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Requirements of a brain selective estrogen:
Advances and remaining challenges for
developing a NeuroSERM
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Abstract. Our goal is to develop therapeutic agents that prevent age-associated neurodegenerative disease such as Alzheimer’s.
To achieve this goal, we are building on extensive knowledge regarding mechanisms of estrogen action in brain and the
epidemiological human data indicating that estrogen/hormone therapy reduces the risk of developing Alzheimer’s disease when
administered at the time of the menopause and continued over several to many years. The mechanisms of estrogen action
in neurons provides a systematic mechanistic rationale for determining why estrogen therapy is efficacious for prevention of
Alzheimer’s disease and why it is not efficacious for long-term freatment of the disease. Our preclinical research plan is a hybrid
of both discovery and translational research to develop a brain selective estrogen receptor modulator (SERM). We have termed
such molecules NeuroSERMs to denote their preferential selectivity for activating estrogen mechanisms in brain. Our strategy
to develop NeuroSERMs is threefold: (1) determine the target of estrogen action in brain, specifically the estrogen receptor in
hippocampal and cortical neurons required for the neurotrophic and neuroprotective actions of estrogen; (2) develop NeuroSERM
candidate molecules using three in silico discovery and design strategies and (3) determine the neurotrophic and neuroprotective
efficacy of candidate molecules using neuronal responses predictive of clinical efficacy. Using an academic translational research
model, a team of scientists with expertise in molecular biology, computational chemistry, synthetic chemistry, proteomics,
neurobiology and mitochondrial function have been assembled along with state of the art technologies required to develop
candidate NeuroSERM molecules.
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1. Introduction ing and institutionalization [1-4]. Alzheimer’s disease

can have a prolonged gestational period until frank

1.1. Why focus on therapeutic strategies to prevent
Alzheimer’s disease

Of the age-associated maladies, neurodegenerative
diseases are among the most devastating and costly.
Of these neurodegenerative diseases, Alzheimer’s is
the leading cause of dementia, loss of independent liv-
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symptomatology develops (up to 20 yrs), followed by
an equally slow rate of debilitation ranging from 1—
15 yrs [5].

Age remains the greatest risk factor for develop-
ing Alzheimer’s disease which typically presents in the
mid70’s and becomes most prevalent in the mid80’s
with nearly 50% of octogenarians manifesting the dis-
ease. Conservative projections predict that the preva-
lence of Alzheimer’s disease will nearly quadruple in
the next 50 years, by which time 1 in 45 Americans will
be afflicted with the disease [1]. Currently, ~ 360,000
new cases of Alzheimer’s disease occur each year. To
put these numbers in some perspective, it is interest-

ISSN 1387-2877/04/$17.00 © 2004 — IOS Press and the authors. All rights reserved



S28 R.D. Brinton / NeuroSERMS for Prevention of AD

ing to contrast the incidence of AD with that of AIDS.
In the US, 42,745 new cases of AIDS were detected
by the US Center for Disease Control in 2002 com-
pared to the 360,000 new cases of Alzheimer’s disease
(http://www.cdc.gov/nchs/fastats/aids-hiv.htm). Under
the current therapeutic environment, the number of new
AD cases is projected to rise more than 3-fold, from
360,000 cases per year in 1997 to .14 million new
cases per year in 2047. The national cost of caring for
4 million persons currently suffering from AD is ap-
proximately $100 billion dollars per year in the United
States alone [3,6]. By 2050, 14 million older Amer-
icans are expected to have Alzheimer’s disease if the
current numbers hold and no preventive treatments be-
come available [3,6].

1.2. Gender demographics of Alzheimer’s disease: A
women’s health issue

Despite high profile cases such as Ronald Reagan,
Charlton Heston and most recently Sargent Shriver,
women are by far the principal victims of Alzheimer’s
disease [7,8]. Of those affected with Alzheimer’s dis-
ease, 68% are female and 32% are male [1]. Because
women have a longer life expectancy than men, the
absolute number of women with Alzheimer’s disease
exceeds that of men. However, a double danger ex-
ists for women. Results of a meta-analysis of 7 sex-
specific studies concluded that women are 1.5 times
more likely to develop AD than men [9]. These data
were supported by the Cache County analysis which
showed a clear female gender increase in the incidence
of AD [10].

At the turn of the new millennium in the United
States, there were nearly 42 million women over the
age of 50 and of these, more than 31 million women
were over the age of 55 [11]. By the year 2020 in the
US, 50 million women are estimated to be over the age
of 55. Currently, a woman’s average life expectancy
is estimated at 79.7 years. However, a woman who
reaches the age of 54 can expect to live to the age of 84.3
years. Nearly two-thirds of the total U.S. population
will survive to age 85 or greater. Based on these data,
women can anticipate spending one-third to one-half
of their lifetime in the menopausal state. Based on cur-
rent epidemiological data, of the 18 million American
women in their 70s—80s, 40—-50% can be expected to
manifest the histopathological changes of Alzheimer’s
disease [12]. Worldwide, there are currently more than
470 million women aged 50-plus, and 30% of those are
projected to live into their 80s [11].

The potential impact of Alzheimer’s disease on so-
ciety as a whole is overwhelming as the disease, al-
though more prevalent in women, affects both sexes.
The projected exponential increase in the prevalence
of AD, along with the anticipated impact on families
and society, highlights the imperative for developing
strategies for prevention of Alzheimer’s disease.

Our scientific endeavors over the past two decades
have focused on determining the mechanisms of es-
trogen action in neurons responsible for promoting
estrogen-dependent memory function and neuron sur-
vival [13—-17]. Results of those endeavors, and those
of other investigators [18], have yielded insights into
mechanisms of estrogen action that allow us to translate
our basic science understanding into therapeutic de-
sign. The goal of our NeuroSERM development efforts
is to generate small molecules that easily penetrate the
blood brain barrier and which will promote cognitive
function and prevent age-associated neurodegenerative
disease [26].

While our development efforts are guided by es-
trogen mechanisms of action, studies conducted using
neurons derived from the male rat brain suggest that
NeuroSERMs could have therapeutic benefit for men
as well as women [27].

2. Estrogen mechanisms of action in neurons: A
lens through which to view the clinical data on
estrogen and hormone therapy

17 (-estradiol and other estrogenic ligands bind to a
membrane-associated estrogen receptor [29-31]. The
estrogen bound receptor complex can, in select cell
types, bind to and activate the phosphatidylinositol-3-
kinase (PI3K) [22], which in turn activates Ca®* in-
dependent PKC [32], very likely PKC§ [33]. We pro-
pose that a Ca?* independent PKC isoform phospho-
rylates the L-type Ca?™ channel followed by Ca?™ in-
flux [34]. The intracellular Ca®" rise activates con-
ventional Ca?* dependent PKCs [35] which then phos-
phorylate and activate Src kinase [36,37]. Src then ac-
tivates the MEK/ERK /2 pathway [38,39] followed by
translocation of activated ERK into the nucleus [40].
Activated ERK phosphorylates CREB, which when ac-
tivated increases transcription of two genes, one related
to morphogenesis, spinophilin [41] and the other re-
quired for neuroprotection, the antiapoptotic proteins,
Bcl-2 [42] and Bcl-x1 [43]. Subsequent to CREB ac-
tivation, the Src/ERK signaling cascade leads to po-
tentiation of glutamate dependent activation of AMPA
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Fig. 1. United States has the greatest number of postmenopausal women of G7 countries. (Reuter’s Business Insight, 2004).
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Fig. 2. Schematic diagram of estrogen activated signaling cascades in hippocampal neurons (see text for description).

and NMDA receptors [27,44]. Activation of both
L-type Ca?t and NMDA channels are required for
E2-enhanced LTP and morphogenesis [41,45]. E2-
activated CREB is also required for E2 induction of
spinophilin expression and new synapse formation [41,
46]. In parallel, PI3K has also activated Akt [20,47]
which can phosphorylate the proapoptotic protein BAD
which prevents heterodimerization with and inactiva-
tion of Bcl-2 [48]. Estrogen, by an as yet unknown
mechanism, increases mitochondrial sequestration of
Ca?* to protect neurons against adverse consequences
of excess cytoplasmic Ca?* and subsequent dysregula-

tion of Ca?* homeostasis [28.42]. Despite an increased
Ca?* load, 17 3-estradiol promotes mitochondrial func-
tion to preserve mitochondrial respiration [49]. 173-
estradiol could preserve mitochondrial respiration, in
part, through its ability increase both cyotchrome C
oxidase protein level and enzyme activity [50]. Col-
lectively, the complex signaling cascade activated by
estrogen, both enhances the biochemical, genomic, and
morphological mechanisms of memory while also en-
hancing mechanisms of neuron survival against neu-
rodegenerative insult. Because, estrogen regulates both
the influx of Ca?* into neurons and its sequestration
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into mitochondria, there is the potential that under neu-
rologically compromised conditions, such as occurs in
Alzheimer’s disease, that the estrogen-induced rise in
both cytoplasmic and mitochondrial Ca?* could ex-
ceed thresholds of homeostatic regulation to exacerbate
disease conditions [51,52].

An extremely important aspect of these analyses and
virtually all of the basic science in vitro and in vivo
studies is that the neurons are HEALTHY prior to es-
trogen exposure and prior to exposure to the neurotoxic
insult. Moreover, most of the studies use a Preven-
tion model — i.e. neurons are pretreated with an estro-
gen prior to exposure to the neurological insult. The
healthy neuron/prevention model is used to reduce the
variables contributing to the experimental outcome so
that results can be directly attributable to one experi-
mental condition but this model obviously suffers from
the generalizability to unhealthy neurons. Results from
the healthy neuron model lead to the prediction that
in healthy women ET and select formulations of HT
would result in a reversal of neurological deficits asso-
ciated with estrogen deficiency and would reduce the
risk of neurodegenerative disease. Simply put, healthy
women at the time of the perimenopause or menopause
transition would show the greatest benefit of ER or HT.

3. The compelling need for NeuroSERM
development

Despite the encouraging epidemiological data indi-
cating a reduced risk of Alzheimer’s disease in women
who have ever received ERT, only 25% of eligible
postmenopausal women elect to receive prescribed
ERT [53] and only 20% of women prescribed estrogen
are still compliant three years later [54]. The principle
reason women forego ERT, is the fear of developing
breast cancer [53]. Moreover, only 20% of women
prescribed estrogen are still compliant three years later
(http://www.asrm.com/Patients/'BCHRT.html). While
sustaining cognitive function and preventing
Alzheimer’s disease are paramount among concerns
of women as they age, the neoplastic risks associated
with estrogen and hormone replacement therapy lead
most women to elect no hormone intervention during
menopause or to achieve estrogenic effects through un-
proven alternative estrogens in an attempt to ameliorate
menopause associated cognitive deficits and disease
risks. In addition, recent findings from the Women’s
Health Initiative (WHI) Study that triggered the discon-
tinuation of the HRT arm of the study and found women

to be at increased risk of ischemic stroke [55] and over-
all coronary heart disease (CHD) [56] have led women
and their physicians to question the safety and efficacy
of HRT. Finally, the recent report from the WHIMS
arm of the WHI concluding that HRT increased a post-
menopausal women’s risk for Alzheimer’s Disease [57]
has further diminished the number of women electing
to take HRT.

How do we reap the benefits of ET for prevention of
AD without encountering the harm? By understanding
estrogen mechanisms of action in brain, it is possible to
predict the efficacy of estrogen and hormone therapy to
promote neurological function and prevention of neu-
rodegenerative disease. Our analyses indicate that the
benefits of estrogen action depend on the initial health
status of the neurons. If neurons are healthy at the
time of estrogen exposure, their response to estrogen
is beneficial for both neuronal function and survival.
In contrast, if the health status of the neuron is dis-
eased or dysfunctional at the time of estrogen exposure,
the effect of estrogen is deleterious. One strategy for
addressing this challenge is the development of estro-
gen alternatives that exert estrogen agonist properties
in brain while exerting estrogen antagonist action in the
breast and uterus. Several such compounds exerting a
mixed estrogen receptor agonist/antagonist profile have
been developed, such as tamoxifen and raloxifene [58,
59] and are called Selective Estrogen Receptor Modu-
lators (SERMs). Many more SERMs are in develop-
ment for a variety of conditions including breast can-
cer treatments and prevention, osteoporosis, relief of
menopausal symptoms. SERMs and estrogen agonist
molecules currently available or in development are
found in Table 1.

Approximately 25% of eligible postmenopausal
women elect to receive prescribed estrogen replace-
ment therapy and of that number ~ 50% discontinue
use within the first year of therapy and greater than
70% of those for whom it has been prescribed are not
compliant [53]. Moreover, only 20% of women pre-
scribed estrogen are still compliant three years later
(http://www.asrm.com/Patients/BCHRT.html).  The
principle reason women forego estrogen replacement
therapy, is the fear of developing breast cancer [53].
And therein lies the challenge.

4. In silico structure-based design and
development of NeuroSERMs for prevention of
neurodegenerative disease

Our previous results have demonstrated that estro-
gen can activate a sequence of both direct and indi-
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Fig. 3. Healthy cell bias of estrogen action. Benefits of estrogen action depend on the initial health status of neurons. If neurons are healthy at
the time of estrogen exposure, their response to estrogen is beneficial for both neuronal function and survival. In contrast, if the health status of
the neuron is diseased or dysfunctional at the time of estrogen exposure, the effect of estrogen is deleterious. Healthy cell bias of estrogen action
is predictive of a reduction in AD risk if ET is initiated prior to development of age-related degeneration and also an increased AD risk if ET is
initiated after age-related degeneration has begun.
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Fig. 4. ERQ ligand binding site functional feature model. (A) Cylinder represents the H-bond feature and three H-bond clusters are identified.
Sphere represents the hydrophobic feature and four hydrophobic clusters are identified. (B) Pharmacophore model with excluded volume
considered. Pink sphere represents the H-bond donor and cyan sphere represents the hydrophobic feature. The black sphere depicts the exclusion
volumes determined by the protein atoms in the binding pocket. We, therefore, used the pharmacophore model as a pre-filter for a focused subset
of compounds for further detailed analyses in the context of the receptor.

rect genomic events that underlie estrogen promotion
of memory function and protection against a series of
neurodegenerative insults associated with Alzheimer’s
disease [28,51,52,60,61]. These basic scientific data
while yielding insights into the mode of action of estro-
gen in the brain, also serve as predictors at the cellular
and subcellular level that can be used to conduct pre-
clinical assessment and screening for the therapeutic
efficacy of other estrogen-like molecules for the brain.
Such analyses indicate that structurally variant estrogen
molecule alternatives possess both distinctive and over-
lapping pharmacological profiles in the brain. Based

on the findings from these analyses, we are pursuing the
design and development of effective alternative estro-
gen mimics (NeuroSERMs) that have capability to acti-
vate the neurotrophic and neuroprotective mechanisms
of estrogen in the brain while avoiding stimulation of
receptors particularly in reproductive organs.

Our in silico computer-aided structure-based Neu-
roSERM design and development efforts use 3 ap-
proaches: the identification and development of
function-based common pharmacophoric features of
structurally diverse molecules with morphogenic and
neuroprotective actions in brain and to use these models
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Table 1
Binding affinity (IC50) and selectivity of representative molecules
for estrogen receptor « and 3

Compound ICso Selectivity
ERa ERpG (ERa/ERp3)

Progesterone NC* NC

Genistein 4.66 UM 98.7 nM 472

RBLZ 1 75.7 nM 18.6 nM 4.07

RBLZ 2 NC 0.68 uM > 100

RBLZ3 120 nM 250 nM 048

RBLZ 4 NC NC

RBLZS5 NC 2.80 uM > 100

RBLZ 6 NC NC

RBLZ 7 85.7 uM 43.0 uM 1.99

RBLZ 8 NC 448 UM > 100

RBLZ 9 NC NC

RBLZ 10 NC NC

RBLZ 11 2.32 uM NC <001

RBLZ 12 NC NC

*NC: Non Convergence within the dose range predicting that either
the molecule does not bind to the receptor or the binding affinity is
very low, with an ICsq greater than 1 mM.

to conduct chemico-informatic query within existing
data bases to discover molecules that exhibit compara-
ble or greater specificity and potency; (2) design and
develop tissue selective and specific estrogen receptor
modulators that can penetrate the blood-brain-barrier
and act as estrogen agonists in the brain whereas act-
ing as estrogen antagonists in the reproductive organs;
(3) design and develop estrogen receptor splice vari-
ant specific ligands. The first in silico approach, re-
ceptor active site-based pharmacophore development,
determines the essential chemical features required for
ER binding and selects molecules mapping to those
features. The second in silico strategy receptor-ligand
molecular docking, analyzes compound databases for
molecules that our model predicted will efficiently bind
ER based on shape and energy fitness between the re-
ceptor and ligand.

Using a pharmacophore model strategy identifying
six-features required for binding to the ER3 ligand-
binding site, we generated a pharmacophore model and
tested this model for retrieving known ER ligands such
as E2 from a collection of molecules. Having passed
this test, we used our 6-feature pharmacophore model
to query a dataset of 25,000 natural source molecules
and were able to identify 500 top scoring compounds.
We then conducted molecular docking on each of these
molecules into ER3 which narrowed the list of candi-
date molecules to 30 compounds. Figure 5 shows 3
representative compounds produced from consensual
screening in complex with ERG. We are currently
processing these molecules through our NeuroSERM

Fig.5. Docking of three candidate compounds in ER ligand binding
site.

bio-screen for estrogenic efficacy in hippocampal and
cortical neurons.

Results of our recent efforts to discover ER(-
selective natural source molecules demonstrated that
different phytoestrogens selectively bind to either ER«
or ERf3, contrary to the traditional perception that
phytoestrogens are ER(-preferring molecules. As
our data show, molecule 2 displays greater than 100-
fold binding selectivity to ER3 over ERa, whereas
molecule 11 displays greater than 100-fold binding
selectivity to ER3 over ERG. ER( has been asso-
ciated with estrogen-induced promotion of memory
function and neuronal survival. Based on the opti-
mized complex structure of human ER3 LBD bound
with genistein, computer-aided structure-based virtual
screening against a natural source chemical database
was conducted to determine the occurrence of plant-
based ERj-selective ligands. Twelve representative
molecules derived from database screening were as-
sessed for their binding profiles to both ERs, three of
which displayed over 100-fold binding selectivity to
ER( over ERav.

5. Remaining challenges for developing a
NeuroSERM

To the extent that basic science data can be predictive,
it is clear that the well known phytoestrogens, tamox-
ifen and raloxifene do not fulfill all the criteria for full
estrogen agonists [62—64]. The challenge for neuro-
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scientists remains to fully understand the mechanisms
of estrogen action in brain that lead to the promotion
and maintenance of memory function and to protection
against degenerative diseases such as Alzheimer’s dis-
ease. Moreover, basic neuroscientists must move from
analysis of therapeutic efficacy in healthy model sys-
tems to to model systems that more closely approximate
human neurological disease, such as Alzheimer’s. A
fundamental failure of basic neuroscience was the anal-
ysis of hormone effects in only neurologically healthy
model systems while not fully recognizing that their
findings would be applied treatment of disease condi-
tions. Responses induced by factors in healthy neu-
rons/glia/brains can not be assumed to hold true for
cells in distress and brains riddled with disease.
Although much still remains to be discovered regard-
ing estrogen receptor and action in the brain, the cur-
rent state of knowledge is sufficient to provide a plat-
form upon which to intelligently design NeuroSERM
molecules that preferentially target the brain to promote
memory function and to reduce the risk of Alzheimer’s
disease. Because these molecules would lack feminiz-
ing effects, NeuroSERMs have the potential to be of
therapeutic benefit for both women and men, as neu-
rons derived from the male hippocampus and cortex
are also responsive to estrogens. Our in silico rational
drug design approach greatly accelerates the process
of discovery of NeuroSERMs and has led to several
promising candidate molecules. Importantly, the pre-
dictive capability of the in vitro assays we have selected
for testing NeuroSERMs further diminishes the interim
between these assays and in vivo testing. The field is
now in a position to rapidly capitalize on the twenty
plus years of basic and clinical science analysis of es-
trogen action in the brain to develop molecules that will
sustain cognitive function throughout the menopausal
years while reducing the risk of Alzheimer’s disease.
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