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ABSTRACT Both estrogen receptor (ER) subtypes, ERa and ERb, are expressed throughout the brain of
both rodents and humans. Analyses from our laboratory and others reveal that both ERa and ERb can
contribute to estrogen-induced protection against neurodegenerative insults. ERb plays a key role in
regulating brain development and estrogen-induced promotion of neurogenesis and memory. These
findings suggest that targeting ERb could generate safe and effective therapeutics to promote neuronal
defense mechanisms and to maintain cognitive function, while simultaneously reducing adverse effects in
reproductive organs such as breast and uterus. A number of naturally occurring ERb selective
phytoestrogens have been identified and multiple structurally diverse ERb selective ligands have been
synthesized. A comparison of the models of complexes between selective agonists and either ERa or ERb
reveals that two variant amino acid residues in the ligand binding site, Leu384 and Met421 in ERa, which
are replaced with Met336 and Ile373, respectively, in ERb, are the key molecular constituents underlying
the binding of selective ligands to either ER subtype. Development of an ERb brain-selective estrogen
receptor modulator, in particular a natural source formulation, has great potential benefit for peri- and
post-menopausal women who face age-associated cognitive decline and neurodegeneration. In addition,
an ERb selective formulation might promote neuronal defense mechanisms and cognition in men, while
reducing the risk of prostate cancer. Drug Dev. Res. 66:103–117, 2006. !c 2006 Wiley-Liss, Inc.
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CLINICAL OUTCOMES OF ESTROGEN THERAPY:
THE HEALTHY CELL BIAS OF ESTROGEN BENEFIT

IN THE BRAIN

The profound disparities between the largely
positive basic science Þndings of estrogen action in the
brain [see the recent reviews of Brinton, 2004a,b;
Simpkins et al., 2005] and the adverse outcomes of
recent estrogen therapy (ET) trials in women who
are either postmenopausal and normal [Rapp et al.,
2003; Shumaker et al., 2003, 2004; Espeland et al.,
2004] or postmenopausal with AlzheimerÕs disease
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(AD) [Henderson et al., 2000; Mulnard et al., 2000;
Wang et al., 2000; Grady et al., 2002] have led to an
intense reassessment of the potential of estrogen as a
neuroprotective therapy.

Analyses of the model systems used across the
basic to clinical research continuum separate into two
broad classes, those that use ÔÔprevention interventionsÕÕ
in healthy animals or humans and those that use
ÔÔtreatment interventionsÕÕ in those with compromised
neurological function. Basic science analyses have
consistently demonstrated the neurotrophic and neu-
roprotective effects of estrogen and provided informa-
tion on the underlying mechanisms of estrogen action.
However, such mechanisms typically are derived from
an experimental paradigm that relies on healthy
neurons or brains as the starting point, which is
followed by exposure to estrogen and then to a
neurodegenerative insult [Brinton, 2004a,b; Simpkins
et al., 2005]. One example of this prevention paradigm
is the analysis of Sherwin [1988] who investigated the
cognitive impact of estrogen therapy in surgically
menopausal women. It was observed that all four
measures of cognitive functioning declined with the
loss of plasma 17b-estradiol in oophorectomized
women. In contrast, women who had a hysterectomy,
but whose ovaries were retained, showed stability both
in cognitive performance and in circulating estrogen
levels [Sherwin, 1988]. Results from a number of
observational studies consistently report positive results
with a prevention paradigm for estrogen treatment.
Overall, the epidemiological data indicate a reduced
risk of 20Ð50% for developing AD in women who
began estrogen therapy at the time of menopause
[Baldereschi et al., 1998; Jacobs et al., 1998; Matthews
et al., 1999; Steffens et al., 1999; Waring et al., 1999;
Zandi et al., 2002].

In contrast, there is a second type of study that
involves estrogen intervention in animals or humans
who have compromised neurological function. That is,
this is a treatment paradigm and the results of these
studies have been much less consistent. For example,
the results of the AlzheimerÕs Disease Cooperative
Study, a randomized, double-blind, placebo-controlled
clinical trial conducted in postmenopausal women with
mild to moderate AD, indicated that estrogen therapy
was beneÞcial in the short-term (2 months), but
accelerated the progression of disease in the long-term
(12 months) [Mulnard et al., 2000]. This slight
beneÞcial effect observed at the early time point in
this trial was not observed in a different clinical trial
where the investigators found that estrogen therapy
was without beneÞt in women with existing AD
[Henderson et al., 2000]. Further, in the WHIMS
cohort of women aged 65 years or older, with no

symptoms of neurological diseases, but with variable
health status, estrogen therapy (conjugated equine
estrogen, CEE alone) for 5 years showed no statistically
signiÞcant beneÞt or detriment, although there is a
trend towards increased risk of developing dementia
and mild cognitive impairment in these women [Rapp
et al., 2003; Shumaker et al., 2003, 2004; Espeland
et al., 2004]. Collectively, these data suggest that, as
the continuum of neurological health progresses from
healthy to unhealthy, there is a correlated decline in the
beneÞts of estrogen therapy.

Based on these analyses, we proposed a ÔÔhealthy
cell biasÕÕ hypothesis of estrogen action in the brain.
If neurons are healthy at the time of estrogen ex-
posure, their response to estrogen is beneÞcial for
both neurological function and survival. In contrast, if
neuronal function is compromised, estrogen exposure
exacerbates neurological dysfunction and neurodegen-
eration (see Fig. 1) [Brinton, 2004a,b]. To test this
hypothesis, we are developing in vitro neuronal models
that simulate prevention versus treatment modes of
estrogen. The initial results of these analyses indicate
that hippocampal neurons exposed to 17b-estradiol
prior to b-amyloid insult, as in a prevention paradigm,
exhibit signiÞcantly greater survival than neurons
treated with 17b-estradiol at the time ofb-amyloid
insult. In stark contrast, neurons exposed to 17b-
estradiol followingb-amyloid insult, as in a treatment
paradigm, exhibit less survival than those neurons
exposed tob-amyloid alone [Chen and Brinton, 2004].
This hypothesis provides a lens through which to assess
the disparities in study outcomes noted above and to
improve future forms of estrogen therapy.

ESTROGEN RECEPTORS IN THE CENTRAL
NERVOUS SYSTEM: AN OVERVIEW

The discovery of a second nuclear receptor for
estrogen, ERb, encoded by a gene (on chromosome 14)
[Kuiper et al., 1996], separate from the ERa gene on
chromosome 6 [Green et al., 1986], explains the
spectrum of pleiotropic actions of estrogen in various
tissues and provides the structural basis for the
development of compounds that selectively target an
ER subtype in speciÞc tissues.

ERa and ERb are widely distributed in a tissue-
and cell type-speciÞc patterns in both rodents and
humans, thus providing an explanation for their distinct
regulatory patterns of estrogen action. A recent over-
view concludes that ERa is expressed at high levels
in the ÔÔclassicalÕÕ estrogen target tissues such as the
uterus, mammary gland, placenta, liver, bone, and
cardiovascular systems. ERb, on the other hand, is
mainly expressed in ÔÔnon-classicalÕÕ target tissues, such
as the brain, prostate, ovary, lungs, muscle, and urinary
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tract, where the level of ERa is either very low or not
measurable [Weihua et al., 2003]. In the brain,
expression of ERs is species- and region-speciÞc. For
example, ERa and ERb are coexpressed in select
regions of rat brain, including the preoptic area, the
bed nucleus of the stria terminalis, and the medial and

cortical amygdaloid nuclei. Other regions express
either ERa only, as in the ventromedial hypothalamic
nucleus and subfornical organ [Shughrue et al., 1997],
or ERb only, as in the cerebral cortex and hippocampus
[Posner et al., 1988; Shughrue et al., 1997]. In mouse
brain, however, ERa is predominantly detected in the

Fig. 1. Healthy cell bias of estrogen benefit in the brain. Estrogen treatment prior to exposure to neurodegenerative insults provides
neuroprotection, whereas exposure of neurons to estrogen following the insult promotes neurodegeneration. The known mechanisms of estrogen
action predict a reduction in the risk of Alzheimer’s disease (AD) if estrogen therapy is initiated prior to the development of age-related
neurodegeneration, but an increased risk of AD if estrogen therapy is initiated subsequent to the onset of neurodegeneration.

105ERb AS THERAPEUTIC TARGET IN BRAIN

Drug Dev. Res.DOI 10.1002/ddr



hippocampus [Mitra et al., 2003]. In addition, expres-
sion of ERs in the brain appears to be modulated by
both age and injury. For example, Dubal et al. [1999]
found that, in certain cortical regions of rat brain,
cellular expression of ERa mRNA was dramatically
upregulated in response to ischemic injury, while ERb
mRNA expression following injury declined 50%,
relative to the level in the brains of the control group.
Moreover, these investigators found that, in female
rat brain, ERb mRNA levels in the cerebral cortex,
as well as in some other regions, decreased with age.
In contrast, the expression levels of ERa are relatively
immune to the effect of age [Wilson et al., 2002]. The
dynamic expression pattern of ERs in the rat brain,
with regulation by age, sex, and even their own cognate
ligands, has also been observed in mice [Sheng et al.,
2004; Sharma and Thakur, 2005]. In the human brain,
it was found that, although both ERs were predomi-
nantly expressed in limbic-related areas, the highest
expression of ERa mRNA was restricted to areas such
as the amygdala and the hypothalamus, whereas ERb
mRNA expression was abundant in areas such as the
hippocampal formation, cerebral cortex, and thalamus
[Osterlund et al., 2000a,b]. It should be noted,
however, that the Þndings on immunolocalization of
ERs in human brain are variable across laboratories
using different antibody preparations. Further, the age
and health status of the brain can also have a
substantial impact on ER expression in human brain.
For example, using an anti-bovine ERa (05-394)
antibody directed against SDS-solubilized calf uterus,
and an anti-rat ERb (06-629) antibody developed
against the N-terminal region of the human ERb
sequence, Taylor and Al-Azzawi [2000] observed
signals for both ERa and ERb in the cerebral cortex,
but only signiÞcant ERa immunoreactivity was de-
tected in the hippocampus. These results differ from
the observations of Savaskan et al. [2001], who used an
antibody against ERb C-terminal region and detected
only ERb immunoreactivity throughout the hippocam-
pus in brains from both aged controls and patients with
AlzheimerÕs disease (AD). A recent study reported that
ERb is enriched in human embryonic brain cortical
neurons and glial cells, and that the expression of ERb
can be upregulated by 17b-estradiol, suggesting that
estrogen plays a role in the developing nervous system,
which is likely mediated by ERb [Fried et al., 2004].

With regard to the subcellular distribution of ERs
in brain, increasing evidence indicates that, in addition
to their nuclear localization, both ERa and ERb are
expressed in non-nuclear regions as well. For example,
both ERa and ERb were detected in the cytoplasm
and neuronal processes of rat hippocampal neurons
[Milner et al., 2001; Adams et al., 2002; Zhang et al.,

2002; Wu et al., 2004]. A greater abundance of
cytoplasmic (versus nuclear localization) of ERb was
observed in rat hippocampal neurons, particularly from
the CA3 subÞeld, but ERa exhibited the opposite
subcellular expression pattern [Kalita et al., 2005].
Further data suggest that ERb also localizes to the
synaptosomal and synaptic membrane of mouse
hippocampal neurons [Nishio et al., 2004]. In addition,
using Western blot analysis, our lab has demonstrated
the presence of ERa and ERb in mitochondria isolated
from adult rat brain [Masri et al., 2004; Nilsen and
Brinton, 2004]. Consistent with the Þndings from our
group, Yang et al. [2004] found that ERb co-localized
with a mitochondrial marker in rat cortical and
hippocampal neurons. Moreover, recent analyses have
revealed that the subcellular distributions of ERs are
modiÞed by aging and the occurrence of AD neuro-
pathology. Aging has been associated with translocation
of ERa from the nucleus to the cytoplasm, and AD
neuropathology is accompanied by high levels of
nuclear ERa compared to the levels in control subjects
[Hestiantoro and Swaab, 2004; Kalesnykas et al., 2005].

Taken together, these observations suggest that,
in addition to the classical nuclear ER transcriptional
activation of target genes [Kumar and Chambon, 1988;
Tora et al., 1989], ERs are involved in a variety of rapid,
non-genomic membrane or cytoplasmic signaling
cascades that also contribute to the regulatory effects
of estrogen in the brain. In fact, the well-established
rapid effects of estrogen in brain appear to be
associated with a plasma membrane- or cytoplasmic-
associated ER activation [Kuroki et al., 2000; Wu et al.,
2005; Zhao et al., 2005]. The differences in subcellular
distribution between ERa and ERb might, thus,
determine, to a large extent, their differential role in
mediating these cellular signaling pathways and there-
by determine the biological outcomes produced by
estrogen treatment.

IMPACT OF ERa AND ERb ON NEURONAL
SURVIVAL, BRAIN DEVELOPMENT AND FUNCTION

An increasing number of in vitro and in vivo
studies indicate that either ER subtype, or both,
mediates estrogen-induced neuroprotection. However,
the relative contribution of ERa and ERb to those
pharmacological outcomes remains controversial. For
example, in an in vivo mouse model of focal ischemia,
Dubal and colleagues [2001] reported that 17b-
estradiol-induced neuroprotection was retained in
ERa knockout mice, but that it was lacking in ERb
knockout mice, suggesting that activation of ERa, not
ERb, was required for 17b-estradiol neuroprotection in
this model of human stroke. In contrast, Sampei et al.
[2000] reported that ERa deÞciency did not exacerbate

106 ZHAO AND BRINTON

Drug Dev. Res.DOI 10.1002/ddr



ischemic damage following middle cerebral artery
occlusion (MCAO) in mice, thereby apparently exclud-
ing a role for ERa in mediating estrogen protection in
this model of stroke. In agreement with this latter
Þnding, an ERb selective agonist, DPN (2,3-bis(4-
hydroxyphenyl) propionitrile), signiÞcantly reduced
ischemic damage in a similar in vivo mouse model of
global ischemia [Meyers et al., 2001], whereas an ERa
selective agonist, PPT (1,3,5-Tris(4-hydroxyphenyl)-4-
propyl-1H-pyrazole) [Stauffer et al., 2000], had no
effect on the extent of neuronal damage, indicating that
estrogen neuroprotection against global ischemia in
mice is mediated by activation of ERb [Carswell et al.,
2004]. In contrast to these studies, Miller et al. [2005]
observed that both PPT and an ERb selective agonist,
WAY-200070-3, provided nearly complete protection of
hippocampal CA1 neurons against ischemia-induced
cell death in approximately 50% of the animals in an
in vivo rat model of global ischemia. One likely major
factor leading to these conßicting results is the
difference in the particular model system employed.
Dubal and colleagues [2001] used a focal ischemia
mouse model, whereas Carswell and coworkers used a
global ischemia mouse model [Carswell et al., 2004].
The different levels of severity of the brain damage
produced in these two ischemic models may have
substantially different impacts on the neuronal re-
sponse to estrogen treatment [Merchenthaler et al.,
2003]. The disparity among a number of in vitro studies
might be attributable to several factors, including
animal species, brain region, and cell type investigated.
As reviewed earlier, the expression of ERa and ERb in
the brain exhibits a species-, brain region-, and cell
type-speciÞc pattern that can be further affected by
sex, age, and gonadal steroids [Wilson et al., 2002;
Sheng et al., 2004; Sharma and Thakur, 2005]. Lastly,
the dosing regimen of estrogen might be another
factor that modulates the molecular mechanisms
that determine the divergent neurological outcomes
[Wise et al., 2001].

It has been shown that both ERa and ERb
contribute to estrogen neuroprotection againstb-
amyloid toxicity and oxidative stress in the HT22 cell
lines that stably express either ERa or ERb, and that
this ER-mediated neuroprotection required activation
of the MAPK pathway [Fitzpatrick et al., 2002; Mize
et al., 2003]. Studies from our laboratory, using the ER
subtype selective agonists PPT and DPN, indicated
nearly equivalent contributions of ERa and ERb to
estrogen-induced neuroprotection and Bcl-2 upregula-
tion in cell cultures of primary hippocampal neurons
[Zhao et al., 2004]. Similarly, independent studies
showed that both PPT and DPN were neuroprotective
againstb-amyloid toxicity challenges in cell cultures of

primary cortical neurons and that neuroprotection
was signiÞcantly attenuated in the presence of the
classical ER antagonist ICI 182,780 [Cordey and
Pike, 2005]. In those experiments, a much lower
concentration of DPN relative to PPT was required
to provide neuroprotection, suggesting that ERb
might contribute more to neuroprotection than ERa
[Cordey and Pike, 2005].

We propose that the mechanisms of estrogen-
induced neuroprotection are, at least in part, a function
of estrogen regulation of mitochondrial bioenergetics
and activation of the MAPK, CREB, Akt, and Bcl-2
signaling cascades, whose ultimate outcome is the
promotion of mitochondrial viability [Nilsen and
Brinton, 2004]. Localization of both ERa and ERb
in the mitochondrial compartment in neurons supports
a role of estrogen in the regulation of this organelleÕs
many functions and it suggests a possible ER-mediated
pathway for estrogen-induced promotion of mito-
chondrial viability. Our observation that both ER
subtype selective agonists PPT and DPN increase
brain mitochondrial respiration supports a role for
ERa and ERb in sustaining mitochondrial function,
which, in turn, should improve neuronal survival
[Irwin et al., 2005].

Although both ERa and ERb contribute to
estrogen-induced neuronal survival, an increasing
number of studies indicate that ERb is involved in
mediating the effects of estrogen on brain development
and neurotrophism. The crucial role of ERb in
mediating brain development was Þrst suggested by
the morphological abnormalities, including regional
neuronal hypocellularity, especially in the cerebral
cortex, and neuronal deÞcits in the brains of adult
ERb knockout mice. These abnormalities occurred as
early as 2 months of age in these mice and progressed
with age [Wang et al., 2001]. ERb plays a pivotal role in
late embryonic development of the brain as well. In
addition to the smaller size of the brains, and their
fewer neurons, in ERb knockout mice at embryonic
day 18.5, compared to those of their wild type
littermates, fewer migrating neurons in cortical layers
and elevated numbers of apoptotic cells in the
ventricular zones of cerebral cortex were observed in
ERb knockout mice, indicating that ERb may promote
brain development by enhancing neuronal migration
and neuronal survival [Wang et al., 2003].

The role of ERb in brain development is
paralleled by its role in memory. In a Morris Water
Maze model, Rissman and colleagues [Rissman et al.,
2002] reported that ERb knockout mice, following
17b-estradiol treatment, exhibited delayed learning
acquisition or failed to learn the task, whereas wild
type animals displayed signiÞcant learning, results
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suggesting that ERb may be involved in the estrogen-
induced enhancement of learning and memory. An-
other behavioral study using ERa and ERb knockout
mice obtained results that indicated ERa mediates
aggressive and sexual behavior, whereas ERb is more
likely to be involved in the regulation of emotional and
cognitive behavior [Gustafsson, 2003]. In an in vitro
model of glutamate neurotransmission, we observed
that the ERb selective agonist DPN produced a
comparable increase to 17b-estradiol, and a signiÞ-
cantly greater efÞcacy than the ERa selective agonist
PPT, on calcium inßux into neurons. Because calcium
inßux is an important Þrst step in estrogen-induced
neurotrophism, these results suggest that ERb may
play a greater role than ERa in estrogen-induced
synaptic plasticity and neurogenesis [Zhao and
Brinton, 2004].

Our laboratory recently discovered that ERa and
ERb differentially regulate apolipoprotein E (ApoE)
expression, at both the mRNA and protein levels, in
cultured primary cortical neurons and in HT-22 cells
[Wang and Brinton, 2005]. We observed that 17b-
estradiol, an ER non-selective agonist, increased ApoE
expression in cultured neurons and in transfected HT-
22 cells that express ERa, whereas decreased ApoE
expression was detected in ERb-transfected HT-22
cells. The ER subtype-mediated regulation of ApoE
expression was conÞrmed using ER subtype-selective
agonists. Thus, PPT up-regulated ApoE expression,
whereas DPN signiÞcantly down-regulated ApoE
expression in cell cultures of primary neurons [Wang
and Brinton, 2005]. On the basis of the published
clinical studies, the ApoE genotype is a major
determinant of the impact of ET on neurological
outcomes [Yaffe et al., 2000; MacLusky, 2004]. For
example, women who were not carriers of the ApoE4
allele exhibited the highest level of learning and
memory performance after ET, while women who
were the ApoE4 carriers performed no better after ET
than did ApoE4 carriers who did not receive ET
[Burkhardt et al., 2004]. Similarly, in vitro analyses
indicate that 17b-estradiol increased the extent of
neurite outgrowth in cultured adult mouse cortical
neurons that expressed the human ApoE2 or ApoE3
genes, but that it had no effect on neurons from non-
expressing mice or in those supplied with exogenous
ApoE4 protein [Nathan et al., 2004]. Collectively, these
data indicate that the efÞcacy of ET in the brain could
be signiÞcantly inßuenced by ApoE allele status. The
ApoE4 allele, a genetic risk factor for AD, probably
nulliÞes the beneÞcial effects of ET on improving
cognition and on preventing neurodegeneration.
Furthermore, ERb might provide greater therapeutic
promise for promoting neural function and reducing

the risk of neurodegenerative disorders because of its
greater effects on down-regulation of ApoE expression.

DEVELOPMENT OF ERb SELECTIVE AGONISTS:
CURRENT STATUS AND THERAPEUTIC POTENTIAL

ERb represents a novel therapeutic avenue to
promote memory function and neuroprotection in
patients with AlzheimerÕs disease because it is a key
mediator of estrogen promotion of brain development
and neuronal survival while it exerts less of an effect in
reproductive tissues [Shughrue et al., 1997; Couse and
Korach, 1999; Harris et al., 2003]. Other potential
advantages for ERb-target therapeutics stem from
its regulation of estrogenÕs cardioprotective effects
[Makela et al., 1999]. While we have focused here on
neuroprotection, ERb-selective ligands might also be
effective therapeutics for treating depression, colon
cancer, prostate cancer, obesity, leukaemia, and in-
fertility [Gustafsson, 2003]. For example, it has recently
been observed that ERb selective agonists signiÞcantly
inhibit the progression of prostate cancer [Guerini
et al., 2005; Koehler et al., 2005; Yaden et al., 2005],
prevent inßammatory responses [Harris et al., 2003],
and improve endometriosis in animal models [Harris
et al., 2005]. ERb also may play an important role
in mediating the antidepressant [Walf et al., 2004]
and anti-anxiety effects of ET [Imwalle et al., 2005;
Lund et al., 2005; Walf and Frye, 2005]. However, as
with any therapy, there are potential disadvantages as
well. Thus, ERb selective agonists are unlikely to be
useful for osteoporosis, because ERa is the critical
mediator of the bone-sparing activity of estrogen
[Couse and Korach, 1999; Harris et al., 2003].

It is known that naturally occurring plant-derived
phytoestrogens bind to both ER subtypes, but some
possess moderate binding selectivity for ERb and exert
estrogenic effects in multiple tissues. We have shown
that six phytoestrogens, when administered singly, each
induced a modest but signiÞcant reduction in plasma
membrane damage following exposure of hippocampal
neurons in culture to neurotoxic levels of glutamate
and b-amyloid [Zhao et al., 2002]. On the other hand,
the results from a recent clinical trial of a soy protein
supplement that contains a mixture of phytoestrogens
did not improve cognitive function in postmenopausal
women when treatment was initiated at the age of
60 years or older [Kreijkamp-Kaspers et al., 2004]. Age
and hormonal ÔÔhistoryÕÕ might be important factors that
determined these negative results, as was the case for
the WHI/WHIMS trials. In addition, however, we
propose that the ineffectiveness of a complex formula-
tion of phytoestrogens might also arise from antagoniz-
ing actions among the different phytoestrogens with
regard to the activation of ERa and/or ERb. Such a
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possibility is supported by our previous studies in
which we observed that coadministration of an ERa
selective agonist (PPT) and an ERb selective agonist
(DPN) was less effective than treatment with either a
single agonist in various neuroprotective assays, in-
cluding expression levels of the neuroprotective Bcl-2
protein [Zhao et al., 2004]. In light of these data, we
predict that administration of ERb selective phytoes-
trogens would provide better therapeutic efÞcacy than
the administration of a complex formulation compris-
ing both ERa and ERb selective components. To
address this issue, and with the goal of developing an
effective therapeutic formulation of phytoestrogens for
neuroprotection, we have conducted a database
analysis of a natural product collection and identiÞed
several ERb-selective and neuroprotective plant-
derived estrogen analogs or derivatives [Zhao and
Brinton, 2005]. These compounds will be further
evaluated for their neuroprotective potential when
administered in combination.

Large numbers of synthetic ERb selective
agonists, with greater binding selectivity than the
phytoestrogenic compounds, have been developed by
several groups (see Table 1). DPN (compound 2 in
Table 1), the Þrst of the ERb highly selective agonists,
displays a 70-fold binding selectivity to ERb relative to
ERa and a 170-fold transcriptional activation of ERb-
mediated pathways [Meyers et al., 2001]. DPN has
been widely employed as a pharmacological tool to
probe the biological functions of ERb in multiple
tissues, particularly brain [Harris et al., 2002; Sun et al.,
2003; Carswell et al., 2004; Zhao et al., 2004; Cordey
and Pike, 2005].

Another ERb selective agonist, ERB-041 (com-
pound 6 in Table 1), displays a greater ERb binding
preference than DPN and it appears to be the most
selective ERb agonist identiÞed thus far [Harris et al.,
2003; Malamas et al., 2004; Manas et al., 2004].
Extensive analysis in animal models of human diseases
demonstrated that ERB-041 was inactive in classic
models in which feminizing estrogens are known to
have robust effects, including the rat uterotrophic
assay, rat mammotrophic assay, rat osteopenia model,
and rat ovulation inhibition model [Harris et al., 2003].
In contrast, ERB-041 exerted signiÞcant anti-inßam-
matory effects in rat models of inßammatory bowel
disease and arthritis [Harris et al., 2003]. It has recently
been shown that ERB-041 promotes lesion regression
in an experimentally-induced endometriosis model in
mice [Harris et al., 2005].

Compound 8b-VE2 (compound 11 in Table 1) is
an 8b-vinyl substituted derivative of 17b-estradiol,
which binds to both ERs, but the derivative is a highly
selective ERb steroidal agonist. 8b-VE2 exhibits a

180-fold binding selectivity for ERb and a 183-fold
selectivity in reporter gene activation [Hillisch et al.,
2004]. In animal models, 8b-VE2 promoted ovulation,
but it had no effect on uterine weight, in contrast to
17b-estradiol, which inhibited ovulation and increased
uterine weight in intact animals. These results point to
the potential advantages of synthetic ERb selective
agonists for clinical application [Hegele-Hartung et al.,
2004]. However, it remains to be determined whether
these compounds, and the others listed in Table 1,
function as effective estrogen agonists in the brain.

STRUCTURAL DETERMINANTS CONFERRING
LIGAND BINDING SELECTIVITY: IMPLICATIONS
FOR THE RATIONAL DESIGN OF ER SUBTYPE

SELECTIVE MODULATORS

ERa and ERb have a high degree of similarity
("56%) in the amino acid sequences of their ligand
binding domains [Mosselman et al., 1996]. However,
there are only two variant amino acid residues in the
ligand binding site, residues Leu384 and Met421 in
ERa, which are residues Met336 and Ile373 in ERb,
respectively. The subtle structural differences between
the two ER subtypes with regard to their ligand
binding sites present a challenge for the design and
synthesis of ER subtype-selective ligands. Crystal-
lographic and computer-aided modeling analyses in-
dicate that these two residues play a key role in
determining selective binding to ERa or ERb,
although there may be other structural features that
contribute to ER binding selectivity. As illustrated in
Figure 2, superimposition of models of PPT/ERa and
DPN/ERb complexes reveals that the skeletal struc-
tures of PPT and DPN are both located in the center of
the ligand binding site. For each agonist, there are two
hydroxyl groups at the ends of the skeletal structures
that hydrogen bond with vicinal polar residues: Glu
(numbers 353 in ERa and 305 in ERb), Arg (numbers
394 in ERa and 346 in ERb), and His (numbers 524 in
ERa and 475 in ERb). These electrostatic interactions
occur at the sides of the ligand binding site in both
ERs, and there are hydrophobic interactions occurring
at the center of the binding site. These interactions are
the basic structural features that determine stable
binding, but they are not the predominant factor
in selectivity of ligand binding. The proximity of the
N-(4-hydroxyl)phenyl or N-phenol group to the
Met421 sidechain in ERa enhances the steric com-
plementarity of PPT with ERa, and this interaction is
further stabilized by an electrostatic interaction be-
tween Met421 (which would not occur between Ile373
in ERb) and the hydroxyl group of the N-phenol
moiety of PPT. The propyl group in PPT that creates
a hydrophobic interaction with the Leu384 sidechain
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in ERa may also contribute to the high selectivity of
PPT toward ERa. For DPN, the potential electrostatic
interaction between the cyano group with the sulphur
atom in the side chain of Met336 in ERb (which would
not occur with the Leu384 residue in ERa) may be the
main determinant of binding selectivity.

Compared to DPN, genistein has a relatively poor
interaction with the Met336 sidechain through the
oxygen atom located at the 6th position of the
isoßavanoid ring structure, thus resulting in only
moderate selectivity toward ERb (Fig. 3A). There is
no close structural contact between 17b-estradiol and
either of the critical amino acid residues in ERa and
ERb, thus explaining its non-selectivity in ER binding
(Fig. 2D). The signiÞcance of these two amino acid
residues in determining the binding selectivity of ER
ligands has also been demonstrated in directed
mutation studies. For example, a point mutagenesis
analysis showed that the ERa L384M mutation
induced a pronounced shift in the strength of DPN
binding toward that obtained with ERb. Similarly, the
ERb M336L mutation shifted the dose-responsive
curve for DPN binding toward that which was
observed with the ERb/a LBD chimeras [Sun et al.,
2003]. Overall, both structural and mutational studies
indicate that the introduction of a relatively hydro-
phobic sidechain substituted with a relatively hydro-
philic group (for example, a hydroxyl group) that can
approach and form an electrostatic interaction with
Met421, and a relatively hydrophobic group that can
approach and induce a hydrophobic interaction with
Leu384, increase the binding preference of ligands
toward ERa. The introduction of a relatively hydro-
phobic group that can approach and trigger a hydro-
phobic interaction with Ile373, and a relatively
hydrophilic group that can approach and induce
an electrostatic interaction with Met336, increases
the binding selectivity of ligands toward ERb. As seen
for ERB-041, interactions at both sites, Met336 and
Ile373 in ERb, synergistically elevate its binding
selectivity for ERb up to 226-fold (Fig. 3B). These
analyses provide important information for the further
design and synthesis of more potent and selective ERa
or ERb ligands.

CONCLUSIONS AND OUTLOOK

Basic science and clinical studies support our
healthy cell bias hypothesis of estrogen action in the
brain. In view of the key role played by ERb in
mediating estrogen promotion of neurotrophism and
neuronal survival, in conjunction with its reduced
feminizing effects, ERb is a novel therapeutic target for
developing novel estrogen therapies that produce
estrogenÕs beneÞcial effects in the brain but provide a

safer pharmacological proÞle. We are currently in-
vestigating the impact of a series of plant-based ERb
selective ligands, used in combination, on neuronal
functions. The successful development of a brain-
selective estrogen receptor modulator, in particular a
natural source formulation, will especially beneÞt
women in their peri- and post-menopausal years. In
addition, we envision that ERb selective formulations
also have potential for the treatment of males to
promote cognitive function and neural defense me-
chanisms and the potential of reducing the risk of
prostate cancer.
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