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Abstract
Non-genomic estrogen signaling pathways involve extranuclear estrogen receptors or function
independently from estrogen receptors. These pathways participate in neuroprotection elicited by the
hormone. Additional non-genomic neuroprotective effects are attributable to antioxidant and anti-
inflammatory actions of estrogens. Numerous chemical modifications to afford neuroprotective
compounds from estrogens while eliminating estrogenicity and maintaining or enhancing non-
genomic neuroprotection have been described. This review highlights recent structure–activity
studies that revealed the importance of antioxidant effects for neuroprotective estrogen analogues
and derivatives .
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1. Introduction
Estrogens are ovarian steroid hormones that elicit complex, tissue-specific responses (Turgeon
et al., 2004). The abrupt stopping of the large clinical trials under the Women's Health Initiative
(WHI) anticipated to reveal benefits and risks of postmenopausal estrogen-only and combined
estrogen-progestin therapy has presented the scientific community a challenge to reconcile the
results of the studies with evidence from epidemiological and clinical data, well-studied animal
models and in vitro experiments that estrogens are potent neuroprotectants (McCullough and
Hurn, 2003). There is a growing consensus that the results of the WHI trial should be interpreted
within its boundaries given by the population included, drugs of choice, doses and route of
administration, age at which hormone exposure occurs or timing of hormone therapy initiation
in relation to menopause (Turgeon et al., 2004;Singh and Simpkins, 2005;Henderson, 2006).
However, the study has definitely prompted the assessment that additional fundamental and
clinical research is required to understand estrogens' neuroprotective action and explore the
pharmaceutical potential of estrogen-derived agents as neuroprotectants.
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The protective effects of estrogens may take place partly through genomic pathways involving
estrogen-receptor (ER) activation. ERs are constitutively expressed in many brain regions and
are able to initiate gene transcription after specifically binding to estrogen. In addition, non-
genomic (or alternative) signaling pathways, involving extranuclear ERs or functioning
independently of ER-binding, respond to estrogens and elicit neuroprotection. Additional
neuroprotective effects such as the antioxidant action of the hormone are also independent of
ERs. The prevailing mechanism of action commonly depends on the experimental paradigms
used for the assessment of protection against neurotoxic insults, and mechanistic interpretation
of findings has often been controversial. Recent studies have put into perspectives for
pharmaceutical development neuroprotective estrogen analogues or derivatives that reduce or
eliminate genomic effects. These analogues and derivatives are expected to curtail endocrine
side effects associated with chronic estrogen therapy (Shumaker et al., 2003;Rapp et al.,
2003) that impacts ERs in the liver, uterus, breast and other tissues. In addition, they would
also allow for treatment of both women and men. The exploration of estrogen analogues and
derivatives for neuroprotective therapy depends on an understanding of the mechanism of
action and structure–activity relationships, specifically regarding non-genomic effects.

2. Estrogens and neuroprotection
Estrogens are effective neuroprotectants in vivo and in vitro. Recent reviews (Behl, 2002;Marin
et al., 2005;Amantea et al., 2005) offer a comprehensive summary of numerous investigations.
Consistent observations of potent neuroprotection by estrogens makes this ovarian steroid a
prime candidate for protection of a variety of cell types during chronic neurodegenerative
diseases and acute brain cell-compromising conditions, such as stroke and brain trauma
(McCullough and Hurn, 2003;Sribnick et al., 2004). Before the discussion of structure–activity
relationships, a brief overview of potential neuroprotective mechanisms is presented in this
section.

2.1. Classical genomic pathways
The genomic pathway involving the binding of estrogen to the cognate nuclear ERs (which are
expressed in ERα or ERβ isoforms) followed by gene transcription (Hall et al., 2001) has been
implicated in the promotion of neuronal survival by the hormone. Estrogens are believed to
distribute freely across biological membranes because their low molecular weight and
lipophilic nature (Aloisi, 2003;Martin and Behbehani, 2006). As shown schematically in Fig.
1, the ligated ERs can form homo- (ERα/ERα or ERβ/ERβ) or heterodimers (ERα/ERβ) that
can bind to the estrogen-response element (ERE) of the nuclear DNA. The dimers can associate
with a multitude of coregulator proteins (Tremblay and Giguere, 2002). These proteins
participate in and recruit many enzymatic and structural proteins that allow modulation of
chromatin structure to facilitate stimulation or repression of gene expression.

The differential expression of distinct ER subtypes has been implicated in the pleiotropic and
tissue-specific effects of estrogens (Moggs and Orphanides, 2001). In the brain, there is a large
overlap in the expression of ERα or ERβ, the two ER isoforms that are produced from different
genes located on separate chromosomes (Enmark et al., 1997) yet sharing common structural
features (Sand et al., 2002). ER density is higher in the hypothalamus than in extrahypothalamic
areas (Shughrue et al., 1997;Shughrue et al., 2000), and ERα or ERβ may be co-localized in
cells of some brain regions (Shughrue et al., 1998). However, ERβ is highly expressed in the
cortex (Zhang et al., 2002) and hippocampus (Milner et al., 2005). Consequently, estrogen
impacts the function of extrahypothalamic areas that are not involved in sex maturation and
reproduction (McEwen, 2001).

Potential neuroprotective target genes induced by estrogen include neurotrophic factors, such
as nerve growth factor, brain-derived neurotrophic factor (BDNF), neurotrophins 3 and 4, and
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insulin-like growth factor 1 (IGF-1) (Sorabji et al., 1995;Jezierski and Sorabji, 2000), as well
as their receptors (Blurton-Jones et al., 1999). These proteins directly support vital functions
of neurons. Additional target genes implicated in estrogen-mediated neuroprotection are
associated with apoptosis. Apoptosis is the regulated form of cell death utilized by multicellular
organisms (metazoans) to remove unneeded, damaged, or potentially deleterious cells (Hail et
al., 2006) and plays a central role in development and homeostasis (Yan and Shi, 2005). By
the genomic mechanism associated with apoptosis, estrogen may rescue neurons through the
induction of anti-apoptotic proteins such as Bcl-2 (Singer et al., 1998;Alkayed et al., 2001) and
Bcl-x (Stolzner et al., 2001), or down-regulation of apoptotic proteins such as Bcl-2-associated
X protein (BAX) (Sribnick et al., 2004), or by the induction of inhibitors against caspases
(Zhang et al., 2001). Estrogens may also induce several gene products that maintain cellular
architecture such as neurofilament (Scoville et al., 1997) and microtubulin-associated proteins
(Shah et al, 2003). Many additional genomic pathways potentially associated with estrogen
neuroprotection have been revealed (see review by Behl, 2002).

2.2. Modulation of intracellular signaling
Estrogen rapidly induces a variety of cellular responses that cannot be reconciled with the
delayed genomic activity of the hormone. However, it is important to recognize that, in addition
to nuclear ERs, the existence of membrane/cytoplasmic pools of ERα and ERβ have also been
demonstrated (reviewed by Levine, 2001) and an estrogen-ER complex can function as a
cytoplasmic signaling molecule involved in neuroprotection (Manavathi and Kumar, 2006).
Specifically, cellular responses may arise through ERs that interact with intracellular pathways
promoting the expression of neuroprotective genes (Behl, 2002). A typical example is shown
schematically in Fig. 2. ERα has been shown to bind in a ligand-dependent manner to the p85
alpha regulatory subunit of phosphatidylinositol 3-kinase (PI3K) (Simoncini et al., 2000).
Therefore, stimulation with estrogen increases ERα-associated PI3K activity, leading to the
activation of protein kinase B/Akt and endothelial nitric oxide synthase (eNOS).

The mitogen-activated protein kinase (MAPK) cascade (Singer et al., 1999;Bryant et al.,
2005) and the cyclic-AMP-responsive element-binding (CREB) protein signaling pathway
(Carlstrom et al., 2001) also respond rapidly to estrogen and have been implicated in its
neuroprotective effects such as expression of anti-apoptotic proteins. Upstream mechanisms
that initiate the signaling cascade leading to estrogen-inducible neuroprotection may be
associated with rapid Ca2+-influx, which activates Src/extracellular signal-regulated kinase
(ERK) and cAMP signaling pathways and induces Bcl-2 protein expression (Wu et al.,
2005). Modulation of intracellular pathways may occur though the binding of estrogen to ERs
(Simoncini et al., 2000), or independently of ligand binding (Coleman and Smith, 2001;Yu et
al., 2004).

In addition to the classical intranuclear estrogen receptors (ERα and ERβ), a novel, plasma
membrane-associated, putative ER (ER-X) that activates the MAPK cascade has been
implicated in estrogen neuroprotection (Toran-Allerand, 2004). It has also been well
established that estrogen can directly influence neurotransmission by binding to various
transmembrane ion channels (Rupprecht et al., 2001; Peinado et al., 2005). Very recently,
localization of ERβ in the mitochondria has been shown (Yang et al., 2004), and
neuroprotective mechanisms implicating estrogen in preventing cell death largely by
maintaining functionally intact mitochondria has been proposed (Simpkins et al., 2005). In
addition, GPR30 (a G protein-coupled receptor uniquely localized to the endoplasmic
reticulum) has been found to bind estrogen and fluorescent estrogen derivatives and its
activation by estrogen resulted in the intracellular Ca2+-mobilization and synthesis of
phosphatidylinositol 3,4,5-triphosphate in the nucleus (Revankar et al., 2005). However,
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continued research is necessary to understand molecular details of the interactions between
ERs and signaling pathways involved in the mechanisms discussed briefly in this section.

2.3. Antioxidant effect
Free-radical damage of neurons has been implicated in neurodegenerative diseases (Gotz et
al., 1994;Varadarajan et al., 2000) and aging (Beckman and Ames, 1998;Sohal, 2002).
Estrogen's ER-independent antioxidant effects (Mooradian, 1993;Gomez-Zubeldia et al.,
2001) is mainly due to its direct free-radical scavenging ability (Prokai et al., 2005), although
indirect mechanisms such as upregulation of antioxidant enzymes (Borras et al., 2005), and
chelation of redox-active metal ions (Ruiz-Larrea et al., 1995) may also be involved.
Involvement of antioxidant mechanisms in the neuroprotective effect of the hormone has been
recognized (Green et al., 1997a;Moosman and Behl, 1999,Vedder et al., 1999), in part by
structure–activity relationship studies (Behl et al., 1997;Green et al., 1997b).

A simplified mechanism of direct oxyradical-scavenging by estrogen functioning as a phenolic
antioxidant is shown in Fig. 3. The process involves H-atom transfer and is thought to cause
an interruption of free-radical chain reactions, such as lipid peroxidation (R = LO, where L
represents a lipid; Prokai et al., 2005). Estrogen, indeed, reduces lipid peroxidation in cells and
tissues of the central nervous system (Vedder et al., 1999). However, the chain-braking reaction
leaves behind a radical product (phenoxyl radical) whose fate has to be explained for a complete
understanding of the antioxidant action. In vivo, phenolic antioxidants may be regenerated from
the corresponding phenoxyl radicals by a reaction with ascorbic acid (vitamin C; Packer et al.,
1979), or through glutathione (GSH) dependent free-radical reductase (FRR) (McCay et al.,
1989). Therefore, a continuous cycle (Fig. 3) is maintained during the antioxidant of the
hormone. Ascorbic acid has been shown to influence estrogen levels in postmenopausal women
receiving hormone therapy (Vihtamaki et al., 2002). Estrogen also interacts synergistically
with the water-soluble antioxidant glutathione (Green et al., 1998;Gridley et al., 1998).
Therefore, both ascorbic acid and the GSH-dependent FRR may be involved into the reduction
of estrogen-derived phenoxyl radical back to the parent hormone. An alternative
neuroprotective antioxidant cycle involving a para-quinol intermediate and NAD(P)H-
mediated reductive aromatization to regenerate the parent estrogen (Fig. 4) has also been
discovered recently (Prokai et al., 2003).

Because of its lipophilicity, estrogens concentrate in lipid-rich regions of the cell such as
cellular membranes (Simpkins et al., 2005) affecting thereby membrane fluidity (Liang et al.,
2001). In addition to binding to ERs in the cellular membrane, cytosol and nuclear
compartments, they may also interact with lipid-transport proteins (Tikkanen et al., 2002).
Therefore, it is likely that estrogens act in vivo as a highly localized antioxidant (Prokai et al.,
2005).

2.4. Anti-inflammatory action
The previous sections dealt with direct effects on neurons as a key component of estrogen
neuroprotection. However, the hormone has been shown to mediate inflammatory events.
Estrogen has been shown to suppress the induction of the cyclooxygenase-2 pathway mediated
by interleukin-1β (IL-1β) in cerebral blood vessels and prevents migration of microglia into
the CNS following inflammatory challenge (Ospina et al., 2004). Brain macrophages, i.e.
microglia cells, have also been implicated in estrogen's action on the brain. The hormone
prevents the activation of microglia and the recruitment of peripheral monocytes induced by
intraventricular injection of lipopolysaccharide. This effect occurs through ERα activation and
reduces the expression of neuroinflammatory mediators such as the inducible form of NO
synthase (iNOS), prostaglandin-E2 , the matrix metalloproteinase 9, lysosomal enzymes and
complement C3 receptor, as well as by preventing morphological changes occurring in
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microglia during the inflammatory response (Vegeto et al., 2001;Vegeto et al., 2004). Estrogen
also decreases microglial superoxide production and phagocytic activity by both an ER- and
MAPK-dependent pathway (Bruce-Keller et al., 2000), and the hormone inhibits pro-
inflammatory gene expression by controlling intracellular localization of nuclear factor-κ B
(NF-κ B, Ghisletti et al., 2005).

3. Structure–activity relationships
The neuroprotective effects of estrogen have been widely documented in animal models of
neurological disorders, such as Alzheimer's and Parkinson's diseases, as well as cerebral
ischemia. The hormone protects cultured neurons against a variety of insults, including
amyloid-β peptide (Aβ), the excitatory neurotransmitter L-glutamate, deprivation of nutritional
and trophic factors, and a wide range of oxidative stressors (as summarized by Behl, 2002).
Although many investigations have attempted to confine the neuroprotective action of
estrogens to a single predominant mechanism, various processes discussed in the previous
sections may be involved. The most potent activator of the classical genomic pathway is 17β-
estradiol (17β-E2, Fig. 5), one of the primary export products from the human ovary (Turgeon
et al., 2004). Even subtle changes in the structure of this endogenous ligand are often associated
with a significant decrease in affinity to ERα and ERβ and, therefore, in propensity to invoke
neuroprotective effects through binding to these receptors. For example, 17α-estradiol (17α-
E2, a stereoisomer of 17β-E2 as shown in Fig. 5) binds to these two ER-isoforms with an
approximately 40-fold lower affinity (Perez et al., 2006). [On the other hand, 17α-E2 has been
proposed as the preferred ligand of ER-X (Toran-Allerand, 2004).] Therefore, structure–
genomic neuroprotection relationship based on steroid scaffold (Fig. 6) should be considered
in the framework of ligand structure–estrogen-receptor binding affinity relationship. This
assessment holds true for non-genomic effects mediated by an ER (see section 2.2). The ligand
structure–ER-binding affinity relationship has been thoroughly reviewed by Anstead et al.
(1997) based on affinity-labeling studies of 17β-E2 and its analogues. In general, the ER is
intolerant of polar substituents. Small hydrophobic substituents enhance binding affinity at
positions 4, 12β, 14, and 16α, whereas, larger hydrophobic substituents are tolerated at
positions 7α, 11β, and 17α. On the other hand, the ligand-binding pockets ERα and ERβ appear
to have subpockets of different size and flexibility, which have resulted in “eclectic” structure–
ligand-binding affinity relationships for estrogens (Katzenellenbogen et al., 2003) and
presented challenges in developing computational methods for the prediction of ER-binding
affinity. Nevertheless, comparative quantitative structure–activity relationship (QSAR)
analysis of ER-ligands has been available (Gao et al., 1999a), and a new QSAR-like
methodology that can correlate less quantitative assay data (i.e., “active” versus “inactive”)
has also been introduced for potential use in high-throughput screening (Gao et al., 1999b).
The examination of the findings is outside the scope of our review; for details, interested readers
should consult publications cited above (Anstead et al. 1997;Gao et al., 1999a;Gao et al.,
1999b;Katzenellenbogen et al., 2003).

Structure–activity relationships have been explored for ER-independent modes of action,
immediately after these types of action had been recognized (Behl et al., 1997;Green et al.,
1997b). Our review below will focus on this subject, particularly considering neuroprotection
as target.

3.1. Protection of neuronal cells by non-genomic mechanisms
Deciphering structure–non-genomic neuroprotection relationship for estrogen-derived
compounds and analogues may be hindered by the multitude of mechanisms by which these
molecules exert their effect. Different modes of action (genomic versus non-genomic) have
often been reported for identical cell lines (Mize et al., 2003, and Deecher et al., 2005 versus 
Behl et al., 1995). However, many researchers have been able to distinguish non-genomic and
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genomic actions by appropriate selection of models and/or experimental conditions, and studies
employing cultured rat primary cortical neurons (Behl et al., 1997), mouse hippocampal HT22
neuronal cells (Behl et al., 1997;Perez et al., 2006) and human SK-N-SH neuroblastoma cells
(Green et al., 1997b) with neurotoxic insults involving an Aβ fragment, hydrogen peroxide,
buthionine sulfoximine (Behl et al., 1997), glutamate (Behl et al., 1997;Perez et al., 2006),
serum deprivation (Green et al., 1997b) and iodoacetic acid (Perez et al., 2006) have revealed
meaningful structure–activity relationships for pathways not associated with ER-binding.

The seminal finding that the ER-α/β ligand 17β-E2 (Fig. 4) and its enantiomer 17αE2 (Fig. 5),
which binds to these ER-isoforms with an approximately 40-fold lower affinity (Perez et al.,
2006), were equally potent in protecting neuronal cells and the effects were not blocked by an
estrogen antagonist (Green et al., 1997a) prompted a closer look at the structural requirements
for neuroprotection among steroids (Green et al., 1997b;Behl et al., 1997). All estrogens tested
with an intact phenolic A-ring were neuroprotective including 17β-E2 and 17α-E2 (Fig. 5), as
well as estrone (E1), estriol (E3), the potent synthetic estrogen ethinylestradiol (EE) and the
catechol estrogens (Mcluskey et al., 1981) representing the principal cytochrome P450
metabolites of the hormone (Fig. 7). However, 3-O-methyl (Green et al., 1997b) and 3-O-butyl
ether congeners (Prokai et al., 2001), 3-O-cycloalkyl ether and 3-O-acetyl derivatives of
neuroprotective estrogens (Fig. 8) were found inactive indicating the importance of a phenolic
A-ring. Steroids that lack a phenolic A ring (testosterone, dihydrotestosterone, progesterone,
corticosterone, prednisolone, 6α-methylprednisolone, aldosterone, and cholesterol), phenol,
lipophilic phenols and tetrahydronapthol also were inactive (Green et al., 1997b). Therefore,
a phenolic A-ring and at least three rings of the steroid nucleus were found necessary for the
neuroprotective activity. This requirement was suggested as a basis for the design and synthesis
of estrogen derivatives in which the structural modification would render the compound non-
estrogenic (Behl et al., 1997). One recommendation was the synthesis of estrogens with bulky
alkyl substituents in both the 2- and 4-position on the A-ring that diminishes ER-binding but,
nevertheless, retains an antioxidant activity (Miller et al., 1996).

In the most comprehensive structure–activity study to date, estratrienes (over 70 compounds)
were tested in HT-22 (murine hippocampal) cells for their ability to inhibit cell toxicity against
glutamate and iodoacetic acid and determined EC50 values to ascertain potency comparisons
with 17β-E2 (Perez et al., 2006). Again, no correlation between ER-α/β binding and
neuroprotection was found. The rank order of unsubstituted estratrienes for neuroprotection
against glutamate and iodoacetic acid was an enantiomer of 17β-E2 (ent-E2, Fig. 9)>17β-
E2>E1>17α-E2 and E1>17β-E2>17α-E2>ent-E2, respectively. Consistent with the reduced
ER binding in vitro, 17α-E2 did not show feminizing effects, yet were effective
neuroprotectants in an animal model for cerebral ischemia in vivo (Simpkins et al., 2004).

A-ring derivatives with electron donating (alkyl, alkenyl, cycloalkyl, arylalkyl, etc.)
substituents in the 2- and/or 4-position were more potent than 17β-E2 in protecting HT22 cells
from neurotoxic insults. 2,4-Disubstituted compounds were more potent than the
corresponding monosubstituted compounds. Electron donating substituents may enhance the
antioxidant effect by weakening the phenolic O–H bond and providing stability to the phenoxyl
radical formed (see Fig. 3). On the other hand, the electron-withdrawing iodo (I) group at
position 2 of the A-ring diminished neuroprotection, whereas I-substitution at position 4 was
less detrimental in this regard.

There was no apparent relationship between neuroprotective potency of estratriene and the size
of the bulky substituent (methyl, sec-butyl, 1-methyl-allyl, tert-butyl, 3,3-dimethyl-butyl, 3,3-
dimethyl-1-butynyl, adamantyl, 4-hydroxyphenylethyl and 4-methoxyphenylethyl) added.
However, A-ring derivatives with the bulky adamantyl group (Fig. 10) were among the most
potent compounds in vitro. 2-(1-Adamantyl)-3-hydroxyestra-1, 3, 5(10)-trien-17-one, 2-(1-
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adamantyl)-4-methyl-3-hydroxyestra-1, 3, 5(10)-trien-17-one and 2-(1-adamantyl)-4-methyl-
estra-1,3,5(10)-triene-3,17β-diol (Fig. 11), which did not bind to either ERα or ERβ, have also
been evaluated in vivo using ischemia-reperfusion injury induced by temporary middle cerebral
artery occlusion in rats (Liu et al., 2002;Simpkins et al., 2004;Perez et al., 2005). Infarct volume
was significantly reduced, while cerebral blood flow was increased compared to
ovariectomized control animals. The magnitude of these beneficial effects was similar to that
of the endogenous estrogens. Altogether, these compounds possessed both neuroprotective and
vasoactive effects, which offered the attractive possibility of clinical application for stroke
without the side effects of estrogen.

Addition of a hydroxyl group to the B-and C-rings completely abolished neuroprotection
against toxic insults by both glutamate and iodoacetic acid (Perez et al., 2006). These structural
changes may reduce antioxidant effect by affecting the streghth ot the phenolic O–H bond and
the stability of the phenoxyl radical formed (see Fig. 3); however, additional molecular
properties such as lipophilicity may also be affected. Introduction of double bonds into the B-
and C-rings markedly increased potency to protect against insults by both glutamate and
iodoacetic acid. However, an aromatic B-ring only improved neuroprotection against
iodoacetic acid, but did not increase protection against glutamate toxicity when compared to
17β-E2. Esterification of the 17β-OH or replacing the 17α-H with a side chain did not enhance
potency. However, straight-chain 17β-O-alkyl ethers had increased protection of HT22 cells
compared to 17β-E2 against glutamate toxicity (iodoacetic acid was not tested), when the
number of carbons in alkyl chain reached three or more (Fig. 12,Prokai et al., 2001).
Additionally, increased lipophilicity (usually correlated with the logarithm of the n-octanol/
water partition coefficient, logP) and planarity was also proposed to increase the ability of
estratrienes with a phenolic hydroxyl group in their A-ring to protect cells from the stressors
employed (Perez et al., 2006). These parameters have not been evaluated quantitatively.
Collectively, these observations indicate that the impact of introducing substituents into the B,
C and D rings may not be explained simply by substituent effects (on electronic transmission,
π delocalization, etc.), although electron-donating substituents generally increase and electron-
withdrawing substituents decrease neuroprotection by the resultant estrogen derivatives.

3.2. Antioxidant effect
The brain is prone to oxidative stress, and is inadequately equipped with antioxidant defense
systems to prevent ‘ongoing’ oxidative damage, let alone the extra oxidative damage imposed
by neurodegenerative diseases (Halliwell, 2006). Neuronal membrane lipids are rich in highly
polyunsaturated fatty acid components and, thus, subject to peroxidation. The overall effects
of lipid peroxidation are to decrease membrane fluidity, make it easier for phospholipids to
exchange between the two halves of the bilayer, increase the ‘leakiness’ of the membrane to
substances that do not normally cross it other than through specific channels (e.g., K+ and
Ca2+) and damage membrane proteins, inactivating receptors, enzymes and ion channels
(reviewed by Halliwell and Gutteridge, 2006). In addition, products of lipid peroxidation can
injure neurons (Halliwell, 2006). Therefore, therapeutic interventions based on reducing
oxidative stress and, thereby, attenuating lipid peroxidation have been implicated for at least
some of the neurodegenerative diseases (Barnham et al., 2004). For estrogens, their analogues
and derivatives, there was a positive correlation between inhibition of iron-induced lipid
peroxidation and in vitro neuroprotective potency in cell death models that utilized glutamate
and iodoacetic acid as insults (Perez et al., 2006). However, higher concentrations of
estratrienes were required to inhibit peroxidation than were needed for neuroprotection. This
latter observation indicates that inhibition of lipid peroxidation is not the only mechanism
involved in the neuroprotective activity of these compounds. Nevertheless, structure–
antioxidant potency relationship based on inhibition of thiobarbituric acid reactive substance
(TBARS) in brain tissue was found to mirror the trend discussed in the previous section.
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Although not directly related to neuroprotection, a recent study exploring structural
determinants for the in vitro antioxidant activity of estrogen derivatives in aqueous lipoprotein
solutions (Badeau et al., 2005) is worthy of discussion. The methodical framework of this
study, which monitored the suppression of conjugated diene formation (using copper ions as
pro-oxidants) by the steroids, may be considered an appropriate model for antioxidant
mechanisms operative in any lipid–aqueous system. The results confirmed the phenolic A-ring
requirement for activity. Additionally, compounds with one or two adjacent methoxy groups
to the phenolic OH provided the strongest antioxidant protection (Fig. 13). Again, the electron
donating methoxy group(s) may enhance the antioxidant effect by weakening the phenolic O–
H bond and providing stability to the phenoxyl radical formed (see Fig. 3). The incorporation
of an aromatic B-ring was also found to have increased potency to inhibit lipid peroxidation,
which was in agreement with an earlier report on the strong antioxidant effect with an
unsaturated B- or D-ring (Ravi Subbiah et al., 1993). On the other hand, the most hydrophilic
“tetrol” compound with three unsubstituted A-ring hydroxyl groups was inactive, and
additional hydroxyl groups in the B-, C- or D-ring also seemed to weaken the antioxidant effect.
Accordingly, both the presence of unsubstituted hydroxyl groups and adjacent substituents, as
well as the lipophilicity evaluated by calculated logP values was found to control the
antioxidant activity of estrogen derivatives (Badeau et al., 2005). Distribution into lipid
membrane increases with increasing log P; hence, lipophilic estrogen analogues and derivatives
can more readily exert their inhibitory effect on lipid peroxidation than those bearing polar,
hydrophilic substituents.

4. Conclusion
Numerous chemical modifications that afford neuroprotective estrogen analogues or
derivatives to reduce or eliminate estrogenicity (Table 1) while maintaining or enhancing
neuroprotection have been described. Knowledge on structure–activity relationships is
invaluable, when further molecular optimization and eventual pharmaceutical development of
these modified compounds are pursued. Although in vitro paradigms employed to screen these
compounds for in vivo evaluation are subject to many competing mechanisms invoked by
estrogen on neurons and they should always be evaluated critically, recent studies that apply
this approach to address non-genomic neuroprotection have offered insights into structural
determinants of neuroprotective activity by estrogen analogues and derivatives. Essentially,
several studies suggest that antioxidant effect is important. Therefore, neuroprotective action
can often be interpreted in terms of electronic effect of the substituents and based on
lipophilicity. These findings hold the promise for meaningful quantitative non-genomic
neuroprotection relationship studies for estrogens and estrogen-derived compounds in the near
future.
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Abbreviations
17α-E2, estra-1,3,5(10)-triene-3,17α-diol; 17β-E2, estra-1,3,5(10)-triene-3,17β-diol
(estradiol); Aβ, amyloid-β peptide; BAX, Bcl-2-associated X protein; Bcl, B-cell lymphoma/
leukemia; BDNF, brain-derived neurotrophic factor; CREB, cyclic AMP-responsive-element
binding protein; E1, 3-hydroxyestra-1,3,5(10)-trien-17-one (estrone); E3, estra-1,3,5( l0)-
triene-3,16α,l7β-triol (estriol); EC50, concentration to reach 50% of maximal effect; EE, 17α-
ethynyl-estra-1,3,5(10)-triene-3,17β-diol (ethinylestradiol); ent-E2, enantiomer of estradiol;
ER, estrogen receptor; ERE, estrogen-response element; ERK, extracellular signal-regulated
kinase; FRR, free-radical reductase; GSH, glutathione; IGF-1, insulin-like growth factor 1;
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IL-1β, interleukin-1β; IGF-1, insulin-like growth factor 1; IP3K, phosphatidylinositol 3-
kinase; logP, logarithm of the n-octanol/water partition coefficient; MAPK, mitogen-activated
protein kinase; NAD(P)H, nicotinamide-adenine dinucleotide (phosphate), reduced form; NF-
κ, nuclear factor kappa; NMDA, N-methyl-D-aspartate; NOS, nitric oxide synthase; PI3K,
phosphatidylinositol-3-kinase; RBA, relative binding affinity; ROS, reactive oxygen species;
TBARS, thiobarbituric acid reactive substance; WHI, Women's Health Initiative.
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Fig 1.
A simplified model for the genomic action of estrogen. Estrogen, ER, co-regulator (co-r) and
the nuclear DNA are symbolized by the filled circles, rounded rectangles and elongated
rectangle showing an ERE (shaded area), respectively.
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Fig 2.
Indirect action of estrogen via interaction with intracellular signaling pathways. As in Fig. 1,
estrogen, ER and the nuclear DNA are represented by the filled circles, rounded rectangles and
elongated rectangle indicating a regulated gene promoter (shaded area), respectively. An ER-
interacting protein (↔ PI3K) is also shown by a rounded rectangle.
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Fig 3.
Free-radical scavenging effect of estrogens according to the classical phenolic antioxidant
mechanism. The scheme only shows the part of the molecule that participates in this mode of
action. The solid arrows represent the chain-braking H-atom transfer, while the dashed arrows
indicate the conversion of the phenoxyl radical back to the phenolic compound by an
endogenous reductant (AH).
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Fig 4.
Hydroxyl-radical scavenging effect of estrogens according to a para-quinol-based antioxidant
mechanism. The scheme only shows the part of the molecule that participates in this mode of
action.
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Fig 5.
17β-Estradiol [estra-1,3,5(10)-triene-3,17β-diol] and 17α-estradiol [estra-1,3,5(10)-
triene-3,17α-diol].

Prokai and Simpkins Page 18

Pharmacol Ther. Author manuscript; available in PMC 2008 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 6.
Chemical nomenclature of the steroid scaffold that shows rings A–D and positions 1–17
referred to in the text.
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Fig 7.
Estrone (E1), estriol (E3), ethinylestradiol (EE) and catechol estrogens (2-OH-17β-E2 and 4-
OH-17β-E2).
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Fig 8.
3-O-substituted estrogens.
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Fig 9.
An enantiomer of 17β-E2 (ent-E2, top) and its 17-desoxy analogue (bottom).
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Fig 10.
A-ring substituted estratrienes with high potency to protect mouse hippocampal HT22 cells in
vitro.
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Fig 11.
2-(1-Adamantyl)-3-hydroxyestra-1, 3, 5(10)-trien-17-one (top), 2-(1-adamantyl)-4-methyl-3-
hydroxyestra-1, 3, 5(10)-trien-17-one (middle) and 2-(1-adamantyl)-4-methyl-estra-1, 3, 5
(10)-triene-3,17β-diol (bottom), which do not bind to either ERα or ERβ, are effective in vivo
in rat against ischemia-reperfusion injury as a model for stroke.
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Fig 12.
17β-O-alkyl ethers with improved potency to protect HT22 cells against glutamate
neurotoxicity in vitro.
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Fig 13.
Examples of steroids with antioxidant effect stronger than that of 17β-E2.
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Table 1
Relative binding affinities (RBA) of selected estrogens and neuroprotective estrogen analogues/derivatives.a

Compound RBA: ERα RBA: ERβ

17β-E2b 100c 100d

17α-E2b 18 5
E1e 18f 10f

Ent-E2 g 12 80
2-(1-Adamantyl)-3-hydroxyestra-1, 3, 5(10)-trien-17-one h ∼0i ∼0i

2-(1-Adamantyl)-4-methyl-3-hydroxyestra-1, 3, 5(10)-trien-17-one j ∼0i ∼0i

2-(1-Adamantyl)-4-methyl-estra-1,3,5(10)-triene-3,17β-diolk ∼0i ∼0i

Estra-1,3,5(10),6,8(9)-pentaene-3,17β-dioll 51 190
17β-Butoxyestra-1,3,5(10)-triene-3-olm 11 5

a
RBA=IC50(17β-E2)/ IC50(compound)·100, compiled from Perez et al., 2006, and Prokai et al., 2003

b
Fig. 5

c
Based on IC50 of 3.0 nM (Perez et al., 2006) or 1.3 nM (Prokai et al., 2003) was considered 100

d
Based on IC50 of 4.5 nM (Perez et al., 2006) or 0.7 nM (Prokai et al., 2003) as 100

e
Fig. 7 (first structure)

f
Average value based on the IC50's reported

g
Fig. 9

h
Fig. 11 (first structure)

i
RBA<0.1

j
Fig. 11 (second structure)

k
Fig. 11 (third structure)

l
Fig. 13 (third structure)

m
Fig. 12 (R=n-C4H9).
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