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We recently discovered that ICI 182,780,(an antagonist of estrogen receptor (ER)-dependent proliferation

in reproductive tissues, functions as an estrogenic agonist in primary neurons. The present study investigated
whether the agonist properties bfn neurons could be translated into structural analogq(4R,8R)-4,8,-
12-trimethyltridecyl]estra-1,3,5-trien-3,84iol (2), a hybrid structure of 13-estradiol and vitamin E, was
synthesized and found to bind to bothd&Bnd ER. In witro analyses demonstrated t2atias neuroprotective

and effective in activating molecular mechanisms associated with estrogenic agonist activity in rat primary
hippocampal neurons. Collectively, the data support an estrogenic agonist préfisgetidn comparable to

1 in primary neurons, confirming that estrogenic activity Iofn neurons is not a unique phenomenon.
These results provide support for the development of a brain-selective ER modulator, with potential as an
efficacious and safe estrogen alternative to prevent Alzheimer's disease and cognitive decline in
postmenopausal women.

Introduction Compoundl is a 7a-alkylsulfinyl analog of 1B-estradiol

Alzheimer's disease (Af), a devastating neurodegenerative 2Nd binds to BOth E&and ERp with an affinity comparable to
condition associated with impaired memory and cognitive 17/-éstradiok” By competing for the ER ligand binding site
function, affects an estimated 4.5 million people in the United @1d subsequently driving the receptor to reorient into a
Statest Of those affected with AD, 68% are female and 32% characteristic antagonistic conformatith,l abolishes the
are malet The greater female vulnerability to AD has been nuclear ER-dependent proliferative actions of estrogen in
associated with the marked decrease in the level of estrogeni€Productive organs such as the breast and utétosaddition,
circulating in postmenopausal womeh.In addition to its 1is devoid of estrog_en-llke agonist activity in thes_e organs, in
multifaceted health-promoting effects on a woman’s body, such contrast to the partial estrogen agonist/antagonist tam;mfen
as counteraction of postmenopausal symptoms and preservatiofy! MX), and TMX-resistant tumors are sensitiveltereatment:

of bone density, research over the past two decades hadS @ result, the FDA has approved the usd @s an adjuvant
supported the use of estrogen therapy (ET) for the prevention _endocrlne therapy to treat ER-_pOS|_t|ve metastatic b_reast cancers
of AD and other age-related neurodegenerative insults wheni POStmenopausal women with disease progression following
timely initiated—9 based on the “healthy cell bias” of estrogen first-line antiestrogen therapy (i.e., fqr TMX-resistant breast
actions in neuron®-12 However, side effects of the currently ~ Cancersy” Therefore, from a therapeutic development perspec-
available ET, such as neopla&imand thrombogenesi4;15 tive, our finding t_h_atl acts as an estrogenic agonist in neurons
remain serious risks to patients. Therefore, there is an unmetProVides a promising translational opportunity for the develop-
medical need for estrogen alternatives that are free of long- ment of a brain-selective SERM mimicking the beneficial effects

term side effects and are perceived as safe by physicians andf @n estrogen agonist in the brain, while lacking or antagonizing
patients. activation of estrogenic proliferative responses in reproductive

In previous studies, we examined whether existing clinically organs%o_ _ ) )
relevant selective estrogen receptor modulators (SERMs) would  Our initial efforts to develop a brain-selective SERM have
exert estrogenic agonist effects comparable to the endogenoudW0 objectives: design and synthesize structural analogs of
estrogen 1f-estradiol in the brain. Using neuronal responsive 10 (a) replicate the promising in vitro activity df® and (b)
predictors associated with estrogen actions in neurons as targefross the bloogbrain barrier (BBB) becausé does not? ]
outcomes, we unexpectedly discovered that the full antagonisterein, we report our efforts to design and synthesize the first
to the nuclear estrogen receptor (ER), ICI 182,7804cted as  ¢andidate compounda[(4R 8R)-4,8,12-trimethyltridecyl]estra-

a full estrogenic agonist in primary neurons at clinically relevant 1,3.5-trien-3,12-diol (2), and first-stage analyses of its estro-
concentrationt genic activity in cell-based assays in primary hippocampal

neurons.
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Fax: 323-2247473, E-mail: rbrinton@usc.edu (R.D.B.); Tel.: 919-5416681, Results and Discussions

Fax: 919-5416499, E-mail: krehder@rti.org (K.R.). . : : A
t University of Southern California, Computer Modeling and Design. Using computer-aided

£ RTI International. molecular modeling approaches, we first analyzed the three-
2 Abbreviations: AD, Alzheimer's disease; ET, estrogen therapy; ER, dimensional (3D) structural features bfn complex with ER.

estrogen receptor; SERM, selective estrogen receptor modulator; TMX, ; i ;
tamoxifen; RAL, raloxifene; AF, activation function; BBB, blootbrain Analyses demonstrated that, in comparison with the ER full

barrier; DIV, days in vitro; ERK, extracellular signal-regulated kinase; Akt, agonist 1p-estradiol, the nuclear ER full antagonishas two
protein kinase B; PDB, Protein Data Bank. structural domains that carry out distinct functions. First, the
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Figure 1. 3D-bound confirmations of J5#estradiol and. in human ERt (hER). The complex model of J5estradiol/hER was generated based
on the crystallographic structural coordinates downloaded from the Protein Data Bank (PDB ID: 1ERE). The complex ribdeiRofwas
generated from docking calculations with GOLD, followed by energy optimization with Insightll/Discovery. The complex modeisestradiol/
hERo and 1/hERo. were superimposed by aligning the 3D coordinates of @EBoth 173-estradiol andl are depicted in “ball and stick” format

and colored based on the atom types designated in Insightll: red, oxygen atoms; yellow, sulfur atoms; aqua, fluorine atoms; for distinction, the

carbon atoms in 1Festradiol and. are colored in blue and green, respectively. hE&rendered by its solvent accessible surface depicted in dots
or solid format. These models revealed that the “head moiety”, also referred to as the “ER binding domaihid B-estradiol core structure,
lies in the center of the ligand binding pocket on RERn a similar mode to that of JFestradiol, although the Bamethyl groups in both
structures are situated in opposite orientations. The “tail moiety*glkylsulfinyl side chain), also referred to as the “effector domain’ljn

protrudes out of the ligand binding pocket and nestles in a relatively hydrophobic groove. This is proposed to be the driving force for the remodeling
of helix 12, leading to impaired ER dimerization and the resultant blockage of nuclear uptake. Images were generated with Insightll 2000 on a SGI

Octane graphical workstation equipped with the IRIX 6.5 operating system.

“head moiety”, represented by thef@éstradiol core structure,
is accommodated into the ligand binding pocket on ER in a
similar mode to that of J#-estradiol, although the B3methyl

groups on both structures are situated in opposite orientations

(Figure 1). Owing to its driving role in the ligand binding to
ER, as revealed in our previous analy¥e¥,we refer to this
structural moiety as the “ER binding domain” in Second is
the “tail moiety”, represented by the bulky side chain substituted
on the @ position of 1f-estradiol core structure, which

protrudes out of the ligand binding pocket and occupies the same

channel on ER as occurs with ICl 164,383),(a structural
analog of1 (Figure 1)8 In comparison with many ER partial
agonists/antagonists, such as TMX and raloxifene (RAL) with
relatively shorter “tail moieties” attached to their ER binding
core structure¥ it has been suggested that the extended terminal
portion of the “tail moiety” in1 nestles within the activation
function-2 (AF-2) cleft that precludes helix 12, a structural
component on ER that is crucial for ER dimerization, from
staying in the same cleft. This indicates a unique reorientation
distinct from either its characteristic agonist orientation, as seen
with 17p-estradiol, in which helix 12 is aligned over the ligand
binding pocke#? or its partial antagonist orientation, as seen
with TMX or RAL, in which helix 12 orients along the
coactivator binding surface in AFZ.As a result, such a
reorientation of helix 12 induced bl leads to a full abolition
of ER transcription regulated by both AF-1 and AF-2, which
accounts for its “pure” antiestrogenic effect, particularly in
reproductive tissues:°In addition, it has been suggested that
this displacement of helix 12 impairs ER dimerization and
inhibits the translocation of ER into the nucletidn view of
the significant role of the “tail moiety” inl in shifting the
direction of its impact on the nuclear ER function, we refer to
this structural moiety as its “effector domain”. Overall, these
comparative analyses provide important insights into the rational
design of novel ICI mimics that are anticipated to induce a
pharmacological profile consistent with that is, estrogenic
agonist activity in the brain, while lacking or antagonizing
estrogenic proliferative action in reproductive tissues.

Guided by insights derived from the above analyses, we
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Figure 2. Compound2 is a hybrid structure of JF-estradiol and
vitamin E.

compounds, suggesting the toxicity of the analogs may be less
problematic. One representative compouid,is a hybrid
structure of 1p-estradiol and vitamin E (Figure 2), both of
which are brain permeable and widely used in hunfanghile

a structure composed of two BBB-penetrable moieties, estro-
genic “head moiety” and vitamin-like “tail moiety”, cannot be
guaranteed to cross the BBB, it would presumably have greater
potential than combinations composed of brain-inaccessible
moieties. In addition, replacement of the “tail moiety” in
(cLogP of 8), with a vitamin E-like hydrophobic side chain,
increases the overall lipid solubility o2 (cLogP of 12),
comparable to that of vitamin E (clogP of 11). While this
lipophilicity falls out of the range defined by the “Lipinski rule

of five” for druggability and brain penetratici vitamin E has

a similar high lipophilicity, yet, can readily enter the bréfn.

In view of the complexity of the biological features of BBB

and the multiple factors that contribute to BBB penetrafio?,

proposed a number of novel ICI analogs predicted to possessby deliberately mimicking the physicochemical properties of

improved brain penetration comparedltorhese analogs have
structural moieties associated with endogenously occurring

vitamin E that may jointly impact its brain entry, including
lipophilicity, molecular shape and associated conformational
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impurities, which could not be removed by chromatographic
purification. Further reaction optimization was successfully
achieved through the use of bis(trimethylsilyl)peroxide and tin
tetrachloride catalysi€ and (4&,8R)-1-acetoxy-4,8,12-trimeth-
yltridcane @) was obtained in 62% vyield. Hydrolysis o

His524 proceeded quantitatively wigrtoluenesulfonic acid in refluxing
methanol to yield7, which was converted to R8R)-1-iodo-
4,8,12-trimethyltridecanes] in 85% yield upon treatment with
iodine, triphenylphosphine, and imidazole.

With the side chain precurs@ achieved, focus was next
directed toward the synthesis of a suitably protected steroid core
and subsequent alkylation with(Scheme 2). Oxidation of 3,-
17p-estradiol diacetate9] with chromium trioxide and 3,5-
dimethylpyrazole gave ketonk0 in 44% yield4® Hydrolysis
of 10 with potassium hydroxide afforded 6-oxo-34t&stradiol
(12), quantitatively. Crudé 1, used without further purification,

i . ) was then reprotected with tetrahydropyranoxy (THP) groups by
Figure 3. 3D-bound conformations df and2 in hERa.. Models were reaction with dihvdro DHP ide in 98% vield*
derived from docking calculations with GOLD. Both and 2 are - Y . pyran ( )10 pr_O_V| In Oyle. .
depicted in “stick” fgrmat and colored based on the atom types The_ critical alkylation on the C7-pos_|t|on of the steroid was
designated in Insightll: red, oxygen atoms; yellow, sulfur atoms; aqua, achieved by treatment of the potassium enoxyborat&25¥
fluorine atoms; except that for distinction, the carbon atoms &md generated using potassiunbutoxide and triethylborane, with
2 are colored in green and sky blue, respectively. Residues, GIu353 (4R 8R)-1-iodo-4,8,12-trimethyltridecan&)(in dimethoxyethane
and His524 on hER, which form hydrogen bond interactions with (DME). The 7a-substituted steroid3was obtained as a single

both ligands depicted in dashed green lines, are shown in “stick” format . - O i s
and colored based on the atom types. These models reveale® that diastereomer in 34% yield. To our knowledge, this is one of

binds to hER: in a mode similar tol, suggesting the functional  the highest yields reported for the alkylation with this size alkyl
similarity between two compounds. Image was generated with Insightll Substituent. Finally, deprotection of the THP groups and
2000 on a SGI Octane graphical workstation equipped with the IRIX deoxygenation of the 6-keto functionality were simultaneously
6.5 operating system. accomplished with boron trifluoride etherate and triethylsitane

flexibility, and specifically, distribution of a hydrophilic (*head”y ' Produce? in 83% yield. , ,
hydrophobic (“tail”) structural balance that may impact the Thea-conf|gulrat|on.for the C7-substituent @fwas assigned
interaction with the BBB membrarevater complex, as re- based on two-dlmen5|ona] NMR (COSY and ROESY) spectral
vealed by recent membrane-interaction quantitative strueture analyses. Strong correlation was observed between H(7) and
activity relationship (MI-QSAR) modeR®3° 2 is anticipated H(8), indicating that these two protqns were proximal (F|gyre
to have a similar BBB penetrative ability to vitamin E. 4)- Based on the knowfi-stereochemistry of H(8), the H(7) is
Moreover,2 has a smaller molecular mass of 496 tHaat 552 also assigned thg position. No co_rrelatlon between H(7) a_nd
and, therefore, falls below the suggested threshold of 500 for aH(9) was detected. The C6-benzylic protons were clearly evident
brain-permeable molecuf®32 Most importantly, as revealed ato 2.86 and 2._72, wnh_coyphng constants of_ 4.8, 16.9, and
in Figure 3, GOLD docking analyses indicated tBdiinds to 16.9 Hz, respectively, which is also consistent with the structure.
hERo in an energy-favorable fashion, similartoln addition, Estrogenic Activity of 2. We first determined the binding
hydrogen bond interactions were observed in both compoundsaffinity and specificity of2 to ERa. and ERS. A fluorescent
between 3, 17-OH groups, and the residues, glu353 and polarization competitive binding assay was used, which is
His524, respectively, along the ligand binding site in kER  composed of purified baculovirus-expressed humao BRERS
The similar binding modes and ligandeceptor intermolecular ~ and a fluorescent estrogen ligand EL Red. Progesterone was
interactions exhibited b and2 suggested th& would exert used as a negative control, and known ER ligands;€stradiol,
a tissue-selective modulation of ER that is consistent With 1, and genistein, were used as positive controls. The ability of
Chemistry. Synthesis of @-substituted estradiol derivatives  the test compounds at serially diluted concentrations (100 pM
has been generally achieved by copper-promoted nucleophilicto 10 uM) to compete with the estrogen ligand EL Red for
1,6-conjugate addition of Grignard reagents to steroidal dienonesbinding to ERx or ERS was assessed by a change in polarization
such as 6-dehydrotestosterone 17-acéfattHowever, such  values at 535 nm/590 nm excitation/emission. Figure 5 shows
additions usually lead to a mixture oft7and P3-epimers and,  the competition binding curves of the test compounds for both
subsequently, require rearomatization to generate the aromaticERo. and ERB. As expected, the negative control compound,
A-ring. More recently, another synthetic approach using alkyl progesterone, does not bind to either ER. Thg &termined
iodides to alkylate 3,17-diprotected 6-ketoestradiols was found from the binding curves for positive estrogen controlsj3-17
to be more efficient and versatile for synthesis of 7-substituted estradiol (4.7 and 16.7 nM for EERand ERB, respectively) and
estradiols with high stereoselectivit§4® Accordingly, our 1 (4.9 and 44.1 nM for ER and ERB, respectively), are
synthesis of @-[(4R,8R)-4,8,12-trimethyltridecyl]estra-1,3,5-  consistent with the previously reported valdédloreover, the
trien-3,1B-diol (2) was accomplished following the second assay was sufficiently sensitive to differentiate theSE#nding
synthetic strategy, starting from preparation of the side chain preference of the phytoestrogen, genistein, with a 46.8-fold
intermediate, (&,8R)-1-iodo-4,8,12-trimethyltridecan&;(Scheme binding selectivity over ER, which is consistent with results
1). Ozonolysié! of phytol (@) with ozone at—78 °C followed derived from alternative methods such as the radioligand 43say.
by a reductive workup gave phytor® {n 76% yield. Baeyer These comparative analyses demonstrate the reliability of this
Villiger oxidation of 5 was first attempted using 5 equiv of assay in determining the binding profiles of small compounds
3-chloroperbenzoic acidr¢CPBA) in refluxing chloroform to to both ERs. Compoun@comparably bound to both ERwith
afford 6 in 54% yield. However, the product contained trace a binding IGo of 193 nM, and ER, with a binding 1G of 267

Glu3s3



4474 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 18 Zhao et al.

Scheme 1

aReagents and conditions: (a) ozone, MeG@EH,Cl,, —78°C, then (CH).S, room temperature, 2.5 h, 76%; (b) SRCTMSO),, CH,Cl,, room temperature,
4 h, 62%; (c) TsOH, MeOH, reflux, 6 h, 100%; (d) 4 imidazole, 4, CH,Cl,, room temperature, 2 h, 85%.

Scheme 2
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aReagents and conditions: (a) Gt@,5-dimethylpyrazole:-20 °C, 5 h, 44%; (b) KOH, MeOH-H,0, room temperature, 4 h, 100%; (c) dihydropyran,
PPTS, CHCIy, reflux, 3 h, 98%; (d) K& Bu, EtB, DME, room temperature, 1 h, thé& overnight, 34%; (e) BSiH, BR-Et,O, CH:Cl,, room temperature,
overnight, 83%.
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To determine whethe? would act as an estrogenic agonist
in neurons comparable to g-stradiol and, we first evaluated
the activity of2 to protect neurons against the neurodegenerative
insult, a supraphysiological concentration of glutamate-induced
neurotoxicity in cultured rat primary hippocampal neurons.
Neuronal viability was assessed by dual measurements of lactate [ I T P T Pt
dehydrogenase (LDH) release in the culture medium, which [Compound] (M)
served as an indicator of neuronal membrane integrity, and Figure 5. Compound? binds to both ER and ER8, with comparable
calcein acetoxymethyl ester (AM) staining, which served as an ICso values, 192 nM for ER and 267 nM for ERR.
indicator of neuronal metabolic viability. Data shown in Figure
6 demonstrated th& promoted neuronal survival in a concen- efficacy induced by 1001000 nM was significantly greater
tration-dependent manner. The amount of LDH released in the than that induced by-110 nM of 2 (**P < 0.01). There were
culture medium induced by 2QiM glutamate was significantly ~ no significant differences in LDH release between cultures
reduced by at all test concentrations {1.000 nM), while the treated with 1 nM and 10 nM (Figure 6A, 385 3.8% and
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Figure 6. Compound2 promoted neuronal survival against supraphysiological glutamate-induced neurotoxicity in a concentration-dependent manner
in rat primary hippocampal neurons. Neurons grown for 7 DIV were pretreated with vehicle aldmae erially diluted concentrations (1, 10, 100,
and 1000 nM) for 48 h prior to exposure to 20M glutamate for 5 min, followed by a 24 h recovery. Neuroprotective activity was determined
by (A) LDH release in the culture medium, an indicator of neuronal membrane integrity, and (B) calcein AM staining of the live neurons in the
culture, an indicator of neuronal metabolic viability, from the same population of neurons. Results are presented as neuroprotective efficacy (NE)
which is defined as the percentage of glutamate-induced neurotoxicity preventetrdatment and quantitated by the equation: NEV, —
Vgiutamatg/(Veontrol — Vgiutamag X 100%, whereV, = the individual value fronR-treated culturesVguamae= the mean value from glutamate alone-
treated cultures, and.onro = the mean value from vehicle alone-treated control cultures. Data, expressed a& BEd n > 6, are derived from
a single experiment and are representative of three separate experitiiest€.01 compared to vehicle alone treated control cultureB, <*0.01
compared to glutamate alone-treated cultuté® < 0.01 indicates the differences betweenlD nM and 106-1000 nM of2 treatment groups.

44.1+ 3.8% increase in neuronal membrane integrity compared neuronal viability was observed in cultures treated with-100
with glutamate alone-treated cultures, respectiveli, *0.01), 1000 nM of 2 (Figure 6B, 28.4+ 3.2% and 25.6+ 4.4%

and between cultures treated with 100 nM and 1000 n\ of increase in neuronal metabolic viability compared with glutamate
(Figure 6A, 67.0+ 4.0% and 59.1 3.7% increase in neuronal  alone-treated cultures, respectivelyP* 0.01). In contrast2
membrane integrity compared with glutamate alone-treated at 1-10 nM was insufficient to prevent the loss of neuronal
cultures, respectively, P < 0.01). Data shown in Figure 6B, metabolic activity induced by glutamate insult (Figure 6B, 2.7
derived from calcein AM staining of metabolically live neurons + 3.2% and 9.3t 3.7% increase in neuronal metabolic viability
in the cultures, revealed a similar trend in neuronal response tocompared with glutamate alone-treated cultures, respectively),
serially diluted concentrations & A significant increase in although 10 nM was effective in protecting neurons against
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Zhao et al.

N Bcl-2

100 [ Bel-X,

80 -

*

60 - T

40 - .

*

) ' i

0 T = . .
2 2

Control E

% Increase in Bcl-2/Bcl-X Expression

Bell — s e e 26 kDa

B-Tubulin —p C— ———— — 55 kDa

Figure 8. Compound2 upregulated the anti-apoptotic proteins Bcl-2
and Bcl-X_ expression in rat primary hippocampal neurons. Neurons
grown for 7 DIV were treated with vehicle alone, E2 (10 nM),2r
(100 nM) for 48 h followed by Western immunoblotting analyses on
Bcl-2 and Bcl-X expression in the whole cell lysate preparation of

followed by Western immunoblotting analyses on phosphorylated and neurons g-Tubulin was used as an internal loading control protein.
total ERK2 and Akt expression in the whole cell lysate preparation of Results are presented as percent increase in Bcl-2 and,Retptession

neurons. pERK2 and pAkt levels were normalized against the levels compared to vehicle alone treated control cultures and expressed as
of total ERK2 and Akt, respectively. Results are presented as percentmean+ SEM, n = 3, *P < 0.05. E2: 1B-estradiol.

increase in pERK2 and pAkt expression compared to vehicle alone-

treated control cultures and expressed as me&8EM,n = 4, *P <
0.05. E2: 1B-estradiol.

glutamate-induced neuronal membrane damage. These differ
ences in outcomes derived from measurements of different
biochemical indicators from the same population of neurons

neuronal survivat?=52 Our previous analyses demonstrated that
1 was effective in promoting both ERK and Akt phosphorylation
in hippocampal neurori$.In this experiment, we sought to

determine whethe2 would activate these same signaling

suggested that neuronal membrane damage may be more easilff'échanisms. Rat hippocampal neurons grown for 7 DIV were
protected and repaired than damage to neuronal metabolicB27 supplement-deprived for 45 min prior to incubation with
function or it may be due to interassay sensitivity. Results of Vehicle alone, 13-estradiol (10 nM), o2 (100 nM) for 30 min
these analyses are consistent with our previous reports forPrior to harvesting of proteins for detection of phosphorylated

multiple estrogens antl®46Moreover, a 10-fold less potency
associated witl2 than 13-estradiol and,, which exhibited the

maximal neuroprotection at 10 nM,is consistent with the

differences between the ER binding affinity 8fand 17-

ERK and Akt expression by Western immunoblotting analyses.
Total ERK and Akt expression levels in the same protein
samples were detected and used as loading controls. Results of
these analyses indicated that exposure of neuro@sapidly

estradiol andl, suggesting that estrogen-inducible neuropro- induced a significant increase in phosphorylation of both ERK2
tective activity is associated with ER-mediated signaling and Akt (Figure 7, 46.3k 14.7% and 139.% 33.4% increase

cascades. A2 exhibited a full and optimal neuroprotective
activity at 100 nM, this concentration was used in the following

compared to vehicle alone treated control cultures, respectively,
*P < 0.05), with efficacy slightly lower than but not signifi-

mechanistic studies. In summary, these data provided the firstcantly different from that induced by B7estradiol (Figure 7,

line of evidence for an estrogenic agonist profile2adction in
neurons consistent with B7estradiol andL.'®

Mechanistically, the characterization of signal transduction
pathways activated by estrogen has led to the identification of

proteins that are critical mediators of estrogen activity in

neurons. First, estrogen activation of extracellular signal-
regulated kinase (ERK) leads to activation of the transcription
factor cyclic AMP response element-binding protein, CREB,
which results in increased transcription of multiple neuropro-

tective genes such as Bcl-2 family anti-apoptotic géhaad
neurotrophic genes such as spinophtfitn parallel, through a

38.0+ 7.7% and 88.0k 27.2% increase compared to vehicle
alone-treated control cultures, respectivell, ¥ 0.05).

Estrogen upregulation of Bcl-2 family anti-apoptotic proteins
Bcl-2 and Bcl-X has been proposed as one critical component
underlying estrogen promotion of neuronal survit/l%53
Upregulation of both Bcl-2 and Bcl-Xexpression byl was
previously observed as wéf. Accordingly, we evaluated
whether2 regulated these proteins in rat primary hippocampal
neurons. Neurons grown for 7 DIV were treated with vehicle
alone, 1p-estradiol (10 nM) o2 (100 nM), for 48 h followed

unified upstream mechanism, estrogen binding to ER and by Western immunoblotting analyses. Results of these analyses

subsequent interaction with the phosphatidylinositit©B
kinase (PIX) activate the protein kinase B (also known as
Akt), which phosphorylates the Bcl-2 family pre-apoptotic

indicated that2 induced a significant increase in both Bcl-2
and Bcl-X_ expression in neurons (Figure 8, 23:46.8% and
58.0+ 22.2% increase compared to vehicle alone treated control

member BAD, thereby suppressing apoptosis and promoting cultures, respectively,P < 0.05), with efficacy comparable to
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100 - ++ Investigation of2 induction of neuronal responses provides two
lines of evidence indicating an estrogenic agonist profil of
action in primary hippocampal neurons. Firdtwas found to

i be a potent neuroprotectant as evidenced by its promotion of
both neuronal membrane integrity and metabolic viability against

60 - neurodegenerative insult in neurons. Secofdeffectively

activated signaling cascades and increased expression of proteins

consistent with estrogenic agonist function in neurons and

40 - * required for estrogen promotion of neuronal defense and

synaptogenesis. These data indicate that our previous discovery

of the estrogenic agonist activity of the nuclear ER full
antagonist], in primary neurons® is not an exclusive feature

of 1 alone and can be achieved through structural analogs that

80
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% Increase in Spinophilin Expression

0 T . may have greater BBB penetration potential. Moreover, as
Control E2 2 proposed forl,'® 2 is likely acting through a membrane-
associated ER leading to induction of the downstream singling
Spinophilin —» S S s 20 kDa cascades and neuronal agonistic responses as presented here-

inbefore. However, at this time it cannot be ruled out for
potential non-ER-mediated sites of action2and similar future
Figure 9. Compound?2 upregulated the dendritic spine protein, compounds which include a phenolic ring as reported by
spinophilin expression in rat primary hippocampal neurons. Neurons Simpkins and colleaguééCollectively, results of these analyses
grown for 7 DIV were treated with vehicle alone, E2 (10 nM),2r  provide in vitro proof of principle that development of brain-
(100 nM) for 48 h followed by Western immunoblotting analyses on - ga|ective SERMs could provide a safe and efficacious thera-

spinophilin expression in the whole cell lysate preparation of neurons. . . S .
p-tubulin was used as an internal loading control protein. Results are peutic alternative to existing hormone therapies to promote

presented as percent increase in spinophilin expression compared t(ﬁeurmoqic"f‘l function and health t.hrough the postmenqpausal
vehicle alone treated control cultures and expressed as #a&iEM, years. In vivo analyses to determine the BBB penetration and
n=4,*P < 0.05, *P < 0.01, and**P < 0.01. E2: 1B-estradiol. impact on the CNS and periphery ®fare currently underway.

B-Tubulin —p — — — 55 kD2

17B-estradiol (Figure 8, 20.% 1.8% and 46.6: 11.6% increase  Experimental Section
compared to vehicle alone-treated control cultures, respectively, Chemistry. Melting points were determined on a MEL-TEMP

*P < 0.05). : : -
-~ . . . i ) Il capillary melting point apparatus and are uncorrected. N&HR (

In addition to regulating Bcl-2 family anti-apoptotic proteins,  13c gHSQC, gHMBC, gCOSY, and ROESY) spectra were obtained
estrogen activation of CREB Ief’:lds to increased expression ofusing a Bruker Avance DPX-300 MHz or a Varian Unity Inova
spinophilin, a protein that is enriched in the heads of neuronal 500 MHz NMR spectrometer. Chemical shifts are reported in parts
dendritic spines in hippocampal neurons and which is predictive per million (ppm) with reference to internal solvent. HRMS were
of estrogen-inducible promotion of neuronal morphogenesis andrecorded on a Waters Autospec Ultima mass spectrometer and were
synaptoplasticity® Compoundl was found to be comparably ~ Performed at the University of Michigan, Ann Arbor, MI. Elemental
effective to 1 B-estradiol in upregulating spinophilin expression 2”"7"'3’3,'3 IWr?'S ldone Ey Altlantic '\rf'cr_?:_""g Inc., No_rc(;oss, GA.
in primary neurond® Based on these earlier findings, we Analytical thin-layer chromatography (TLC) was carried out using

. . . - EMD silica gel 60 ks, TLC plates. Flash column chromatography
evaluated the impact & on the expression level of spinophilin,

o . . L ) ’was done on silica gel 60 (23@00 mesh) or on a CombiFlash
as an indicator of its neurotrophic potential, in comparison with Companion system using Isco prepacked silica gel columns.

17p-estradiol. Data shown in Figure 9 indicated that exposure Reagents were obtained from Aldrich Chemical Co. and used as
of hippocampal neurons t@ (100 nM) for 48 h induced a  received unless otherwise noted.

significant increase in spinophilin expression. (Figure 9, 61.7  (6R,10R)-6,10,14-Trimethylpentadecan-2-one (53 A stirred

+ 8.2% increase compared to vehicle alone-treated control solution of phytol 4, 12.9 g, 440 mmol) in MeOH (25 mL) and
cultures, **P < 0.01). Under the same experimental conditions, CHzCl (110 mL) at—78 °C was bubbled with a stream of ozone
17p-estradiol (10 nM) induced a moderate increase (Figure 9, until a blue color persisted in the solution. Afterward, nitrogen was

26.6+ 6.5% increase compared to vehicle alone-treated control Pubbled through the solution until the blue color disappeared.
cultures, P < 0.05), which was significantly less than that Dimethyl sulfide (25 mL) was added and the mixture was allowed

induced by2 (P < 0.01). The present finding is in agreement to stir at room temperature for 2.5 h'. The solvent.v_vas removed

. . oS ; under reduced pressure and the residue was partitioned between
wlth our e_arller stydy that showeq a S.Imllal’. _trend in the H,O (100 mL) and benzene (300 mL). The organic phase was
difference in magmtude of change in spinophilin expression separated, washed with brine (150 mL), dried @), and
between 1j-estradiol- and.-treated neuron¥. These data are  concentrated under reduced pressure. Flash column chromatography
promising in that they suggest thziand its structural analogs,  on silica gel (300 g) using 10% EtOAc in hexane gave 6.49 g of
a distinct category of ER ligands from the nuclear ER full pure5and 4.12 g of less pure product. Further purification of the
agonist as represented byjt@stradiol, have a greater potential less pure product on a silica gel column (120 g) using-30%
in activating mechanisms of neuronal synaptoplasticity and EtOAc in hexane afforded another 2.41 g of p&iréor a combined
associated memory function. yield of 76%, as an oil*H NMR (300 MHz, CDC}) ¢ 0.83-0.88

Taken together, results of mechanistic analyses provide the(M. 12H), 1.03-1.64 (m, 19H), 2.13 (s, 3H), 2.40 d,= 7.4 Hz,
second line of evidence for the estrogenic activity 2ofn 2H); **C NMR (75 MHz, CDC}) 6 19.5, 19.6, 21.3, 22.5, 22.6,
24.1,24.7,27.9, 29.6, 32.6, 32.7, 36.4, 37.1, 37.2, 37.3, 39.3, 44.0,

neurons. 208.8.
(4R,8R)-1-Acetoxy-4,8,12-trimethyltridecane (6)To a stirred
. ) o ) ) solution of5 (7.00 g, 26.1 mmol) and bis(trimethylsilyl)peroxide
A rationally designed novel mimic of, 2, with a hybrid (4.70 g, 26.3 mmol, Gelest Inc., Morrisville, PA) in anhydrous,CH
structure of 1p-estradiol and vitamin E, was synthesized. ClI, (260 mL) at 0°C under argon was slowly added Sn@.90

Conclusion
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g, 26.5 mmol). After addition, the solution was stirred &t@®for
15 min, warmed to room temperature, and stirred for 1 h. An
additional amount of bis(trimethylsilyl)peroxide (4.70 g, 26.3 mmol)

Zhao et al.

the reaction mixture was concentrated under reduced pressure. The
residue was taken up il N HCI (50 mL) and extracted with EtOAc
(3 x 50 mL). The combined EtOAc extracts were dried {8i@).

was added and the mixture was stirred for 3 h. The reaction mixture Removal of the solvent under reduced pressure afforded dride

was poured into a 10% N&Oj; solution (260 mL) and extracted
with ether (350 mL and 2< 250 mL). The combined organic
extracts were washed with a saturated NaH&@ution (200 mL),

(1.95 g, 100%) as a white foam, which was used in the next step
without further purification’H NMR (300 MHz, DMSOes) 6 0.66
(s, 3H), 1.15-1.62 (m, 8H), 1.76-1.95 (m, 2H), 2.26-2.50 (m,

dried (NaSQ,), and concentrated under reduced pressure. Flash 3H), 3.48-3.60 (m, 1H), 4.48 (dJ = 4.8 Hz, 1H), 6.99 (ddJ =

column chromatography on silica gel (330 g) using 5% EtOAc in
hexane gave 3.18 g of puand 2.31 g of less pure product.
Further purification of the less pure product on a silica gel column

8.5, 2.8 Hz, 1H), 7.27 (d) = 2.8 Hz, 1H), 7.31 (dJ = 8.5 Hz,
1H), 9.59 (s, 1H):3C NMR (75 MHz, DMSO¢) 6 11.0, 22.4,
25.1, 28.3, 29.7, 36.1, 42.1, 42.5, 43.4, 49.1, 79.8, 111.7, 121.2,

(120 g) using 5% EtOAc in hexane afforded another 1.43 g of pure 126.7, 132.9, 137.8, 155.6, 197.1.

6, for a combined yield of 62%, as an otH NMR (300 MHz,
CDCl;) 6 0.83-0.88 (m, 12H), 1.021.71 (m, 19H), 2.05 (s, 3H),
4.04 (t,J = 6.8 Hz, 2H);33C NMR (75 MHz, CDC}) 6 19.5, 19.7,

3,178-Bis(2-tetrahydropyranyloxy)estra-1,3,5(10)-triene-6-
one (12)* To a stirred suspension of crudé (1.95 g, 6.50 mmol)
in anhydrous ChKCI, (65 mL) at room temperature under nitrogen

20.9,225,22.6,24.4,24.7,26.1,27.9, 32.4,32.7, 33.0, 37.1, 37.2,was added dihydropyran (5.89 mL, 65.0 mmol) and pyridinium

37.3, 39.3, 64.8, 170.9; HRMS (ESI) calcd fog830, [M +
Nal*, 307.2613; found, 307.2613.
(4R,8R)-4,8,12-Trimethyltridecanol (7). To a stirred solution
of 6 (4.10 g, 14.4 mmol) in MeOH (90 mL) was addpdl sOH
(110 mg, 0.58 mmol) and the reaction mixture was refluxed for 6
h. After cooling to room temperature, the solvent was removed
under reduced pressure. The residue was dissolved yCIgkb0
mL) and the CHCI, solution was washed with a saturated NaHCO
solution (50 mL). The aqueous layer was extracted with,CliH
(2 x 50 mL). The combined C¥Ll, extracts were dried (N&Oy).
Removal of the solvent under reduced pressure afforded ctude

p-toluenesulfonate (33 mg). The mixture was refluxed for 4 h,
cooled to room temperature, and diluted with £ (100 mL).
The solution was washed with brine 330 mL), dried (NaSQy),
and concentrated under reduced pressure. Flash column chroma-
tography on silica gel (40 g Isco prepacked column) using 0
20% EtOAc in hexane affordet? (2.88 g, 98%) as a white foam.
1H NMR (300 MHz, CDC}) 6 0.81, 0.82 (2s, 3H), 1.262.28 (m,
22H), 2.36-2.50 (m, 2H), 2.73 (dd) = 16.8, 3.3 Hz, 1H), 3.45
3.65 (m, 2H), 3.73 () = 8.4 Hz, 1H), 3.86-4.00 (m, 2H), 4.66-
4.70 (m, 1H), 5.46:5.52 (m, 1H), 7.23 (ddJ = 8.5, 2.7 Hz, 1H),
7.33, 7.35 (2dJ) = 8.5 Hz, 1H), 7.71, 7.72 (2d} = 2.7 Hz, 1H);

(3.50 g, 100%) as an oil, which was used in the next step without HRMS (ESI) calcd for GgHz¢0s [M + Nal*, 477.2617; found,

further purification.!H NMR (300 MHz, CDC}) 6 0.83-0.88 (m,
12H), 1.0+-1.66 (m, 19H), 3.63 (m, 2H)}3C NMR (75 MHz,
CDCl) 6 19.6, 19.7, 22.5, 22.6, 24.4, 24.7, 27.9, 30.3, 32.6, 32.7,
32.9, 37.2, 37.3, 37.4, 39.3, 63.1.
(4R,8R)-1-l0do-4,8,12-trimethyltridecane (8). To a stirred
solution of triphenylphosphine (1.30 g, 4.96 mmol) in anhydrous
CH.Cl; (17 mL) at room temperature under argon was added
imidazole (0.35 g, 5.13 mmol) followed by iodine (1.25 g, 4.94
mmol). After stirring for 15 min, a solution of (1.00 g, 4.12 mmol)
in anhydrous ChCl, (6 mL) was added to the mixture and the
stirring was continued for another 1.75 h. The mixture was filtered
and the solid was washed with @El,. The filtrate was concentrated

477.2611.
3,17p-Bis(2-tetrahydropyranyloxy)-7a-(4R,8R,12-trimethyl-
tridecyl)estra-1,3,5(10)-triene-6-one (13)To a stirred solution of
12(0.46 g, 1.01 mmol) in DME (5 mL) at room temperature under
nitrogen was adaka 1 M solution of potassiunt-butoxide (1.11
mL, 1.11 mmol) in THF. After stirring for 10 mina 1 M solution
of triethyl-borane (1.26 mL, 1.26 mmol) in THF was added and
stirring was continued fol h atroom temperature. A solution of
8 (444 mg, 1.26 mmol) in DME (2 mL) was then added to the
resulting enolate. After stirring for 40 min, an additional equivalent
of potassiunt-butoxide solution was added and the mixture was
stirred for another 16 h. The reaction was quenched wih 20

under reduced pressure. Flash column chromatography on silicamL) and extracted with EtOAc (% 50 mL). The combined EtOAc

gel (120 g) using hexane affordé&d(1.23 g, 85%) as an oitH
NMR (300 MHz, CDC}) 6 0.84-0.88 (m, 12H), 1.021.89 (m,
19H), 3.17 (dtJ = 7.0, 1.5 Hz, 2H)13C NMR (75 MHz, CDC})

extracts were dried (N80O,) and concentrated under reduced
pressure. Flash column chromatography on silica gel (40 g Isco
prepacked column) using of-6- 20% EtOAc in hexane afforded

07.3,19.7,19.8, 22.6, 22.7, 24.4, 24.8, 28.0, 31.3, 32.1, 32.8, 37.2,13 (232 mg, 34%) as an oitH NMR (300 MHz, CDC}) 6 0.75-

37.3, 37.4, 38.0, 39.4; HRMS (EI) calcd for;dlssl [M 7],
352.1627; found, 352.1634.

6-Ox0-3,1f3-estradiol Diacetate (10} To a stirred mixture of
CrO; (37.4 g, 375 mmol) in anhydrous GEl, (235 mL) at—20

0.91 (m, 15H), 0.951.76 (m, 36H), 1.782.18 (m, 6H), 2.28
2.50 (m, 2H), 2.52-2.68 (m, 1H), 3.45:3.68 (m, 2H), 3.75 ()
= 8.4 Hz, 1H), 3.854.00 (m, 2H), 4.624.73 (m, 1H), 5.44
5.52 (m, 1H), 7.20 (dd) = 8.4, 2.4 Hz, 1H), 7.31, 7.32 (2d,=

°C under nitrogen was added 3,5-dimethylpyrazole (35.6 g, 375 8.4 Hz, 1H), 7.69 (s, 1H)}3C NMR (75 MHz, CDC}) 6 11.7,

mmol). After stirring for 20 min, 3,17-estradiol diacetated( 5.34

19.0,19.1, 19.6, 19.8, 19.9, 22.5, 22.6, 22.8, 22.9, 24.1, 24.2, 24.7,

g, 15.0 mmol) was added and the reaction mixture was stirred at 25.0, 25.4, 25.8, 26.9, 27.3, 28.2, 28.9, 30.5, 31.2, 31.3, 32.9, 33.0,

—20to—15°C for 5 h. Thereafter5 N NaOH (150 mL) was added
and the mixture was stirred at10 °C for 45 min. The mixture
was diluted with HO (200 mL) and the CKCl, phase was
separated. The aqueous phase was extracted witBIgEB x 200
mL). The combined CKCI, extracts were washed witL N HCI
(2 x 100 mL) and brine (200 mL), dried (M&Oy), and concentrated

37.2,37.3,37.5,37.6,37.7,39.6, 42.5, 42.6, 42.7, 43.0, 43.5, 45.5,

45.6, 48.9, 49.0, 49.1, 62.1, 62.4, 62.5, 62.7, 84.2, 85.6, 96.6, 96.8,

96.9, 99.5, 114.9, 122.4, 122.5, 127.1, 127.2, 132.6, 139.6, 139.8,

155.7, 155.8, 201.0, 201.1; HRMS (ESI) calcd fauoOs [M +

Na]t, 701.5121; found, 701.5125.
70-[(4R,8R)-4,8,12-Trimethyltridecyl]estra-1,3,5(10)-trien-3,-

under reduced pressure. Flash column chromatography on silical7g-diol (2). To a stirred solution o3 (207 mg, 0.30 mmol) in

gel (200 g) using 16~ 30% EtOAc in hexane affordetd (2.43 g,
44%) as a white foamtH NMR (300 MHz, CDC}) 6 0.84 (s,
3H), 1.35-1.80 (m, 6H), 1.952.05 (m, 2H), 2.07 (s, 3H), 2.20
2.30 (m, 2H), 2.31 (s, 3H), 3.2683.38 (m, 1H), 2.5%+2.61 (m,
1H), 2.76 (ddJ = 16.8, 3.3 Hz, 1H), 4.72 (dd] = 9.0, 7.8 Hz,
1H), 7.26 (ddJ = 8.7, 2.7 Hz, 1H), 7.44 (d] = 8.7 Hz, 1H), 7.75
(d, 3 = 2.7 Hz, 1H);3C NMR (75 MHz, CDC}) 6 11.5, 20.6,

anhydrous CHCI, (13 mL) at room temperature under nitrogen
was added triethylsilane (3.35 mL, 21.0 mmol). The mixture was
cooled to 0°C and boron trifluoride etherate (11.3 mL, 90.0 mmol)
was added dropwise. The yellow solution was warmed to room
temperature and stirred for 16 h. The reaction was carefully
hydrolyzed with a 10% KCO; solution (60 mL) and then passed
through a plug of silica gel. The filtrate was extracted with,€H

20.7, 22.6, 24.9, 27.1, 36.0, 39.1, 42.3, 43.3, 49.2, 81.7, 119.5,Cl, (4 x 50 mL). The combined CHCl, extracts were dried (Na

126.4, 126.6, 133.2, 143.8, 149.0, 168.8, 170.4, 196.0.
6-Ox0-3,1B-estradiol (11).To a stirred solution 010 (2.40 g,
6.50 mmol) in MeOH (100 mL) and THF (50 mL) at room
temperature was adde N KOH (20 mL). After stirring for 4 h,

SO, and concentrated under reduced pressure. Flash column
chromatography on silica gel (40 g Isco prepacked column) using
0 — 20% EtOAc in hexane afforde® (126 mg, 83%) as a white
foam.H NMR (500 MHz; CDC§) 6 0.79 (s, 3H), 0.840.90 (m,
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12H), 1.06-1.58 (m, 26H), 1.581.66 (m, 2H), 1.72-1.78 (m, 1H),
1.90 (d,J = 12.5 Hz, 1H), 2.09-2.18 (m, 1H), 2.26:2.35 (m,
2H), 2.72 (d,J = 16.9 Hz, 1H), 2.86 (dd) = 16.9, 4.8 Hz, 1H),
3.76 (t,J = 8.5 Hz, 1H), 5.24 (br s, 1H), 6.56 (s, 1H), 6.63 d, ER Competitive Binding. The ER binding affinity and selectiv-

= 8.5 Hz, 1H), 7.14 (dJ = 8.5 Hz, 1H);3C NMR (125 MHz; ity of 2 and control compounds were determined by a fluorescent
CDCl) 6 11.3, 19.9, 22.8, 22.9, 24.7, 25.0, 25.7, 26.0, 27.4, 28.2, polarization competitive binding assay using purified baculovirus-
30.7, 33.0, 33.3, 34.7, 37.0, 37.4, 37.6, 37.7, 38.2, 39.5, 42.1, 43.6,expressed human BRor ER3 and a fluorescent estrogen ligand
46.6, 82.3, 113.0, 116.3, 127.2, 132.0, 137.3, 153.6; HRMS (ESI) EL Red (Invitrogen, Calsbad, CA). Test compounds were serially

fitness score of 74.73, computed from individual scores of, 6.16,
62.67, 0001 and—17-60 fOI’ S1biexi S./dwiexb S1b7inty and S/dwiintx
respectively.

calcd for G4Hs¢02[M + NaJt, 519.4178; found, 519.4182. Anal.
(C34H5502'0.25 HzO) C, H.

Computer Modeling. All calculations were performed on a SGI
Octane graphical workstation equipped with the IRIX 6.5 operating
system (Silicon Graphics Inc., Mountain View, CA), using a
comprehensive suite of molecular modeling and simulation program,
Insightll 2000 (Accelrys Inc., San Diego, CA), and an automated
ligand docking program, GOLD 3.0 (Genetic Optimization for
Ligand Docking), distributed by CCDC (Cambridge Crystal-
lographic Data Center). Insightll provides a 3D molecular graphics
interface integrated with sets of modeling tools for building,
visualizing, and analyzing molecular structures. GOLD provides a
docking tool for predicting the binding modes of small molecules
into protein binding sites, and it has been highly regarded for its
accuracy and reliabilit{>6Using a genetic algorithm (GA), GOLD
explores a full range of conformational flexibility of the ligand and
partial flexibility of the protein. In the present study, compoufids
and2 were first built and energy minimized with the Build module
in Insightll, followed by docking analyses using GOLD. The 3D
structural coordinate data of heRLBD with a defined ligand
docking site, which was used as the target protein in the docking
runs, were derived from a template crystal structure available in
the Protein Data Bank (PDB entry: 1HJ$)1HJ1 contains the
3D coordinate data, resolved by X-ray diffraction, of raBEBD
complexed with3, a structural analog of.1® Briefly, the 3D
structures of the LBDs of h&R(PDB entry: 1ERR¥ and rERS
in complex with3,1® were superimposed based upon thatoms
in the backbone chains of two receptors. fBERas removed from
the complex and the remaining hERind 3 were associated as a
new assembly. Following removal of water molecules included in
hERoc and hydrogenation at a pH of 7.0, the resultant complex was
energetically optimized with the Discover module in Insightll under

diluted to a Z concentration in assay buffer (201 to 200 pM).

A total of 40 uL of assay buffer mixed with 2 test compounds
was added to a 384-well nonbinding surface black microplate
(Corning Life Sciences, Acton, MA), followed by the addition of
40 uL of preincubated 2 complex of ERx (30 nM) or ER3 (60

nM) and EL Red (2 nM) for a final volume of 80L. Negative
controls containing ER and EL Red (equivalent to 0% inhibition)
and positive controls containing only free EL Red (equivalent to
100% inhibition) were included. After a 6-hour incubation period
at room temperature, the polarization values were measured using
a GENios Pro microplate reader (Tecan, Mannedorf/Zurich, Swit-
zerland) at excitation/emission 535/590 nm and plotted against the
logarithm of the test compound concentration. The ER/EL Red
complex has a high polarization value yielded from a slow
stumbling due to its large size. If the test compound competes for
estrogen binding, it displaces the EL Red from the ER/EL Red
complex and causes a reduced polarization value. A noncompetitor
does not displace the EL Red from the ER/EL Red complex, and
the polarization value remains high.s{alue, the concentration

of the test compound that displaces half of the EL Red from ER,
was determined from the plot using a nonlinear least-squares
analysis using GraphPad Prism, version 4.03 (GraphPad Software,
San Diego, CA).

Rat Primary Hippocampal Neuronal Cultures. The use of
animals was approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Southern California.
Primary cultures of rat hippocampal neurons were prepared
according to the method described previot$Briefly, hippocampi
were dissected from the brains of fetuses derived from embryonic
day 18 SpragueDawley rats (Harlan Sprague Dawley, Indianapo-
lis, IN) treated with 0.02% trypsin in Hank’s balanced salt solution
(137 mM NaCl, 5.4 mM KCI, 0.4 mM KHPO,, 0.34 mM Na-
HPQO,-7H,0, 10.0 mM glucose, and 10.0 mM HEPES) at %7

a consistent-valence forcefield. Then, based on the binding positionf,r 5 min and dissociated by repeated passage through a series of

of 3in hERq, a ligand docking site that includes all atoms within

a probe radius of 15 A centered at the coordinate of a carbon atom

located at the middle of theoZside chain in3, was defined. Fifty

fire-polished constricted Pasteur pipettes. Approximatefycklls/
mL were seeded onto pohHysine-coated solid black and clear
bottom 96-well culture plates for neuroprotection and 60 mm petri

GA runs were carried out with standard default settings, a population gishes for Western immunoblotting analyses. Cells were grown in

size of 100, a maximum of 100 000 operations, and a mutation

phenol-red free Neurobasal medium (NBM, Invitrogen), supple-

and crossover of 95. GOLD offers a choice of fitness functions: mented with B27, 5 U/mL penicillin, :g/mL streptomycin, 0.5
GoldScore and ChemScore. GoldScore, which has been optimizedmm glutamine, and 2&M glutamate at 37C in 10% CQ for the
for the prediction of ligand binding positions, was used in the first 3 d and NBM without glutamate afterward. Cultures grown in
present study. GoldScore is made up of four components andserum-free NBM vyield approximately 99.5% neurons and 0.5%

quantitated by the following equatiofi= Sy, extt Siaw_ext+ Sho_int

+ Siw_ine WhereSy, exiis the proteir-ligand hydrogen bonding
score andSy, it is the internal hydrogen bonding of the ligand.
Usually, the best result is obtained by letting the internal hydrogen
bonding tend to zer®,qw_exx:@ndS,qw_int are the scores arising from
weak van der Waals forceS,qw ext IS multiplied by a factor of

glial cells.

Glutamate Exposure.Primary hippocampal neurons grown on
solid black and clear bottom 96-well culture plates Tad in vitro
(DIV) were pretreated with vehicle alone @rat serially diluted
concentrations (1, 10, 100, and 1000 nM) for 48 h, followed by
exposure to 20M glutamate at room temperature for 5 min in

1.375 when the total fitness score is computed, which is an empirical HEPES-buffered saline solution (HBS, containing 100 mM NaCl,
correction to encourage proteitigand hydrophobic contact. Three 2.0 mM KCI, 2.5 mM CaCJ, 1.0 mM MgSQ, 1.0 mM NaHPQ,,
top-ranked solutions were collected and analyzed in the context of 4.2 mM NaHCQ, 10.0 mM glucose, and 12.5 mM HEPES).
hERa in Insightll. Taking into account the importance of the Immediately following glutamate exposure, cultures were washed
hydrogen bonding interactions between the polar residues, glu353once with HBS and replaced with fresh NBM containing vehicle
and his524, along the ER binding site, and the hydroxyl groups alone or2. Cultures were returned to the culture incubator and
attached to the core structural moiety in ER ligands for a strong allowed to incubate for an additional 24 h prior to neuronal viability
binding, as revealed in our previous analy¥esplutions with the measurements on the following day.

highestS,qw_ex Were specified as the final bound conformations ~ Neuronal Viability. LDH Release Measurement: LDH is a

for both 1 and 2. In detail, the bound conformation fdr has a stable cytoplasmic enzyme present in all cells including neurons.
fitness score of 79.79, computed from individual scores of 6.95, It is rapidly released into the cell culture supernatant when the cell
61.48, 0.00, ane-11.69 for each of four componenSy, e Siaw_exs plasma membrane is damaged. Thus, the LDH level in the culture
Sw_ins @and Syqw_ine iNcluded in the fitness function, GoldScore. medium is a reliable biochemical index for neuronal plasma
Compound2 binds to hER in an analogous mode tb, with a membrane damage. In this study, LDH released from the cytosol
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of damaged neurons into the culture medium following glutamate (Vector Laboratories). Relative intensities of the immunoreactive
exposure was measured using a CytoTox-ONE homogeneousbands were quantified by optical density analysis using an image

membrane integrity assay (Promega Corp., Madison, WI), which digitizing software, Un-Scan-It version 5.1 (Silk Scientific, Orem,
determines the LDH activity in the culture medium to enzymaticly UT).

convert the lactate and NADto pyruvate and NADH. In the

Statistical AnalysesData are presented as group me&rSEM.

enzymatic reaction, the substrate resazurin is reduced to fluorescenstatistically significant differences were determined by a one-way
resorufin in the presence of diaphorase, thereby allowing a analysis of variance (ANOVA) followed by a Studeewman-
fluorometric detection and the signal detected is proportional to Keuls post hoc analysis.

the amount of LDH. Briefly, 4Q:L of culture medium from each
well of the culture plate was transferred to a 384-well nonbinding
surface black microplate (Corning Life Sciences) andd®f the
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LDH release measurement, cultures were rinsed with warm PBS

once and incubated with kM calcein AM in PBS at room
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