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Menopause has been associated with numerous adverse
effects in women including osteoporosis, dementia, depres-

sion, and anxiety.1�3 The management of such effects with safe
and effective hormone therapies is a largely unmet need in
women’s health. Women entering menopause report memory
and concentration difficulties.4,5 In Alzheimer’s disease (AD), the
age-adjusted mortality rate was shown to be 21.7% higher for
women than for men.6 Estrogen replacement therapy (ERT) has
been reported to improve or maintain levels of cognitive function
in postmenopausal women and to reduce the risk of AD,
observations that are in accord with proposed roles for estrogen
in the brain in protection, growth, and differentiation of neurons.7�9

The Women’s Health Initiative Memory Study (WHIMS) was
designed to investigate the impact of ERT in women over age
65.10,11 However, WHIMS was an ancillary study to the extensive
Women’sHealth Initiative (WHI) study that was terminated because
of increased risks with ERT that are reported to include breast
cancer,12 lung cancer,13 thrombosis, and stroke.14

The WHI and WHIMS observations highlight the need for
further study on estrogens in neuroprotection and cognition and
also point toward selective estrogen receptor modulators

(SERMs) as a safer therapeutic approach toward postmenopau-
sal neurodegenerative disorders. Raloxifene (Evista), a nonster-
oidal benzothiophene (BT) SERM, is used for treatment of
postmenopausal osteoporosis. The Study of Tamoxifen and
Raloxifene (STAR) trial reported that raloxifene was as effective
as the archetypal SERM, tamoxifen, in reducing the risk of
invasive breast cancer and had a lower risk of thromboembolic
events.15 Unlike tamoxifen, raloxifene does not stimulate uterine
and endometrial growth.16,17 Raloxifene was reported, at twice
the clinical dose, significantly to reduce the risk of cognitive
impairment in postmenopausal women.18 The average age of
study participants was too young to show significance for lower
risk of AD, although a trend was observed.18,19 In a more recent
study of healthy women aged 70 years and older, 60 mg/day
raloxifene treatment for 1 year gave significant improved verbal
memory compared to placebo.20 Interestingly, raloxifene was
also reported in healthy elderlymales after 3months of treatment
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ABSTRACT:The clinical benzothiophene SERM (BT-SERM)
raloxifene was compared with estrogens in protection of prim-
ary rat neurons against oxygen-glucose deprivation (OGD).
Structure�activity relationships for neuroprotection were deter-
mined for a family of BT-SERMs displaying a spectrum of ERR
and ERβ binding affinity and agonist/antagonist activity, leading to
discovery of a neuroprotective pharmacophore, present in the
clinically relevant SERMS, raloxifene, and desmethylarzoxifene
(DMA), for which submicromolar potency was observed for
neuroprotection. BT-SERM neuroprotection did not correlate
with binding to ER or classical ER activity; however, both the
neuroprotective SERMs and estrogens were shown, using phar-
macological probes, to activate the same kinase signaling cascades.
The antiestrogen ICI 182,780 inhibited the actions of estrogens
but not those of BT-SERMs, whereas antagonismof theG-protein coupled receptor, GPR30, was effective for both SERMs and estrogens.
Since SERMs have antioxidant activity, ER-independent mechanisms were studied using the classical phenolic antioxidants, BHT and
Trolox, and theNrf2-dependent cytoprotective electrophile, sulforaphane. However, neuroprotection by these agents was not sensitive to
GPR30 antagonism. Collectively, these data indicate that the activity of neuroprotective BT-SERMs is GPR30-dependent and ER-
independent and not mediated by antioxidant effects. Comparison of novel BT-SERM derivatives and analogues identified a
neuroprotective pharmacophore of potential use in design of novel neuroprotective agents with a spectrum of ER activity.
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to enhance brain activation, spanning a number of different
cognitive domains, compatible with cortical stimulation.21,22

Despite the positive safety and efficacy data, raloxifene has poor
bioavailability,23 leading to the development of arzoxifene, a BT-
SERM with greatly improved pharmacokinetics.24 In vivo, arzox-
ifene is metabolized to the potent SERM desmethylarzoxifene
(DMA).25 The objective of this work was to compare the neuro-
protective properties of estrogen with raloxifene, arzoxifene, and a
series of novelDMAanalogues, someofwhich have been the subject
of previous reports from our laboratories on estrogen receptor
(ER)-dependent and ER-independent activity, and on metabolism

and bioavailability (Figure 1).26�29 Neuroprotection in response to
oxygen-glucose deprivation (OGD) was used as a primary end
point, revealing well-defined similarities and differences between
estrogens and BT-SERMs, indicating a new receptor target for
neuroprotective agents, and providing a pharmacophore scaffold for
drug discovery of novel neuroprotective SERMs.

’RESULTS AND DISCUSSION

Neuroprotection Assay. Exposure of primary cortical neu-
rons to OGD is known to induce apoptosis and cell death and to

Figure 1. Structures of BT-SERMs, andBTCderivatives used in this studywithERbinding andERagonist (EC50) or antagonist (IC50) activity data: [a] From
radioligand binding assay using full-length ER. [b] From alkaline phosphatase reporter assays in Ishikawa endometrial cancer cells: n.a. = not active. [c]
Selectivity for ERβ over ERR binding from radioligand binding assays. Data are either taken from refs 26 and 29 or were obtained using identical procedures.
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provide a model for neuronal loss from ischemia-reperfusion
injury and excitotoxicity.30�32 Drugs were applied to primary
neuronal cultures in glucose free deoxygenated media immedi-
ately prior to initiation of ischemia and again 2 h later when
media was replaced and O2 pressure restored. Measurements of
cell viability by MTT assay and cell death by LDH assay were
conducted under all experimental conditions, giving comple-
mentary results under all drug treatments used in this study, to
ensure that cell death was being measured rather than artifacts
associated with MTT reduction or cell wall disruption. Where
not shown, LDH assay data is provided in the Supporting
Information.
OGD in primary neurons, simulating ischemia for 2 h, followed

by “reperfusion” and recovery for 24 h, led to 30�40% greater cell
death in the vehicle treated group than the E2 treated group. The
extent of cell death obtained under these conditions was reprodu-
cible, delivered significant data, and was therefore ideal for differ-
entiating the variety of agents used in this study. Initially, two cell-
permeable estrogens, E2 and EE (10 nM), one cell-impermeable
estrogen, E2-BSA (10 ng/mL), and eleven BT-SERMs (100 nM)
were applied to cells. E2was neuroprotective, as predicted; therefore,
cell death (LDH) was normalized to vehicle (100%), and cell
survival (MTT) was normalized to vehicle (0%) and E2 (100%).
Neuroprotection by Estrogens and SERMs. Extensive work

has reported the neuroprotective activity of estrogens.33�38

Contributions to estrogenic neuroprotection include regulation
of antiapoptotic Bcl-2 family proteins, evidence for which has
been provided from in vivo studies.8 Promotion of mitochondrial
viability by estrogens has been proposed to be regulated by
mitochondrial ERβ39 and via ER-independent membrane anti-
oxidant mechanisms.37 ER-dependent neuroprotective pathways
include classical, genomic ER signaling via ERR and ERβ, as
supported by the use of selective ERR and ERβ agonists in hippo-
campal neurons,40,41 and also include nonclassical, signaling via
extranuclear ER.42 In general, these ER-mediated pathways are
subject to inhibition by the antiestrogen ICI 182 780 (ICI) that
represents a universally applied tool to define signaling via ER.43,44

All estrogens studied were neuroprotective. The BT-SERMs
were differentiated into a subset that was at least as protective as
E2 itself or conversely devoid of neuroprotective activity at the
concentration studied (Figure 2A). These observations were
recapitulated with LDH measurements (Figure 2B). The con-
centration dependence of neuroprotection was measured for the
clinically important BT-SERMs, Ral and DMA, that were both
observed to be neuroprotective in the initial screen (Figure 2C,
D), yielding estimations of EC50 (Ral = 19 nM; DMA = 11 nM)
and equivalence to E2 (10 nM) at Ral (68 nM) and DMA (28
nM) using MTT cell viability assay (Figure 2C).
In contrast to SERMs that are tissue-dependent ER agonists

and antagonists, ICI is a pure antiestrogen that has proven utility

Figure 2. Estrogens and a structural subset of BT-SERMs are neuroprotective toward OGD induced cell death in primary neuronal cultures; and
neuroprotection by these BT-SERMs is concentration dependent. At 10�12 days, primary cultured cortical neurons were treated with test compounds
followed immediately by exposure to 2 h OGD and subsequent reperfusion for 24 h. (A,B) Test compounds used: BT-SERMs (100 nM), estrogens
(10 nM), or E2-BSA (10 ng/mL). (C,D) Concentration dependence for BT-SERMs. Cell death and cell survival were measured by MTT and LDH
assays, respectively. LDH data were normalized to vehicle control as 100% cell death; MTT data was normalized to vehicle control as 0% and E2 as 100%
cell survival. Data show mean and SEM (N = 6): ***P < 0.0001, **P < 0.001, *P < 0.01 compared to vehicle control using one-way ANOVA with
Dunnett’s post hoc test.
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in defining signaling via classical ER pathways and nonclassical,
extranuclear ER. Such extranuclear ER-mediated pathways are
known to involve G-protein coupled receptors (GPCR) leading
to activation of secondary messenger cascades, which may be
blocked by pertussis toxin that inhibits binding of G-protein to
GPCRs.45 Therefore, drug effects were studied in cells treated
with ICI (1 μM) or pertussis toxin (100 ng/mL) 45 min prior to
OGD (Figure 3). The clinically relevant BT-SERMs, raloxifene,
DMA, and arzoxifene were studied, with the latter being inactive
in the initial screen. BTC and Ac-BTCwere included, since these
were also active compounds in the initial screen. ICIwas observed to
block E2-mediated neuroprotection but not to attenuate neuropro-
tection elicited by the BT-SERMs (Figure 3A,B). In contrast to ICI,
pertussis toxin inhibited the neuroprotective actions of estrogen and
the BT-SERMs. After pertussis treatment, drug effects were not
significant relative to vehicle control (p > 0.05) (Figure 3C, D).
Evidence points toward the possibility of GPR30 being a

primary GPCR contributing to the rapid extranuclear actions of
E2.

46 The presence of ERR, ERβ, and GPR30 in primary neurons
was confirmed by Western blot (Supporting Information).
Therefore, the GPR30 antagonist, G15 (100 nM), was applied
to cells prior toOGD.47 G15 blocked the neuroprotective activity

of all test compounds (Figure 4A,B). F-DMA is known to act as
an antagonist of classical ER-mediated pathways27,28,48,49 and is
inactive as a neuroprotectant against OGD-induced cell death
(Figure 2); therefore, the possibility that F-DMA could act as an
antagonist against neuroprotection elicited by estrogens or BT-
SERMs required testing. F-DMA was observed to be without
effect (Figure 4C,D).
Role of Kinase Cascades and NOS in Signaling Neuropro-

tection. Estrogen has been demonstrated to activate the PI3K/
Akt pathway through direct binding of activated ER to the p85
subunit of PI3K, a pathway that is implicated in estrogenic neuro-
protection.50,51 To examine the role of this pathway, the PI3K
inhibitor LY294002 (10 μM) was preincubated with primary
neuronal cultures prior to OGD (Figure 5A); LY294002 reduced
the neuroprotection afforded by the BT-SERMs and estrogen to
equal extents, confirming that neuroprotection was mediated
through a PI3K/Akt pathway. At the concentration used, PI3K
inhibition alone did not enhance cell death.
It has been reported that estrogen activates L-type Ca channels

leading to increased intracellular Ca levels, activating a number of
pathways including Src/ERK leading to activation of CREB and
consequent upregulation of pro-survival proteins.36,52,53 Therefore,

Figure 3. Estrogen neuroprotection is attenuated by ER antagonist ICI, whereas inhibition of GPCR by pertussis toxin attenuates the actions of
estrogens and neuroprotective BT-SERMs. OGD induced cell death in 10�12 day primary neuronal cultures measured by MTT or LDH assays after
pretreatment with antagonists (�45 min) and treatment with test compounds (SERMs 100nM; E2 10nM) immediately before OGD. (A,B) ER
antagonist ICI 182 780 (1 μM). (C,D) GPCR antagonist pertussis toxin (100 ng/mL). LDH data was normalized to vehicle control as 100% cell death;
MTT data was normalized to vehicle control as 0% and E2 (in the absence of antagonist) as 100% cell survival. Data showmean and SEM (N = 6): ***P <
0.0001, **P < 0.001, *P < 0.01 or not significant compared to vehicle control using one-way ANOVA with Dunnett’s post hoc test.
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the effects of Src inhibitor PP2 (10 μM) and the MAPK/ERK
kinase (MEK1) inhibitor PD 98059 (10 μM) were studied when
applied to cells 45min prior toOGD.Neuroprotectionwas strongly
attenuated by PP2 (Figure 5B), although by MTT assay at the
concentration of inhibitor used three BT-SERMs retained activity.
Inhibition of the MAPK/ERK pathway by PD 98059 abolished
neuroprotection by estrogen and the neuroprotective BT-SERMs
(Figure 5C). These results taken together indicate that neuropro-
tection is mediated through the Src/ERK pathway.
It has been reported that both estrogen and raloxifene are able

to activate eNOS via a PI3K/Akt pathway.54,55 Since neuropro-
tection observed in response to OGD was mediated by PI3K/
Akt, the role of NOS was studied using L-NAME (100 μM), a
commonly used prodrug of the NOS inhibitor NG-nitro-L-
arginine (Ki eNOS = 0.04 � 0.2 μM; Ki iNOS = 4 μM; Ki

nNOS = 0.02�0.2 μM).56�59 At the concentration used,
L-NAME had no significant effect on neuroprotection either
alone or in combination with estrogen and SERMs (Figure 5D),
indicating that in this system NO does not mediate the neuro-
protection elicited by estrogens and BT-SERMs.
Antioxidant and Nrf2-Mediated Neuroprotection. E2 has

the ability to act as a classical phenolic antioxidant, and this activity

has been argued to contribute to neuroprotection.60 Moreover, the
extended conjugation of SERMs such 4-OHTweakens the phenolic
O�H bond providing more efficient antioxidant activity. Potency
for inhibition of lipid peroxidation in brain liposomes was reported
to be 4-OHT > E2 > ICI.61 However, in cerebrocortical cultures,
the concentration of 4-OHT required to elicit equivalent neuropro-
tection to that of E2 (10 nM) was 100-fold higher.62 Extended
conjugation is also present in theBT-SERMs and derivatives studied
herein. We have previously reported on the antioxidant activity of
some of these BT-SERMs.29,48 Therefore, the phenolic antioxidants
BHT and the water-soluble vitamin E analogue Trolox were tested.
As anticipated, both BHT and Trolox were observed to be
neuroprotective. At higher concentrations of BHT, neurotoxicity
was observed (Figure 6A,B), whereas Trolox delivered concentra-
tion-dependent neuroprotection (Figure 6C,D).
The quinoid oxidative metabolites of DMA, raloxifene, and

BTC, are thiophilic electrophiles, an attribute that may contri-
bute to biological activity mediated by nuclear factor (erythroid-
derived 2)-like 2 (Nrf2).28,48 The natural product, sulforaphane,
is a thiophilic electrophile, well studied as a chemopreventive
agent, which has recently been reported to have Nrf2-dependent
neuroprotective properties.63 In neurons subject to OGD, the

Figure 4. Both estrogen and BT-SERMneuroprotection is attenuated by antagonism of GPR30 usingG-15 but not by the addition of the ER-antagonist
F-DMA. OGD induced cell death in 10�12 day primary neuronal cultures measured by MTT or LDH assays after pretreatment with antagonists (�45
min) and treatment with test compounds (SERMs 100nM; E2 10nM) immediately before OGD. (A,B) GPR30 antagonist G15 (100 nM). (C,D)
F-DMA (100 nM). LDH data was normalized to vehicle control as 100% cell death; MTT data was normalized to vehicle control as 0% and E2 (in the
absence of antagonist) as 100% cell survival. Data showmean and SEM (N = 6): ***P < 0.0001, **P < 0.001, *P < 0.01 compared to vehicle control using
one-way ANOVA with Dunnett’s post hoc test.
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behavior of sulforaphane was similar to that of BHT: neuropro-
tection at lower concentrations, and at higher concentration
(10 μM) neurotoxicity (Figure 6E,F). The BTC pharmacophore
of BT-SERMs provides both the potential for antioxidant and
thiophilic electrophilic chemical reactivity; however, in contrast
to neuroprotection by BT-SERMs, the GPR30 antagonist G15
did not inhibit neuroprotection by either BTC, Trolox, or
sulforaphane (Figure 6). These results suggest that BT-SERMs
are not acting via an antioxidant or sulforaphane-like mechanism.
Elucidation of the Neuroprotective Pharmacophore. Acti-

vation of antioxidant response element (ARE) by BT-SERMs in
cell culture was observed to be ER-independent and correlated
with the ability of SERMs to undergo oxidative bioactivation to a
diquinone methide.26,29,48,49,64�66 This observation was compa-
tible with the electrophilic reactivity of quinones toward thiols in
sensor proteins and subsequent activation of ARE via Nrf2.48 In
the preliminary screen of estrogens and BT-SERMs, neuropro-
tection was only observed for BT-SERMs containing the redox
active 2-(4-hydroxyphenyl)-benzo[b]thiophen-6-ol core (BTC)
pharmacophore (Figures 1, 2, and 7), raising the possibility that
neuroprotection was elicited via covalent binding to a thiol
sensor protein/receptor. Thus, one can envisage two modes of
interaction: noncovalent receptor binding or covalent receptor
activation via bioactivation to the quinone (Figure 7). In order to

distinguish between these two mechanisms, preparation of
further novel examples of BT-SERMs and structural analogues
was necessary.
Electrophilic substitution of 3Br-BTC was used to synthesize

two derivatives, Br2-BTC andDNBr-BTC, that retained the BTC
core (Figure 1) but could be expected to show hindered binding
to a putative “neuroprotective BTC receptor”. The presence of a
nitro group at the 7- and 30-positions of BTC would be expected
to hinder binding to ERR, and this compound was devoid of estr-
ogenic or antiestrogenic activity in the Ishikawa assay (Figure 1).
However, it could also be argued that the electron-withdrawing
bromo and nitro groups would inhibit oxidative bioactivation to a
quinone. Therefore, a different class of compounds was prepared
containing two phenol groups in similewith BTC, but linked via a
triazole ring.67 These 1H-1,2,3-triazole-1,4-diyl-diphenol (TDP)
derivatives cannot form diquinone methides (Scheme 1 and
Figure 7). The first four molecules studied (4,4-TDP, 3,2-TDP,
Br2-BTC, DNBr-BTC) showed no neuroprotective activity against
OGD (Figure 8A), and only one of these, Br2-BTC, showed
evidence for ER binding (Figure 1). However, of the second set of
molecules assayed (iPr-BTC, Tol-BTC, the dimeric bisBTChd, 3,3-
TDP, HP-BTF), all were neuroprotective (Figure 8B). Patterns
of ER binding, obtained from assay in Ishikawa cell cultures, were
highly diverse (Figure 1) and will be the subject of further studies.

Figure 5. Estrogen neuroprotection is attenuated by inhibition of PI3K/AkT and Src/MEK signaling but not by inhibition of NOS. OGD induced cell
death in 10�12 day primary neuronal cultures measured byMTT or LDH assays after pretreatment with antagonists (�45min) and treatment with test
compounds (SERMs 100nM; E2 10nM) immediately before OGD. (A) PI3K inhibitor LY294002 (10 μM). (B) SRC inhibitor PP2 (10 μM). (C)MEK
inhibitor PD 98059 (10 μM). (D) NOS inhibitor L-NAME (100 μM). LDH data was normalized to vehicle control as 100% cell death; MTT data was
normalized to vehicle control as 0% and E2 (in the absence of antagonist) as 100% cell survival. Data showmean and SEM (N = 6): ***P < 0.0001, **P <
0.001, *P < 0.01 compared to vehicle control using one-way ANOVA with Dunnett’s post hoc test.
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Neuroprotective compounds included thosewith agonist, antagonist,
or no activity (TDP derivatives) in the Ishikawa assay. Furthermore,

the neuroprotective activity of HP-BTF and 3,3-TDP was GPR30-
dependent, strongly supporting the involvement of a diphenolic

Figure 6. Classical phenolic antioxidants, BHT and Trolox, and the chemopreventive agent sulforaphane are neuroprotective; however, this activity is
insensitive to antagonism byG15. OGD induced cell death in 10�12 day primary neuronal culturesmeasured byMTTor LDH assays after pretreatment
with antagonist (�45 min) and treatment with test compounds (concentrations as indicated) immediately before OGD. (A,B) BHT was
neuroprotective at 1 μM but neurotoxic at 10 μM. (C,D) Trolox showed concentration-dependent neuroprotection. (E,F) Sulforaphane was
neuroprotective at concentrations 1 μM or below but neurotoxic at 10 μM. LDH data was normalized to vehicle control as 100% cell death. MTT data
was normalized to vehicle control as 0% and E2 (in the absence of antagonist) as 100% cell survival. Data showmean and SEM (N = 6): ***P < 0.0001, **P
< 0.001, *P < 0.01 compared to vehicle control using one-way ANOVA with Dunnett’s post hoc test.
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pharmacophore binding noncovalently to a receptor. The distance
between the phenolic oxygens of BTC is approximately 11.8 Å, a
distance that can be matched in conformers of both HP-BTF and
3,3-TDP, thus providing a minimal neuroprotective pharmacophore
(Figure 8).
A Composite Signaling Model for Neuroprotection. Ex-

posure of primary cortical neurons to OGD is known to induce
apoptosis and cell death. In this assay, a structural subset of BT-
SERMs, including DMA and raloxifene, and all estrogens,
including the membrane impermeable BSA conjugate, were
neuroprotective. The efficacy of E2 (10 nM) was equal to that
of raloxifene at 62 nM and DMA at 28 nM. Estrogen and SERM
mediated neuroprotection has been shown to be mediated via
nongenomic, rapid signaling, including regulation of intracellular
Ca2þ and phosphorylation of ERK.53,68 Extranuclear ER, linked
to kinase signaling pathways, including PI3K/Akt and Src/ERK/
CREB, has been shown to play a role in estrogenic neuropro-
tection.52,53 Both Akt andCREB activation provide direct links to
antiapoptotic mechanisms of neuroprotection.69 In the present
work, use of kinase inhibitors revealed that, in primary neurons
subject to OGD, the activity of estrogens and neuroprotective
BT-SERMs was mediated via PI3K, Src, and ERK dependent
signaling pathways (Figure 9).

The antiestrogen, ICI, blocks activity mediated by both the
nuclear and the extranuclear ER, and in combination with
pertussis toxin has been used to demonstrate the coupling of
extranuclear ER to G protein mediated signal transduction.70

GPR30 is a G-protein coupled receptor that is receiving con-
siderable attention as amediator of rapid estrogen signaling.71�73

Studies on GPR30 are facilitated by the availability of the
selective antagonist G15 (Scheme 1).47 In immortalized hippo-
campal neurons, the neuroprotective effect of E2 (10�100 nM)
against glutamate-induced cell death was abrogated by both ICI
and G15.43 In the present study, G15 blocked neuroprotection
against OGD by both E2 and BT-SERMs. The combined
evidence from use of ICI, G15, and pertussis toxin implicates
extranuclear ER binding coupled to GPR30 signal transduction
via intracellular kinase cascades in the neuroprotective actions of
E2 against OGD.
Neuroprotection by BT-SERMs is ER-Independent and

G-Protein-Coupled. In addition to the lack of significant effect
of ICI, the lack of correlation of neuroprotection with either ER
binding or classical ER-mediated activity in cell cultures argues
against a role for ERR or ERβ in the observed neuroprotective
effects of BT-SERMs. DMA, F-DMA, andH-DMA are potent ER
antagonists in breast and endometrial cancer cells, and they bind
to ERR and ERβ with high affinity, yet DMA was neuroprotec-
tive against OGD, whereas F-DMA and H-DMA were inactive.
Modification of the X-DMA 40-substituent modulates ERR and
ERβ binding and antiestrogenic activity in cell culture.26,29

Removal or truncation of the side chain at the 3-position, as in
BTC and Ac-BTC, leads to ligands with selectivity for ERβ that
deliver ER agonist activity in cell culture (Figure 1).74

Taken together, the evidence is supportive of BT-SERMs
containing a bis-phenolic pharmacophore (Figure 8) as eliciting
neuroprotection via G-protein coupled receptor binding. The
tamoxifen derivative, STX, was reported in 2003 as a ligand for an
as yet unidentified, G-protein coupled, neuronal membrane ER
that was also activated by raloxifene.75 Rapid signaling mediated
by STX was reported to be ER-dependent, being blocked by ICI.
The response of astrocytes to STX, and selective ligands for ERR,
ERβ, and GPR30 was recently compared.76 It was concluded that
evidence exists for multiple membrane estrogen receptors and
that ligands may bind directly to metabotropic glutamate receptors.
Prospects for Neuroprotective BT-SERMs. Substantial evi-

dence has been reported for the neuroprotective activity of
raloxifene in both ovariectomized female and male rats as
assessed by histochemical and behavioral assay.77�79 In neuronal
cell culture, raloxifene was found to be protective against a variety
of toxic insults including glutamate, Aβ25�35, and H2O2.

80

Interpretation of these results posited raloxifene as a partial ER
agonist. The clinical potential for raloxifene in neurodegenera-
tion and cognitive decline is shown by studies in elderly
males21,22 and in postmenopausal women.18�20

The results presented herein provide a further neuroprotective
mechanism for raloxifene and BT-SERMs. The conclusion from
use of ICI and comparison with classical ER activity is that the
actions of neuroprotective BT-SERMs are G-protein coupled
and ER-independent. This observation is important, because it
indicates that novel neuroprotective SERMs can be developed
with modulated ER binding. The structure�activity relationship
provided from assay of 15 BT-SERMs and 3 TDP analogues
provided a neuroprotective pharmacophore. Further structural
elaboration of this pharmacophore is anticipated to provide
neuroprotective agents with modulated ER agonist and antagonist

Figure 7. The BTC moiety is readily oxidized to a diquinone methide
that acts as a Michael acceptor toward cysteine. The receptor mediating
the neuroprotective activity of BT-SERMs could potentially be activated
by Michael addition (B) or alternatively by simple noncovalent binding
(A). Column 1 lists study compounds including BT-SERMs that cannot
undergo bioactivation to diquinone methides. Column 2 lists redox
reactive compounds able to form a diquinone methide. Study com-
pounds shown in colored text were observed to deliver GPR30-
dependent neuroprotection. The lack of correlation of activity with
potential for bioactivation supports a noncovalent receptor
binding mode.

Scheme 1
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activity and neuroprotective agents devoid of ER binding. Agents
with SERM activity have potential use in women’s health, whereas
those devoid of ER binding may find general use in neurodegenera-
tive disorders.

’METHODS

Materials. All reagents, catalysts, and solvents were purchased
from Sigma-Aldrich (St. Louis, MO) and Fisher Scientific (Waltham,
Massachusetts) and used as received, unless otherwise stated. All cell
culture media and supplements were from Invitrogen (Carlsbad, CA).
The Cytotox 96 assay kit was purchased from Promega (Madison, WI).
The antibodies to ERR (MC-20), ERβ (H-150), and GPR30 (K-16)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Synthesis. Synthetic details and characterization are described in

the Supporting Information.
Primary Cell Culture Preparation.Use of animals was approved

by the Institutional Animal Care andUseCommittee at theUniversity of
Illinois at Chicago. Primary cultures of dissociated cortical neurons were
performed as follows: briefly, cortices were dissected from the brains of
embryonic day 16 (E16) Sprague�Dawley rats (Charles River
Laboratories). The embryos were transferred to a plate with L15
medium (Leibovitz, Sigma L5520) and the cortices were disected.

Neurons were mechanically dissociated in 80% basal medium Eagle
supplemented with 10% horse serum, 10% fetal bovine serum, and 10%
GGG (dextrose, L-glutamine 200 mM, and gentamicine) and plated at a
concentration of 2 � 105 cells/cm2 on poly-L-lysine coated plates and
maintained in a humidified incubator (37 �C with air and 5% CO2).
After 24 h, the plating medium was replaced by neurobasal medium
containing 1� B27 supplement minus AO and 0.5 mM L-glutamine.
Cultures consisted of 98 ( 2% NeuN positive cells.81 After 3 days, half
the growingmedia was replaced by freshmedia, and the cells were left for
a further 6�8 days.
OGD Experiment.Cells 10�12 DIV (days in vitro) were plated on

96-well plates. The cell medium was changed to phenol red free growing
media 3 h before OGD prior to transfer to an airtight polycarbonate
experimental hypoxia chamber (Coy lab, Grass Lake, MI, dimensions
4100 L� 230 0 D� 230 0 H) controlled at 5% CO2 and 1% O2. The media
was changed to a glucose free deoxygenated buffer solution (NaCl
116 mM, CaCl2 1.8 mM, MgSO4 0.8 mM, KCl 5.4 mM, NaHCO3

14.7 mM, NaHPO4 1 mM, HEPES 10 mM, pH = 7.4), and the drugs
were then added to the cells. Inhibitors and antagonists were added 45
min before moving cells to the hypoxia chamber. The cells were exposed
to OGD for 2 h and removed from the chamber, and the buffer was
replaced by normal phenol red free growing media. The cells were
maintained at 37 �C with air and 5% CO2 for 24 h after which LDH and
MTT assays were performed to determine cell death and survival.

Figure 8. Patterns of activity for neuroprotection by analogues and derivatives of BT-SERMs support a biphenolic pharmacophore signaling via
G-protein coupled receptor. OGD induced cell death in 10�12 day primary neuronal cultures measured by MTT assay after pretreatment with
antagonists (�45 min) and treatment with test compounds (all 100nM; except, E2 10nM) immediately before OGD. (A) Treatment with BT-SERM
analogues and derivatives compared to DMA and E2. (B) Treatment with BT-SERM analogues and derivatives compared to DMA and E2 and influence
of GPR30 antagonist G15 (100 nM).MTT data was normalized to vehicle control as 0% and E2 (in the absence of antagonist) as 100% cell survival. Data
show mean and SEM (N = 6): ***P < 0.0001, **P < 0.001, *P < 0.01 compared to vehicle control using one-way ANOVA with Dunnett’s post hoc test.
(C) Structures of diphenol pharmacophores common to neuroprotective BT-SERM analogues and derivatives in this study.
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MTT Cell Viability Assay. Thiazolyl blue tetrazolium bromide was
solubilized in PBS (5 mg/mL) and added to the cell culture media (20
μL of solution added to 200 μL of media in each well of the plate). The
plate was incubated at 37 �C under 5% CO2 for 2�4 h. After the
incubation period, the media was aspirated and replaced with MTT
solubilizing solution (anhydrous isopropanol) with shaking. Spectro-
photometric absorbance at λ = 570 nm using λ = 630 nm as a reference
was measured on a Dynex MRX ll microplate spectrophotometer.
LDH Cell Injury Assay. The CytoTox 96 cytotoxicity assay kit was

used. Briefly, 50 μL of supernatant from each well was transferred to a
second plate, followed by 50 μL of substrate mix, out of direct light. The
plate was left in room temperature for 30 min before adding stop
solution and measurement at λ = 490 nm on a Dynex MRX ll microplate
spectrophotometer.
Detection of ER and GPR30. Primary cells were grown on a

10 cm plate for 14 days, the media was removed, and then the cells were
washed with PBS, scraped off the plate, collected into an Eppendorf
tube using PBS as solvent, and centrifuged at 14 000 rpm to remove
PBS. The cells were then lysed with RIPA lysis buffer in the presence of
protease inhibitors and PMSF and then sonicated and left to recover on
ice for 30 min. The supernatant was then extracted and boiled with SDS
and 1% mercaptoethanol. Samples were then loaded to an SDS gel run
at 150 V before transfer to a PVDF membrane, followed by blocking
with 5% milk and application of primary antibodies for ERR (MC-20),
ERβ (H-150), and GPR30 (K-16) at a concentration of 1:100. The
membrane was then incubated with HRP-conjugated secondary anti-
body at a concentration of 1:2000, and results were visualized using the
fluorChem HD2 imaging system (see the Supporting Information).
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’ABBREVIATIONS

AD, Alzheimer’s disease; DMA, desmethylarzoxifene, ([6-hydro-
xy-3-[4-[2-(1-piperidinyl)-ethoxy]phenoxy]-2-(4-hydroxyph-
enyl)]benzo[b]thiophene; 4-OHT, 4-hydroxy-tamoxifen; BHT,
butylated hydroxtoluene; E2, 17β-estradiol; EE, ethinylestradiol;
E2-BSA, bovine serum albumin conjugated estradiol; ER, estro-
gen receptor; ERT, estrogen replacement therapy; ERE, estrogen
response element; SERM, selective estrogen receptor modula-
tor; BT-SERM, benzothiophene SERM; L-NAME, L-nitro-argi-
nine methyl ester; eNOS, endothelial nitric oxide synthase;
LDH, lactate dehydrogenase;G15, 4-(6-bromobenzo[1,3]dioxol-5-
yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline;MTT, 3-(4,5
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide;OGD,

Figure 9. Estrogen and BT-SERM neuroprotection is attenuated by inhibition of PI3K/AkT and Src/ERK signaling and also by inhibition of GPCR by
pertussis toxin or antagonism of GPR30 by G-15, whereas only estrogenic neuroprotection is inhibited by ER antagonist ICI.
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oxygen glucose deprivation; GPCR, G protein coupled receptor;
ARE, antioxidant response element;WHI, women’s health in-
itiative;WHIMS, women’s health initiative memory study;
MORE, multiple outcome of raloxifene evaluation; STAR, study
of tamoxifen and raloxifene; RIPA, radioimmunoprecipitation
assay buffer; HEPES, (4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid); TDP, (1H-1,2,3-triazole-1,4-diyl)diphenol;
Tol-BTC, (6-hydroxy-2-(4-hydroxyphenyl)benzo[b]thiophen-
3-yl)(p-tolyl)methanone; bisBTChd, 1,7-bis(6-hydroxy-2-(4-
hydroxyphenyl)benzo[b]thiophen-3-yl)heptane-1,7-dione; iPr-
BTC, 2-(4-hydroxyphenyl)-3-isopropylbenzo[b]thiophen-6-ol;
HP-BTF, 2-(4-fluorophenyl)-3-(4-hydroxyphenoxy)benzo-
[b]thiophen-6-ol.
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