts in primary cultured human endometrial
explants incubated with α-hydroxytamoxifen (99). However, due in part to the high
concentrations of α-hydroxytamoxifen that Kim et al. used in their experiments (25 and 100
μM), several research groups have questioned the validity of this data (56,100). As α-
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hydroxytamoxifen is a very minor metabolite of tamoxifen, it is most likely present at very
low concentrations (ca. 0.2 nM) (101). In a separate study, Sharma et al. reported the use of
high performance liquid chromatography (HPLC) with online postcolumn photochemical
activation and fluorescence detection to detect the presence of (E)-α-(N2-deoxyguanosyl)
tamoxifen in human endometrial explants incubated with tamoxifen (102). These results were
also highly controversial due to the ambiguous characterization of the tamoxifen-DNA adducts
(58). Specifically, this method could potentially lead to erroneous detection of tamoxifen-DNA
adducts as the ability to distinguish between these adducts and noncovalently bound
metabolites depends on the resolution of the HPLC system (100). To address this issue, two
additional techniques were employed by Beland et al. to assay for tamoxifen-DNA adducts in
human endometrial explants (58). Both HPLC coupled with electrospray ionization tandem
mass spectrometry and 32P-postlabeling analysis were used and tamoxifen-DNA adducts were
not detected with either method. The authors conclude that although these data are in conflict
with that reported by Sharma et al., they are consistent with the limited amount of α-
hydroxytamoxifen produced in human tissue and, more importantly the small amount of α-
hydroxytamoxifen that is sulfonated (58).

Toremifene is significantly less potent than tamoxifen at causing DNA adduct formation in
rats (78). Interestingly, human P450 3A4 was found to α-hydroxylate toremifene
approximately six times faster than tamoxifen (103). However, α-hydroxytoremifene is not a
good substrate for human hydroxysteroid sulfotransferase (hHST) (104). Therefore, O-
sulfonation does not occur to a significant extent with this metabolite (104). Furthermore, the
resulting toremifene α-sulfate is not as reactive with DNA compared with the tamoxifen α-
sulfate (79). It has been proposed that this low reactivity may be brought on by steric hinderance
caused by the bulky chlorine atom on the ethyl moiety of toremifene (79). Additionally, the
electron-withdrawing chlorine atom may make elimination of the α-sulfate group less effective
and in turn, slow the formation of the reactive carbocation that reacts with DNA (105).
Although further experimental and clinical studies are required, the use of toremifene may be
accompanied with less of the toxic effects associated with tamoxifen use in breast cancer
patients and women receiving chemoprevention (79).

3.2. Classical Quinone Methides
The second bioactivation pathway involves oxidation of SERMs to quinone methides. Quinone
methides are reactive metabolites of 4-alkylphenols and are most likely responsible for their
cytotoxic effects (106,107,108). Like all reactive intermediates, the selectivity of a quinone
methide depends on its rate of formation as well as its reactivity. Quinone methides differ
structurally from quinones in that one of the carbonyl oxygens is replaced by a methylene or
substituted methylene group. This renders the quinone methide a much more reactive
electrophile with a reduced capacity for redox cycling (107,108). Therefore, quinone methides
generally react in biological systems via non-enzymatic Michael additions. With simple
quinone methides, these reactions produce benzylic adducts of peptides, proteins, and nucleic
acids (107,108,109). Theoretically, quinone methides can be characterized as resonance-
stabilized carbocations (110,111), due to the important contribution of the charged aromatic
resonance form. This electron deficiency at the methylene carbon, along with inter- or intra-
molecular factors which stabilize this resonance structure, lead to increased reactivity with
cellular nucleophiles.

A relatively stable quinone methide is produced by initial P450-catalyzed aromatic
hydroxylation of tamoxifen to yield 4-hydroxytamoxifen, followed by a P450-catalyzed direct
2-electron oxidation (Scheme 1) (112). This quinone methide is extremely long lived at
physiological pH and temperature (t1/2 = 3 h) (Table 1) (11), most likely due to stabilization
imposed by the two aryl substituents and the π system of the additional vinyl group. The vinyl
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substituent alone can decrease the reactivity of o-methoxyquinone methides by a factor of 100
(113) and an aryl substituent leads to a 230-fold increase in stability relative to quinone
methides with an unsubstituted exocyclic methylene group (109). This π-stabilization, in
addition to steric factors, completely changes the chemistry of the 4-hydroxytamoxifen quinone
methide. Most quinone methides react instantaneously with GSH, whereas the 4-
hydroxytamoxifen quinone methide has a half-life in the presence of GSH of approximately 4
min (11). This reaction with GSH is reversible as the GSH conjugates slowly decompose to
regenerate the quinone methide (11). Tamoxifen-GSH conjugates were detected in liver
microsomal incubations with 4-hydroxytamoxifen; however, none were observed in
incubations with breast cancer cells (MCF-7) (11).

Toremifene also undergoes oxidative metabolism to form a quinone methide. The 4-
hydroxytoremifene quinone methide has a half-life at physiological pH and temperature of 1
h, while its half-life in the presence of GSH is approximately 6 min (Table 1) (11). The 4-
hydroxytoremifene quinone methide reacts with two molecules of GSH and loses chlorine to
yield the corresponding di-GSH conjugate (11). This reaction mechanism likely involves an
electrophilic episulfonium ion intermediate, which could contribute to the potential
cytotoxicity of toremifene (11). In microsomal incubations, 4-hydroxytoremifene was
metabolized to di-GSH conjugates at 3 times the rate of 4-hydroxytamoxifen, although no GSH
conjugates were observed in the incubations with MCF-7 cells (11). These data imply that the
quinone methide may not play a significant role in the cytotoxicity or genotoxicity of tamoxifen
and toremifene.

Interestingly, it has been shown that the polymorphic P450 isozyme 2D6 primarily catalyzes
4-hydroxylation of tamoxifen in the human liver (114). This result has been confirmed using
human liver microsomes and expressed P450s (115), as well as by molecular modeling studies
(116). There also appears to be a contribution from P450 2C9 and P450 3A4 as tamoxifen 4-
hydroxylases in some individuals. As 5-10% of the population have defects in P450 2D6
(117) and there are several allelic variants of 2C9 (118), it is possible that these individuals
will not experience the effects, if any, of the tamoxifen quinone methide. Alternatively, breast
cancer patients with defective 2D6 or 2C9 who are receiving tamoxifen chemotherapy, are less
likely to respond to the drug since 4-hydroxytamoxifen is 100 times more potent as an estrogen
receptor antagonist (119,120).

Acolbifene is also metabolized to form a classical quinone methide (Scheme 3) (59). The
classical quinone methide is formed by oxidation at the C-17 methyl group and has a half life
of 32 s at physiological pH and temperature (59). This is considerably shorter than that of the
4-hydroxytamoxifen quinone methide (3 h) (11) and indicates that the acolbifene quinone
methide is an electrophile of intermediate stability (Table 1). The acolbifene quinone methide
reacts with GSH to form five mono-GSH conjugates and five di-GSH conjugates (59). In
addition, incubations of acolbifene with either tyrosinase or rat or human liver microsomes
also yield the classical quinone methide-GSH conjugates (59).

In addition to reaction with GSH, the acolbifene quinone methide was determined to react with
deoxynucleosides. In contrast to what was observed with raloxifene and DMA, the acolbifene
quinone methide formed adducts with each of the four deoxynucleosides, with one of the major
adducts resulting from reaction with the exocylic amino group of adenine (59). LC-MS-MS
analysis of incubations of the DMA diquinone methide with deoxynucleosides yielded a
negligible amount of one deoxyguanosine adduct (61), while no adducts were observed in
incubations of deoxynucleosides with the raloxifene diquinone methide (unpublished results).
Experiments were also performed to assess the toxicity of acolbifene, DMA, and raloxifene in
the S30 cell line. DNA damage detected by the comet assay showed that both acolbifene and
DMA induced more DNA damage than raloxifene (59). Both the stability and reactivity of the

Dowers et al. Page 7

Chem Res Toxicol. Author manuscript; available in PMC 2008 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



quinone methides might account for this difference. However, as these experiments were
performed at very high SERM concentrations (μM), the results are not indicative of cellular
induction of DNA damage in vivo.

3.3. Diquinone Methides
The third mechanism of bioactivation is the formation of diquinone methides, which occurs
with the benzothiophene SERMs raloxifene (60) and arzoxifene (61), and the benzopyran
SERM acolbifene (59). Raloxifene undergoes rapid absorption, extensive first-pass
glucuronidation, and enterohepatic cycling after oral administration, resulting in an absolute
bioavailability of just 2% (121,122). Raloxifene can be bioactivated by rat and human liver
microsomes to an electrophilic diquinone methide and in a very minor pathway to o-quinones
(Scheme 4) (60,63). The raloxifene diquinone methide is relatively short-lived, with a half-life
of less than 1 s at physiological pH and temperature (Table 1) (60). This highly reactive
metabolite has the potential to contribute to cytotoxicity likely through alkylation of proteins
in vivo.

Raloxifene is associated with decreases in cytochrome P450 aromatase activity in human colon
carcinoma cells (123) and is an irreversible inhibitor of P450 3A4 (63). As reported by Chen
et al., the P450 inhibition in human liver microsomes was NADPH- and preincubation time-
dependent, indicating that metabolism was required for inactivation. The KI and kinact values
were about 9.9 μM and 6 min-1, respectively (63). The authors found that the loss of P450
activity was partially attenuated by the addition of GSH to the incubation mixture. Furthermore,
raloxifene-GSH conjugates were detected in the incubation mixtures, derived from either a
raloxifene arene oxide and/or a raloxifene diquinone methide. As the GSH adducts were almost
completely abolished when the liver microsomes were pretreated with ketoconozole or an anti-
P450 3A4 IgG, the bioactivation of raloxifene is most likely catalyzed by the 3A4 isoform
(63). This suggests that bioactivation of raloxifene by P450 3A4 results in electrophilic
intermediates that covalently modify the enzyme.

To identify microsomal proteins covalently modified by raloxifene metabolites, we synthesized
a novel raloxifene covert oxidatively activated tag (COATag) in which the SERM was linked
to biotin (Figure 2A) (62). In this study, the raloxifene COATag allowed identification of
covalently modified proteins by immunoblotting and LC-MS-MS analysis (Figure 2B). The
COATag was unreactive toward the selected model protein, purified human glutathione-S-
transferase (hGST PI-1); however, upon co-incubation with tyrosinase, a covalently
COATagged hGST protein adduct was isolated and identified by mass spectrometric analysis
as modified at cys-47 (62). Similarly, the formation of COATagged proteins on incubation
with rat liver microsomes was dependent upon the concentration of NADPH. These
COATagged proteins were quantified and identified by SDS-PAGE and western blot analysis.
Four major bands were observed in the blots from microsomal incubations, for which peptide
mass spectrometry maps were obtained using in-gel digestion, followed by MALDI-TOF or
ESI mass spectral analysis of the resulting peptide mixtures. Cytosolic glucose regulated
protein (78 kDa, GRP78/BiP), protein disulfide isomerase isozyme A4 precursor (72 kDa,
ERp72), protein disulfide isomerase isozyme A1 (57 kDa, PDIA1), protein disulfide isomerase
isozyme A3 (58 kDa, ER-60) and microsomal glutathione S-transferase, (17 kDa, mGST1)
were identified as targets (62). These data show that raloxifene produces a highly reactive
intermediate that modifies tissue microsomal proteins with a low degree of selectivity, which
might be an expected feature of a reactive intermediate with a relatively short lifetime.

DMA is a structural analogue of raloxifene in which the carbonyl group of raloxifene has been
replaced by an ether linkage (Figure 1B). Arzoxifene is oxidatively desmethylated in vivo to
yield DMA, an active metabolite that is a more potent ligand for both ERα and ERβ than both
arzoxifene and raloxifene (61). However, it is unclear as to how much DMA is actually formed
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from arzoxifene, since in women, reported DMA plasma concentrations are highly variable
(124). The methoxy group of arzoxifene is designed both to reduce glucuronidation and
increase the ClogP value and is proposed to limit brain penetration. The intended effect of these
modifications is to increase the bioavailability of the active drug relative to raloxifene (125).
DMA can be oxidized to a diquinone methide, in the presence of rat or human liver microsomes
(61). The half-life of the DMA diquinone methide was found to be 15 s at physiological pH
and temperature (61), which indicates that it is an electrophile of intermediate stability, along
with the acolbifene quinone methide discussed above (Table 1).

Given the need to develop new SERMs with attenuated toxicity and increased bioavailability
while maintaining their beneficial effects, we synthesized a fluorinated DMA derivative (4′F-
DMA) which is incapable of forming a diquinone methide (Figure 1B). 4′F-DMA showed
similar ER binding affinity compared to that of DMA, whereas the antiestrogenic activity was
10-fold lower for than that of DMA; however, comparable to that of raloxifene (61). No GSH
conjugates were detected in microsomal incubations with 4′F-DMA in the presence of GSH.
Furthermore, DMA significantly decreased the GSH levels within 30 min, whereas 4′F-DMA
had no effect on GSH levels (61). 4′F-DMA also induced much less DNA damage compared
to DMA in cryopreserved rat hepatocytes. Phase I and phase II metabolism and toxicological
behavior of DMA and 4′F-DMA were also compared using cryopreserved rat hepatocytes. Two
DMA GSH conjugates, two DMA glucuronide conjugates, and one DMA sulfate conjugate
were detected in incubations of DMA with rat hepatocytes. In contrast, 4′F-DMA did not yield
GSH conjugates in incubations with rat hepatocytes, demonstrating that 4′-fluoro substitution
of DMA blocked quinoid formation at the cellular level (61). Moreover, 4′F-DMA was
observed to form two-fold less glucuronide conjugates relative to DMA in hepatocytes, which
might be expected by the absence of the 4′OH group, since in raloxifene this is the major site
of glucuronidation.

Intestinal glucuronidation of raloxifene is the major contributor to the presystemic clearance
of raloxifene in vivo (126). Therefore, microsomes prepared from human small intestine were
used to further evaluate the glucuronidation of DMA and 4′F-DMA. 4′F-DMA formed four-
fold less glucuronide conjugates as compared to DMA in the incubation with human small
intestinal microsomes in the presence of UDP-glucuronic acid (61). In human intestinal Caco-2
cells, a 24 h incubation of 4′F-DMA afforded thirty-fold less glucuronide conjugates and five-
fold less sulfate conjugates compared with that of DMA (61). Therefore, 4′F-DMA should
demonstrate improved bioavailability relative to DMA and raloxifene.

The ER-dependent activity of 4′F-DMA was examined by measuring ERE-luciferase activity
in transiently transfected MCF-7 cells and Ishikawa cells (61). None of the SERMs studied
showed estrogenic activity in either cell line; however, estradiol-induced luciferase activity
was significantly antagonized by raloxifene, DMA, 4′F-DMA, and the pure antiestrogen, ICI
182780, in both cell lines (61). 4′F-DMA showed less antiestrogenic activity as compared to
DMA, but comparable activity compared to raloxifene and ICI 182780 in both cell lines.
Furthermore, 4′F-DMA antagonized the actions of estradiol in the MCF-7 cell proliferation
assay without itself showing estrogenic activity and again, the antiestrogenicity of 4′F-DMA
was comparable to raloxifene and ICI 182780. Taken together, these data suggest that 4′F-
DMA represents a promising SERM with comparable antiestrogenic activity to raloxifene, but
improved metabolic stability and an attenuated potential for toxicity compared to the current
benzothiophene SERMs.

Acolbifene is also metabolized through a minor pathway leading to a diquinone methide
(Scheme 3) (59). The acolbifene diquinone methide results from the oxidation of two phenol
substituents (59). Like the classical quinone methide, the diquinone methide reacts with GSH
to form five mono-GSH conjugates and five di-GSH conjugates, although the majority of the
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GSH adducts are formed by reaction of the classical quinone methide with GSH (59).
Furthermore, incubations of acolbifene with either tyrosinase or rat or human liver microsomes
also yield the classical quinone methide-GSH conjugates (59). Therefore, the formation of the
acolbifene classical quinone methide might represent the major toxic pathway relative to that
of the diquinone methide.

3.4.o-Quinones
In addition to the formation of the tamoxifen carbocation and quinone methide, tamoxifen can
be oxidized to the corresponding o-quinone (127). Both tamoxifen and 4-hydroxytamoxifen
can be metabolized to 3,4-dihydroxytamoxifen (Scheme 1). As catechols are readily oxidized
to o-quinones by a variety of oxidative enzymes, metal ions, and in some cases molecular
oxygen, it is possible that alkylation/oxidation of cellular macromolecules by tamoxifen o-
quinone could contribute to the toxic effects of tamoxifen. However, as this is a minor pathway
for tamoxifen, its contributions to tamoxifen’s overall toxicity are most likely minimal.

The o-quinone formed from 3,4-dihydroxytamoxifen has a half-life of approximately 80 min
under physiological conditions (Table 1) (10). Incubation of rat liver microsomes with 3,4-
dihydroxytamoxifen in the presence of GSH produced several o-quinone GSH conjugates,
which were also observed in the incubations with breast cancer cells (MCF-7). Incubation of
3,4-dihydroxytamoxifen o-quinone with deoxynucleosides produced four thymidine and four
deoxyguanosine adducts, which may have derived from the addition at different sites on the
o-quinone ring and/or E, Z isomers of tamoxifen skeleton (10). In addition to acting as
electrophilic Michael addition acceptors to form conjugates with GSH and deoxynucleosides,
the o-quinones can also undergo redox cycling with the semiquinone radicals to generate
superoxide anion radicals, which is mediated through cytochrome P450 and P450 reductase
(109). The reaction of superoxide anion radicals with hydrogen peroxide (formed
enzymatically or via spontaneous dismutation of superoxide anion radical in the presence of
trace amounts of iron or other transition metals) yields hydroxyl radicals. Hydroxyl radicals
are powerful oxidizing agents that may be responsible for the damage to essential cellular
macromolecules. The detection of DNA single strand breaks in incubations of 3,4-
dihydroxytamoxifen with various breast cancer cell lines suggests that the 3,4-
dihydroxytamoxifen o-quinone could cause oxidative DNA damage through redox cycling
with semiquinone radicals (128).

Like tamoxifen, the 4-hydroxylation also represents a major phase I metabolic pathway of
toremifene (129,130). In rat liver microsomal incubations, both 4-hydroxytoremifene and
droloxifene were metabolized by P450s to the corresponding catechol metabolites 3,4-
dihydroxytoremifene and 3,4-dihydroxydroloxifene to yield o-quinone derived GSH
conjugates. In the 4-hydroxytoremifene incubation, the amount of quinone methide derived
GSH conjugates was higher than that of o-quinone derived GSH conjugates (131), possibly
because the β-Cl substitution lowered the energy barrier for α- hydrogen atom abstraction,
easing the 2-electron oxidation pathway leading to the 4-hydroxytoremifene quinone methide.
Compared with 3,4-dihydroxytamoxifen o-quinone, the 3,4-dihydroxytoremifene o-quinone
showed higher reactivity toward deoxynucleosides. The toremifene-o-quinone reacted with all
four deoxynucleosides to form the corresponding adducts at physiological pH and temperature.
Three of the adducts were detected in incubations with thymidine, five in incubations with
deoxyguanosine, two in incubations with deoxyadenosine, and eight in incubations with
deoxycytosine (131). When incubated with breast cancer cell lines, 3,4-dihydroxytoremifene
also caused DNA single strand breaks (128). Furthermore, different amounts of DNA damage
were observed in ER positive cell lines and ER negative cell lines, suggesting the ERs might
play a role in this process (128).
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Raloxifene is metabolized by rat or human liver microsomes to an electrophilic diquinone
methide and an o-quinone (Scheme 4) which can be trapped by GSH to form mono-and/or di-
GSH conjugates (60). Hydroxylated catechols such as 7-hydroxyraloxifene and 3′-
hydroxyraloxifene were also detected in the incubation mixture. The half-life of raloxifene di-
quinone methide is less than 1 s; however, the half-life of the raloxifene 6,7-o-quinone is 69
min (Table 1). The stability offered by 6,7-o-quinone implies that it may be more toxic than
the raloxifene diquinone methide. However, as this pathway is a minor one for raloxifene,
physiological concentrations of the raloxifene o-quinone are probably insufficient to induce
toxicity.

Very recently, Eli Lilly reported the discovery of two new SERMs for the potential treatment
of uterine leiomyoma (LY2066948) and hot flushes (LSN2021310) (Figure 3). LY2066948
has a methyl sulfone group at 4′ position, which renders this molecule less susceptible to
metabolic conjugation and limits brain penetration. In several in vivo studies in rat models,
LSN2021310 increased bone mineral density, lowered serum cholesterol, exhibited minimal
uterine agonist activity, and displayed dose-dependent activity of hot flush efficacy. However,
both LY2066948 and LSN2021310 share the same naphthol structure with equilenin (Figure
3), the equine estrogen present in hormone replacement therapy preparations. The presence of
an unsaturated B-ring generally leads to exclusive 4-hydroxylation, which, in turn leads to the
formation of a highly reactive o-quinone (132). It is known that both P450s 1A1 and 1B1
catalyze the 4-hydroxylation of equilenin (Figure 3) (133) and the catechol formed will
autoxidize to the 3,4-o-quinone (134). Catalyzed by NAD(P)H, P450 reductase, or quinone
reductase, the o-quinone readily enters into a redox couple with the semiquinone radical,
resulting in the generation of reactive oxygen species (ROS) (Scheme 5) (135). In in vitro
studies, the 3,4-equilenin o-quinone, semiquinone, and ROS displayed high reactivity to
nucleosides and DNA, leading to the formation of unusual cyclic nucleoside adducts, oxidative
damage to DNA nucleobases, DNA single strand breaks, and apurinic sites(135,136,137). In
a rat model, 4-hydroxyequilenin was shown to cause DNA damage in vivo (138). In addition,
4-hydroxyequilenin can inhibit detoxification enzymes of the cell, such as glutathione S-
transferase (GST) (139) and catechol O-methyltransferase (COMT) (140,141). Since the
naphthol structure is responsible for the carcinogenic bioactivation of equilenin, it is likely that
LY2066948 and LSN2021310 are also metabolized to 3,4-o-quinones and will display similar
carcinogenic potential.

3.5. Miscellaneous Bioactivation Pathways
The final bioactivation pathways we will discuss includes the formation of quinone
metabolites, an iminium ion, and an aldehyde from two recently discovered SERMs
(Dihydrobenzoxathiin compounds I and II in Scheme 6 and 7). Dihydrobenzoxathiin I was
synthesized as a selective ERα antagonist and its bioactivation in both human liver microsomes
and recombinant P450 3A4 has been studied extensively by Zhang et al. (142). This compound
is metabolized to a hydroquinone and an o-quinone (Scheme 6). The hydroquinone is obtained
from oxidative cleavage of the dihydrobenzoxathiin moiety and has the potential to undergo
oxidation to the corresponding quinone. Both the o-quinone and the hydroquinone could
contribute to the observed protein binding. In addition, since a dinitrile compound (bis-cyano
adduct) was detected when the incubation was performed in the presence of sodium cyanide,
an iminium ion intermediate derived from the piperidine side chain of (I) is most likely formed
in the incubation. Therefore, compound (I) is subject to at least three bioactivation pathways,
two of them leading to quinone metabolites, and the third producing an iminium ion.

Extensive studies of these benzoxathiin compounds led to the discovery of (II), which has a
3′-OH instead of a 4′-OH, and the substitution of the piperidine side chain with a pyrolidine
moiety. Compared with (I), the new compound exhibited optimal in vitro and in vivo potency
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and selectivity toward ERα. Scheme 7 shows the reactive metabolites obtained in the incubation
with human liver microsomes and recombinant P450 3A4. The major metabolite was a biphenyl
hydroquinone derivative, which came from the rearrangement of the parent compound. In
addition, the dihydrobenzoxathiin oxidative cleavage metabolite was also a hydroquinone and
both of these metabolites could potentially covalently modify proteins via reactive quinone
intermediates. An aldehyde was also detected and has to potential to form Schiff base adducts
with proteins. Co-incubation with N-acetylcysteine (NAc) led to four NAc adducts, providing
evidence that dihydrobenzoxathiin (II) also underwent bioactivation to form reactive quinone
species. Since, the degree of protein covalent binding by (II) was much lower than (I), (II)
was chooses as the lead compound.

4. Concluding Remarks
The foreseen long-term clinical use of SERMs and risk of carcinogenesis require study of
potential mechanisms of toxicity including covalent modification of cellular macromolecules.
Adducts with glutathione, proteins, nucleosides, and DNA have been reported for many
SERMs in vitro and in some cases in vivo. Several different bioactivation mechanisms are
involved in converting SERMs to reactive intermediates, all of which can be initiated via
oxidation by cytochrome P450. These bioactivation pathways include carbocation formation,
the classical quinone methide and diquinone methide pathways, and o-quinone formation. The
triphenylethylene SERMs, such as the prototype tamoxifen, are hydroxylated by P450 at the
α-position. Upon conjugation with sulfate and subsequent loss of the sulfate group, these
molecules form highly reactive carbocations which have the potential to react with DNA (8,
9). However, tamoxifen-DNA adducts in endometrial tissue have only been detected with some
ambiguity (56,99). Therefore, the physiological relevance of this mechanism have been
questioned by several research groups (56,57,58).

The second bioactivation pathway is exemplified by the hydroxylation of tamoxifen by P450
to form 4-hydroxylated metabolites, which can be further oxidized to classical quinone
methides (11). The amount of the tamoxifen quinone methide produced as well as its stability
suggests it is unlikely to result in cytotoxicity or genotoxicity (11). However, acolbifene is also
converted to a classical quinone methide, which may be its major pathway of bioactivation
(59). In addition, raloxifene (60), DMA (61), and acolbifene (59) can all be converted to
diquinone methides. The raloxifene diquinone methide has recently been implicated in the
inhibition of P450 3A4 (63), and the alkylation of many other liver microsomal proteins (62).

The acolbifene quinone methide has a half-life that is considerably shorter (32 s) (59) than that
of the 4-hydroxytamoxifen quinone methide (3 h) (11), but longer than that of the raloxifene
diquinone methide (1 s) (Table 1) (60). According to Thompson et al., quinone methides with
half-lives in the range of 10 s to 10 min have time to diffuse away from the site of formation
to react with cellular nucleophiles (107). These quinone methides are more likely to cause
toxicity compared to more reactive ones that will react immediately with another quinone
methide, solvent, oxygen, or the enzyme responsible for their formation (59). According to
this hypothesis, the acolbifene quinone methide can be considered an electrophile of
intermediate stability and therefore might be a contributor to the potential genotoxicity or
cytotoxicity of acolbifene through depletion of GSH and modification of cellular
macromolecules (59).

The Thompson hypothesis is persuasive in its simplicity and would have the benefit of being
a predictive tool of use in drug discovery. However, the observation that the short-lived
raloxifene diquinone methide is able to escape its oxidative enzyme to modify a variety of
proteins, although is does so with a low degree of selectivity, clearly indicates that the original
hypothesis must be modified. This evolution can only be effected through further studies on
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the reaction mechanisms and targets of reactive intermediates formed from oxidative
metabolism of SERMs and related compounds.

The fourth bioactivation pathway for SERMs involves o-quinone formation and has been
implicated in tamoxifen-mediated protein binding (64,65). This is generally a minor pathway
for SERMs but might be a major pathway for β-napthol compounds. Finally, quinone
metabolites, an iminium ion, and an aldehyde formed from two recently discovered SERMs
(Dihydrobenzoxathiin compounds I and II in Scheme 5 and 6) have all been implicated in
protein binding (142).

Understanding how the structure of SERMs influences the formation and reactivity of reactive
intermediates is an important tool for the discovery of potential new SERMs that are not
associated with genotoxic or cytotoxic effects. A complete understanding of these toxic
metabolites is necessary as SERMs are already in wide spread use as prophylactic agents in
high risk but otherwise healthy individuals.
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Glossary
AF, activation factor
BCPT, National Surgical Adjuvant Breast and Bowel Project-sponsored Breast Cancer
Prevention Trial
COATag, covert oxidatively activated tag
COMT, catechol-O-methyltransferase
DES, diethylstilbestrol
DMA, desmethylated arzoxifene
E2, 17β-estradiol
ER, estrogen receptor
ER-60, protein disulfide isomerase isozyme A3
ERE, estrogen response element
ERp72, protein disulfide isomerase isozyme A4 precursor
ESI, electrospray ionization
4′F-DMA, 4-fluorodesmethylated arzoxifene
GRIP1, glutamate receptor interacting protein 1
GRP78/BiP, cytosolic glucose regulated protein
GST, glutathione-S-transferase
hGST PI-1, human glutathione-S-transferase
hHST, human hydroxysteroid sulfotransferase
LBD, ligand binding domain
MALDI-TOF, matrix-assisted laser desorption ionization-time of flight
MAP, mitogen activated protein
mGST1, microsomal glutathione S-transferase
NR, nuclear receptor
PDIA1, protein disulfide isomerase isozyme A1
ROS, reactive oxygen species
RUTH trial, Raloxifene Use for The Heart trial
SERM, Selective Estrogen Receptor Modulator
SRC-1, steroid receptor coactivator-1
STAR trial, Study of Tamoxifen and Raloxifene trial.
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Figure 1. Chemical Structures of SERMs
A) Triphenylethylene SERMs; B) Benzothiophene SERMs; C) Benzopyran SERMs
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Figure 2. Analysis of Raloxifene COATag Modified Proteins
A) Structure of the raloxifene covert oxidatively activated tag (COATag) in which raloxifene
is linked to biotin (62). B) Identification of covalently modified proteins by the raloxifene
COATag was achieved by immunoblotting and LC-MS-MS analysis (62).
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Figure 3. Chemical Structures of Naphthol SERMs and Equine Estrogens
Naphthol SERMs LY2066948 and LSN2120310 are similar in structure to the equine estrogen
equilenin. Equilenin is hydroxylated by P450 on the B-ring to form 4-hydroxyequilenin
(132,133).
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Scheme 1. Bioactivation of Tamoxifen
Tamoxifen is hydroxylated by P450 to form 4-hydroxytamoxifen, which can be converted to
a quinone methide via a 2-electron oxidation mechanism (11). Alternatively, 4-
hydroxytamoxifen can be further hydroxylated at the 3 position to produce 3,4-
dihydroxytamoxifen, which can then be oxidized to the o-quinone (10). The tamoxifen
carbocation is formed by initial α-hydroxylation followed by O-sulfonation and subsequent
sulfate dissociation (8).
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Scheme 2. Ligand-Dependent Transcriptional Activation by the ER
Ligands put forth their regulatory effects by binding to ERs, which induces conformational
changes in protein structure that allow for receptor dimerization and interaction with
coactivator molecules (20,21). Coregulators associate in a ligand-dependent manner with the
ER. Coactivators enhance ligand-dependent transcriptional activation by the ERα (48,49).

Dowers et al. Page 26

Chem Res Toxicol. Author manuscript; available in PMC 2008 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 3. Bioactivation of Acolbifene
Acolbifene is converted to both a classical quinone methide and a diquinone methide by P450
(59).
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Scheme 4. Bioactivation of Raloxifene
Raloxifene is oxidized by P450 to produce a diquinone methide and an o-quinone (60).
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Scheme 5. Bioactivation of Equilenin
P450s catalyze the exclusive 4-hydroxylation of equilenin and the catechol formed can auto-
oxidize to the 3,4-o-quinone via a semiquinone intermediate (134). Catalyzed by NAD(P)H,
P450 reductase, or quinone reductase, the o-quinone readily enters into a redox couple with
the semiquinone radical, resulting in the generation of reactive oxygen species (ROS) (135).
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Scheme 6. Reactive Metabolite Formation from Dihydrobenzoxathiin I
Three bioactivation pathways were observed when dihydrobenzoxathiin I was incubated with
human liver microsomes and recombinant P450 3A4. Oxidative cleavage of the
dihydrobenzoxathiin moiety led to the formation of a hydroquinone. Phenol hydroxylation at
either ortho position followed by further oxidation formed an o-quinone. Additionally, an
iminium ion intermediate was formed on the piperidine side chain (142).
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Scheme 7. Reactive Metabolite Formation from Dihydrobenzoxathiin II
Dihydrobenzoxathiin II was incubated with human liver microsomes and recombinant P450
3A4. The major metabolite biphenyl hydroquinone resulted from the rearrangement of the
parent compound. Oxidative cleavage of the dihydrobenzoxathiin moiety led to the formation
of hydroquinone. A reactive aldehyde metabolite was also detected (142).
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Table 1
Relative Reactivities of SERM Intermediates

SERM metabolite Half-lifea Reference

Tamoxifen Quinone Methideb 3 h (11)
Tamoxifen 3,4-o-Quinonec 80 min (10)
Toremifene Quinone Methideb 60 min (11)
Raloxifene 6,7-o-Quinoneb 69 min (60)
Acolbifene Quinone Methideb 32 s (59)
DMA Diquinone Methideb 15 s (61)
Raloxifene Diquinone Methideb < 1 s (60)
Tamoxifen Carbocationd 22 μse (143)

a
Approximate half-life.

b
The disappearance of the quinoid species was followed by monitoring the decrease in UV absorbance at the appropriate wavelength in phosphate buffer

(pH 7.4, 37 °C) (11,59,60,61).

c
The rate of disappearance of the o-quinone was determined by monitoring the rate of apparent disappearance of the corresponding GSH conjugates by

HPLC (10).

d
The carbocation was generated by laser flash photolysis in 40% acetonitrile (143).

e
Refers to the decay in acid where the amine is protonated (143).
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