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ABSTRACT Interaction of the estrogen receptor/ligand
complex with a DNA estrogen response element is known to
regulate gene transcription. In turn, specific conformations of
the receptor-ligand complex have been postulated to influence
unique subsets of estrogen-responsive genes resulting in differ-
ential modulation and, ultimately, tissue-selective outcomes. The
estrogen receptor ligands raloxifene and tamoxifen have dem-
onstrated such tissue-specific estrogen agonist/antagonist ef-
fects. Both agents antagonize the effects of estrogen on mammary
tissue while mimicking the actions of estrogen on bone. However,
tamoxifen induces significant stimulation of uterine tissue
whereas raloxifene does not. We postulate that structural dif-
ferences between raloxifene and tamoxifen may influence the
conformations of their respective receptor/ligand complexes,
thereby affecting which estrogen-responsive genes are modulated
in various tissues. These structural differences are 4-fold: (4) the
presence of phenolic hydroxyls, (B) different substituents on the
basic amine, (C) incorporation of the stilbene moiety into a cyclic
benzothiophene framework, and (D) the imposition of a carbonyl
“hinge” between the basic amine-containing side chain and the
olefin. A series of raloxifene analogs that separately exemplify
each of these differences have been prepared and evaluated in a
series of in vitro and in vivo assays. This strategy has resulted in
the development of a pharmacophore model that attributes the
differences in effects on the uterus between raloxifene and
tamoxifen to a low-energy conformational preference imparting
an orthogonal orientation of the basic side chain with respect to
the stilbene plane. This three-dimensional array is dictated by a
single carbon atom in the hinge region of raloxifene. These data
indicate that differences in tissue selective actions among ben-
zothiophene and triarylethylene estrogen receptor modulators
can be ascribed to discrete ligand conformations.

Recent advances in understanding the mechanisms by which
nuclear hormone receptors exert their effects on gene tran-
scription have greatly enhanced the prospects for tissue-
selective regulation of these processes (1-4). The recognition
that the estrogen receptor (ER) may interact with more than
one DNA response element, that these interactions may be
mediated by various coactivators and corepressors, and that
the nature of these interactions may be dependent on the
specific ligand that is bound to the receptor allows for the
possibility of ligand-based transcriptional control (5-8). In-
deed, it has been hypothesized that a series of ligand-
dependent conformations exist and that each of these confor-
mations may influence a unique subset of estrogen-responsive
genes (9, 10). A logical extension of this hypothesis is the
dependence of ER conformation on the structural features and
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molecular conformation of individual ligands (11-14). The
recent characterization of a new ER isoform, ERfB, adds a
further layer of complexity, because ligands with different
structural characteristics may exhibit different binding profiles
depending on which ER isoform is being evaluated (15, 16).

To date, ER ligands have been grouped into four classes on the
basis of in vivo pharmacology, and representatives of these classes
indeed have been shown to exhibit unique profiles with respect to
transcriptional activation (9). Differential effects on mammary,
uterine, cardiovascular, and skeletal tissues have been observed
for each of the four classes (17). At opposing ends of the
pharmacological spectrum are 17B-estradiol and ICI-164,384; the
former is the natural ligand and a full agonist in target tissues
whereas the latter appears to be essentially a pure antagonist in
vivo (17, 18). In between these two extremes lie other ER ligands
such as tamoxifen and raloxifene (Fig. 1), which exert tissue-
selective estrogen-like effects. Both act as estrogen antagonists in
mammary tissue, but mimic the agonist effects of estrogen on
bone and in the cardiovascular system (19). In the uterus,
however, tamoxifen induces significant stimulation and appears
to function as a partial estrogen agonist, whereas raloxifene
appears to function entirely as an antagonist. This uterine agonist
activity has been associated with an increased risk of endometrial
cancer for patients treated with tamoxifen (20). Because of its
unique profile of tissue specificity, raloxifene has been charac-
terized as a selective estrogen receptor modulator and is presently
in clinical development for the prevention and treatment of
postmenopausal osteoporosis (21, 22). Recently, a potential
mechanism for this tissue specificity involving selective interac-
tion of the ER-raloxifene complex with a response element
distinct from the classical estrogen response element has been
proposed (8). As part of our program to explore the pharmacol-
ogy of raloxifene and related molecules, we have sought to
uncover the molecular features that account for its unique profile
of tissue specificity, particularly those features that differentiate
it from tamoxifen. Four major structural differences are apparent
on inspection (Fig. 1): (4) the presence of the phenolic hydroxyls,
(B) the nature of the basic amine, (C) the incorporation of the
stilbene into a cyclic benzothiophene framework, and (D) the
imposition of a carbonyl “hinge” between the basic amine-
containing side chain and the olefin. In this paper we directly
compare the in vitro and in vivo pharmacology of a series of
compounds that separately address each of these structural
features. We demonstrate that individual elements of raloxifene’s
molecular structure are responsible for its enhanced tissue selec-
tivity relative to tamoxifen; that changes in these structural
elements affect the profile of biological activities that previously
have been described for raloxifene; and that one of these struc-
tural elements causes raloxifene to assume a distinct molecular
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FiGc. 1. ER ligands tamoxifen and raloxifene. Differentiating struc-
tural features are highlighted.

conformation, which may, in turn, impact the conformation of the
ER-raloxifene complex and in so doing be responsible for the
unique tissue selectivity evidenced by this ER modulator.

MATERIALS AND METHODS

Chemistry. The compounds shown in Table 1 were prepared
as previously described (23). Analogs bearing side-chain varia-
tions, shown in Table 2, were prepared by Friedel-Crafts acyla-
tion of 2-[4-methoxyphenyl]-6-methoxybenzothiophene with
anisoyl chloride followed by selective O-demethylation and alky-
lation of the resulting phenol with the appropriate electrophile
under basic or Mitsunobu conditions (24, 25). Deprotection with
ethanethiol/aluminum chloride provided the target compounds.
Compound 2 (see Fig. 6) was prepared by a modification of the
method of Crenshaw involving the acid-mediated cyclization of
an appropriately substituted a-arylthiodeoxybenzoin (26). Com-
pound 3 (see Fig. 6) was prepared from a suitably protected
11-thiacoumestrol by a method analogous to that described
previously for coumestrol (27). Thus 3,9-dimethoxy-11-
thiacoumestan (28) was demethylated and converted to the
corresponding bis(fert-butyldimethylsilyl)ether. Low temperature
reduction with diisobutylaluminum hydride followed by conden-
sation of the resultant lactol with phenol provided the interme-
diate phenyl acetal. Displacement of the phenoxy moiety with
4-[2-(1-piperidinyl)ethoxy]|phenylmagnesium bromide and re-
moval of the silyl protecting groups with fluoride provided the
desired compound 3 (see Fig. 6) in racemic form. All reported

Table 1. Effects on ER binding and inhibition of MCF-7
proliferation for a series of raloxifene analogs

MCF-7 Inhib.
Compound R R’ ER RBA IC50 (nM)
17B-estradiol 1.00 NA
4-OH Tam 0.36 0.5
Raloxifene (1) 6-OH OH 0.34 0.2
la None OH .003 35
1b 6-OMe OH .008 250
1c 7-OH OH .020 300
1d 5-OH OH 0.1 100
le 6-OH H .062 25
1f None H .002 >100

NA, not applicable.
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Table 2. Comparative effects on in vivo estrogen antagonism for
various basic side chain modifications in the raloxifene nucleus

Noth
AL

In Vivo estrogen
antagonism, maximal
percent inhibition

Compound R (Uterine wt/body wt)
Tamoxifen 48*
1 JJ.\/\@ Q1%
1g 5~ \/‘D 81+
1h H\/\O 38
o}
j{/\N
1i 10
5.5'\/\ N/CHS
. | P
1j CH, 38*

.SJ\/\U
CH3 36*

*Statistical significance relative to ethynyl estradiol-treated control
(P = 0.05).

1k

compounds were fully characterized by "H-NMR, mass spectra,
and/or elemental analysis. Tamoxifen, 17a-ethynyl estradiol, and
17B-estradiol were purchased from commercial sources.

ER Binding. Affinity to the ER was determined in MCF-7
cell lysates by standard methods (29). Relative binding affin-
ities were calculated as ICsy 17B-estradiol /ICsy compound.

MCEF-7 Cell Proliferation. Effects on cellular proliferation
were determined by standard methods (29) in MCF-7 breast
adenocarcinoma cells. Cell cultures were treated in triplicate
with test compound and 10 pM 17B-estradiol, and incubated
for 48 hr at 37°C. Proliferative effects were measured by
3H-thymidine incorporation.

Transforming Growth Factor (TGF)-B3 Induction. Ligand
effects on ERa-mediated TGF-B3 gene promoter activation
were determined as previously described (8).

Ovariectomized Rat Assays. Six-month-old Sprague-—
Dawley rats were ovariectomized and dosed orally with test
compound, vehicle control, or 17a-ethynyl estradiol (0.1
mg/kg per day). After 4 days or 5 weeks of oral dosing animals
were sacrificed, and blood and uteri were collected for analysis
as previously described (23). Bone samples also were collected
from the animals treated for 5 weeks, and bone mineral density
was determined by the method of Sato (30).

Estrogen Antagonism Assay in Immature Rats. Antagonist
activity was determined in 21-day-old female Sprague—Dawley
rats primed with 17a-ethynyl estradiol (0.1 mg/kg per day) as
previously described (31). Test compounds were administered
orally 15 min before the daily ethynyl estradiol challenge. After
3 days, animals were sacrificed, the uteri were collected and
weighed, and uterine weight/body weight ratios were calculated
for each animal.

Statistics. All treatment groups for in vivo studies contained
a minimum of five animals. Statistical evaluations were made
by one-way ANOVA with posthoc Fisher’s probable least-
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squares difference analysis when indicated. Significance was
ascribed at a P < 0.05.

Molecular Modeling. MOPAC minimum energy conforma-
tions of raloxifene, 4-hydroxytamoxifen, and compounds 2 and 3
(see Fig. 6) were generated by using the AM1 parameter set with
the MOPAC command line options of; AM1 GRADIENT PO-
LAR GEO-OK HESS = 1 EF GNORM = 0.01 SCFCRT =
1D-12 MMOK PRECISE NOINTER and GRAPH (32). Least-
squares superimpositions of the stilbene cores were performed by
using the Insight-II version 95.0.4 (Molecular Simulations, San
Diego, CA).

RESULTS AND DISCUSSION

To determine the structural components responsible for the
tissue-specific actions of raloxifene and whether molecular con-
formation plays a role in these outcomes, a series of analogs in
which these differences are directly comparable were systemati-
cally evaluated in vitro and in vivo. The assays ranged from
sub-cellular (ER binding) to cell-based (MCEF-7 proliferation,
transforming growth factor-B3 induction) to whole animals (im-
mature rat, ovariectomized rat). Biological activity across these
assays then was assessed as a function of ligand structural
characteristics.

ER Binding Region. The affinity of selected raloxifene analogs
for binding to the ER is shown in Table 1 along with the
corresponding effects on MCF-7 human breast adenocarcinoma
cell proliferation. Raloxifene (compound 1, see Fig. 1) binds the
ER with a relative binding affinity of 0.34 (17B-estradiol = 1.0)
and is a potent anti-proliferative agent (ICsp = 0.2 nM). The
importance of the 6-OH group is illustrated by deletion of this
group (compound 1la, Table 1) or blocking as a methyl ether,
(compound 1b, Table 1) each of which results in =100-fold
decreases in both receptor affinity (0.003 and 0.008, respectively)
and MCF-7 growth inhibitory potency (35 and 250 nM, respec-
tively). The 4'-hydroxy group plays a lesser role as shown by the
approximately 10-fold decrease in binding and antagonist activity
on elimination of this functional group (compound 1e, Table 1).
Transposition of 6-OH group to the adjacent 7-position of the
benzothiophene (compound 1e, Table 1) also significantly de-
creases receptor affinity and antiproliferative action. In the
analogous 5-OH analog (compound 1d, Table 1), it is interesting
to note that although this compound binds effectively to the ER
(relative binding affinity = 0.1) this interaction does not translate
to significant antagonistic effects on proliferation in MCF-7 cells
(ICso = 100 nM). Taken together, these data indicate that a key
molecular component dictating ER binding is the 6-OH group,
and that this interaction plays an important role in regulating the
antiproliferative effects of these compounds (23). The signifi-
cance of this group is supported further by studies of tamoxifen
and 4-hydroxytamoxifen, which illustrate the importance of a
hydroxy functionality, located at the corresponding position of the
stilbene core, in dictating ER binding affinity and functional
activity in MCF-7 cells (33).

Basic Side Chain. Pioneering work on triphenylethylene anti-
estrogens such as tamoxifen has demonstrated the importance of
both the position and nature of the N,N-dimethylamine side chain
with regard to blocking the uterine hypertrophic effects of
coadministered estrogen in immature female rats (34). Likewise,
studies with raloxifene indicate that a dialkylamine moiety is
critical for antagonizing the in vivo effects of estrogen. As shown
in Table 2, replacement of the nitrogen with a carbon (compound
1h) or a nonbasic nitrogen atom (compound 1i) results in
complete loss of antagonist effects. Specific bases such as piper-
idine (compound 1) or pyrrolidine (compound 1f) are optimal
and impart the highest degree of antagonist character. It is
intriguing to note that although a basic nitrogen is required for
optimal in vivo estrogen antagonism, the nature of the substitu-
ents on this heteroatom determine the relative level of antago-
nism. For example, N,N-dimethylamino analog 1j and 4-
methylpiperidine analog 1k behave as partial agonists with
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EDsy’s > 10 mg/kg and maximal inhibitory responses of only
38% and 36%, respectively. Indeed, these raloxifene analogs
more closely resemble tamoxifen with respect to their effects on
the uterus. Given these data, we initially postulated that the
differences in estrogen antagonist activity between raloxifene and
tamoxifen resulted primarily from the presence of different
amine bases, i.e. piperidine vs. N,N-dimethylamine. However, in
direct contrast to the benzothiophene series replacement of the
N,N-dimethylamino base of tamoxifen with piperidine does not
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FiG. 2. Effects of tamoxifen, raloxifene, compound 2, and com-
pound 3 on uterine eosinophil peroxidase activity (a) and uterine
weight (b) in ovariectomized rats. Eosinophil peroxidase activity is
reported as the mean Vimax (= SEM) (23). Uterine weight/body weight
values are reported as the mean percent increase relative to ovariec-
tomized, vehicle-treated controls (= SEM). Statistical significance
relative to ovariectomized controls is denoted by * (P =< 0.05).
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F1G. 3. Hemotoxylin and eosin-stained sections of rat uteri, illus-
trating epthelial lining cells, obtained from ovariectomized rats treated
for 35 days with vehicle (4), ethynyl estradiol (0.1 mg/kg per day; B),
raloxifene (1.0 mg/kg per day; C), tamoxifen (1.0 mg/kg per day; D),
compound 3 (1.0 mg/kg/per day; E), or compound 2 (1.0 mg/kg per
day; F). Magnification is at 128X.

Proc. Natl. Acad. Sci. USA 94 (1997)
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FiG. 4. Effects of tamoxifen, raloxifene, compound 2, and com-
pound 3 on bone mineral density in the ovariectomized rat. Bone
mineral density values are reported as percent protection relative to
ovariectomized, vehicle-treated controls (* SEM), with sham control
values defined as 100% and ovariectomized controls defined as 0. All
groups, except 0.01 mg/kg per day compounds 2 and 3 differ signif-
icantly from ovariectomized controls at P = 0.05.

improve its anti-uterotrophic character (34). Thus, whereas the
basic side-chain moiety of raloxifene is critical for its estrogen
antagonistic properties, it is not the primary structural compo-
nent differentiating the uterine pharmacology of raloxifene and
tamoxifen.

Benzothiophene and “Hinge” Regions. To establish whether
the benzothiophene ring system and/or the carbonyl “hinge” of
raloxifene is responsible for its enhanced tissue selectivity relative
to tamoxifen, we have prepared compounds 2 and 3 (see Fig. 6).
Both compounds maintain the benzothiophene core structure,
hydroxylation pattern, and piperidine-containing basic side chain
of raloxifene. In compound 2, however, the carbonyl “hinge” has
been excised, whereas in compound 3 the orientation of the basic
side chain has been rigidified by incorporation of the carbonyl
moiety into a benzopyran ring system.

In standard in vitro models of estrogen action compounds 2
and 3 exhibited similar profiles. As expected, both compounds
2 and 3 bound ER (relative binding affinities 0.29 and 0.23,
respectively) and were able to inhibit estrogen-stimulated
MCEF-7 cell proliferation (ICsy 0.5 and 0.2 nM, respectively) at
concentrations comparable to raloxifene and 4-hydroxytamox-
ifen (4-hydroxytamoxifen was used as the appropriate com-
paritor in in vitro assays, whereas tamoxifen was used in in vivo
assays). Furthermore, all four compounds were able to stim-
ulate transforming growth factor-B3 gene expression in cell
culture 3-5 fold, at concentrations of 107°-10~8 M, as previ-
ously has been described for raloxifene (8).

Differential tissue selectivities of raloxifene, tamoxifen, and
compounds 2 and 3 have been demonstrated in ovariectomized
rats treated for 4 days with endpoints of serum cholesterol
lowering and uterine stimulation. Whereas all four compounds
significantly lowered serum cholesterol at doses as low as 0.1
mg/kg (EDsps: tamoxifen, 0.21 mg/kg; raloxifene, 0.18 mg/kg;
compound 2, 0.15 mg/kg; and compound 3, 0.29 mg/kg), tamox-
ifen and compound 2 produced significant increases in uterine
eosinophilia (as measured by uterine eosinophil peroxidase ac-
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FiG. 5. Effect of tamoxifen, raloxifene, compound 2, and com-
pound 3 on ethynyl estradiol-induced uterine weight increase in
immature rats. Data are reported as percent inhibition of uterine
weight/body weight relative to ethynyl estradiol-treated controls (*+
SEM), with vehicle-treated control values defined as 100% and ethynyl
estradiol-treated controls as 0.

tivity, Fig. 2a) whereas raloxifene and compound 3 did not.
Furthermore, tamoxifen and compound 2 also markedly in-
creased uterine weight (Fig. 2b). Although raloxifene induced a
modest increase in uterine wet weight, which previously has been
ascribed to effects on water imbibition into the stromal compart-
ment of the uterus (21) compound 3 produced no such increase.

Effects on serum cholesterol and uterine weight in ovariecto-
mized rats treated with test compounds for 5 weeks were similar
to those observed in the 4-day experiment (data not shown).
Differential effects on uterine epithelial cell height also were
observed, with tamoxifen and compound 2 inducing significant
stimulation whereas raloxifene and compound 3 did not (Fig. 3).
In this model, the abilities of raloxifene, tamoxifen, and com-
pounds 2 and 3 to function as estrogen agonists by preventing
ovariectomy-induced osteopenia also were demonstrated (Fig. 4).
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Finally, the ability of these compounds to function as estrogen
antagonists in the uterus has been examined in an immature rat
model (Fig. 5). In this model, raloxifene and compound 3, at a
dose of 10 mg/kg per day, provided almost complete antagonism
of the effects of ethynyl estradiol on uterine weight, whereas
compound 2 and tamoxifen achieved only partial antagonism.

Molecular Determinants. The results described above dem-
onstrate how the structural differences between raloxifene and
tamoxifen affect the biological activities of these compounds,
both in vitro and in vivo. Clearly, the hydroxylation pattern is
important for receptor binding and in vitro activity (35), and
the presence and nature of the basic amine substituent is
critical in determining estrogen antagonist activity. The shift
from an acyclic olefin in tamoxifen to one contained within a
benzothiophene ring system in raloxifene is one of the most
striking structural differences between tamoxifen and ralox-
ifene. This strategy of incorporating the olefin of a triphenyl-
ethylene into a fused ring system frequently has been used to
confer configurational stability on the olefin, thus reducing
metabolic conversion to potentially uterotrophic double bond
isomers (36). Nevertheless, the well-established uterine stim-
ulatory effects of nafoxidine, a nonisomerisable analog of
tamoxifen, demonstrates that this strategy is an incomplete
solution (19). That none of these characteristics uniquely
provide satisfactory tissue selectivity is further suggested by
results obtained with compound 2, which produces significant
uterine stimulation in OVX rats (Figs. 2 and 3).

The final structural distinction between raloxifene and tamox-
ifen is the carbonyl hinge, which is imposed between the stilbene
moiety and the basic side chain of raloxifene. Molecular modeling
studies have indicated that this simple structural modification
produces a drastic change in the orientation of the basic side
chain, from a coplanar orientation in 4-hydroxytamoxifen to a
nearly orthogonal orientation in raloxifene (Figs. 6 and 7) (14).
(The two rotomers of raloxifene in which the side chain occupies
this orientation are enantiomeric in nature and equivalent in
energy.) Nevertheless, rotation about the carbonyl hinge can take
place and higher energy conformations of raloxifene can be
achieved in which the basic side chain and stilbene nucleus are
coplanar. In compound 3, the basic side chain is locked in an
orientation similar to that of raloxifene. (The individual enanti-
omers of compound 3 each overlay with an individual rotomer of
raloxifene. It has not been determined whether a single absolute
orientation of the side chain is preferred and therefore none is
implied herein.) In compound 2, the side chain lies within the
stilbene plane as is the case for 4-hydroxytamoxifen. Structural

0/\, NMez

HO
4-hydroxytamoxifen

FiG.6. MOPAC/AM1 minimum energy conformations for raloxifene (green carbons), 4-hydroxytamoxifen (gray carbons), compound 2 (green
carbons), and compound 3 (gray carbons). For the sake of clarity, a single rotomer of raloxifene and a single enantiomer of compound 3 are depicted.
A preferred absolute orientation for the basic amine-containing side chain has not been determined.
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raloxifene +
4-hydroxytamoxifen

4-hydroxytamoxifen
+2

FiG. 7. Overlay of minimized structures of raloxifene (green
carbons) and compound 3 (gray carbons), raloxifene (green carbons)
and 4-hydroxytamoxifen (gray carbons), and 4-hydroxytamoxifen
(gray carbons) and compound 2 (green carbons). Note that overlay of
the alternative rotomer of raloxifene with the alternative enantiomer
of compound 3 produces a mirror image of that depicted here.

overlays of compound 3 with raloxifene and of compound 2 with
4-hydroxytamoxifen indicate that they are indeed distinguished
by their side-chain orientations.

The biological effects described herein suggest that this side-
chain orientation may play a role in the unique profile of tissue
selectivity that is displayed by raloxifene and compound 3. Thus,
the coplanar orientation of the side chain in tamoxifen and in
compound 2 may contribute to the uterine stimulation that is
observed with these compounds, whereas raloxifene and com-
pound 3 produce little or no stimulation. Other compounds, in
which the side chain is oriented orthogonally to a benzopyran ring
system also have been reported to lack uterotrophic effects (14).
The ability of raloxifene and compound 3 to function as tissue-
selective estrogen agonists is evidenced by their effects on bone
mineral density and serum cholesterol. That this tissue selectivity
is not simply the result of selective tissue distribution is confirmed
by the ability of raloxifene and compound 3 to completely
antagonize the effects of estrogen on the immature rat uterus. In
contrast, compound 2 and tamoxifen appear to be partial agonists
in the uterus. Because the amine moieties of these compounds
appear to be important for their ability to function as estrogen
antagonists, it is reasonable to assume that they contribute an
additional interaction with the ER, which is not present in
estradiol. The topography of the amine functionality relative to
the stilbene plane therefore may influence the manner in which
a particular ligand interacts with the ER. The individual confor-
mations of tamoxifen and raloxifene then may be reflected in
different conformations of their respective ER-ligand complexes,
with differential effects on the modulation of various estrogen-
responsive genes, and different levels of tissue selectivity.

In conclusion, we propose that the ability of raloxifene to
function as a selective estrogen receptor modulator is related to
unique features of its molecular structure. In particular, the single
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molecular feature that distinguishes raloxifene from tamoxifen is
the imposition of a carbonyl “hinge” between the basic amine-
containing side chain and the olefin, inducing a molecular con-
formation that is significantly different from that of tamoxifen.
We propose that this altered molecular conformation may, in
turn, induce a unique conformation of the ER-ligand complex or
it may selectively affect the interactions of raloxifene with the
ERa or ERpB, and that these effects may be responsible for
raloxifene’s unique profile of biological activities.
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