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Results from animal experiments showing that estradiol
is neuroprotective were challenged 10 years ago by
findings indicating an increased risk of dementia and
stroke in women over 65 years of age taking conjugated
equine estrogens. Our understanding of the complex
signaling of estradiol in neural cells has recently clarified
the causes of this discrepancy. New data indicate that
estradiol may lose its neuroprotective activity or even
increase neural damage, a situation that depends on the
duration of ovarian hormone deprivation and on age-
associated modifications in the levels of other molecules
that modulate estradiol action. These studies highlight
the complex neuroprotective mechanisms of estradiol
and suggest a window of opportunity during which
effective hormonal therapy could promote brain func-
tion and cognition.

Neuroprotective actions of estradiol: myth or reality?
By the end of the 20th century, numerous studies had
demonstrated that 17B-estradiol exerts trophic actions on
neurons and glial cells, promotes neuronal survival, and
decreases neurodegenerative damage caused by a large
variety of neuronal insults. However, in 2003 the findings
of the Women’s Health Initiative (WHI) study, a large,
double-blind, placebo-controlled, randomized trial of hor-
mone therapy (HT) in postmenopausal women, showed an
increased risk of dementia and stroke in women over
65 years of age who received conjugated equine estrogens
plus medroxyprogesterone acetate (MPA) compared to
women who received placebo. In addition, HT did not
prevent mild cognitive impairment [1]. This finding contra-
dicted the evidence from animal models of neurodegenera-
tive diseases and has introduced considerable confusion in
the field.

Basic research in the post-WHI era has tried to identify
possible causes of the discrepancies between laboratory
studies and the WHI trial. The mechanisms involved in the
neuroprotective actions of estradiol and other estrogens
have been further explored in efforts to understand why
HT may, in some cases, fail to promote neuroprotection. In
particular, age and time after ovarian hormone depriva-
tion when estradiol treatment is administered are factors
that have been taken into consideration, especially because
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women in the WHI trial who took HT later in life had
increased risks of dementia and stroke. These most recent
findings underline the need to reconsider and further
explore species-specific differences in the mechanism of
estradiol in the brain and its neuroprotective role in hu-
man diseases of the central nervous system (CNS).

Neuroprotective actions of estradiol: basic research
rebounded after the WHI trial challenge
Experimental evidence supporting neuroprotective actions
of estradiol was so convincing before the WHI trial that the
results of the trial in the long run did not lead to a decline in
basic research on this topic. On the contrary, basic research
in the post-WHI era has continued to accumulate evidence
in support of neuroprotective actions of estradiol in animal
models of human CNS disorders such as Alzheimer’s dis-
ease [2], Parkinson’s disease [3], stroke [4,5], multiple
sclerosis [6] chronic hypertension [7] and traumatic brain
injury [8], among others.

Recent evidence suggests that estradiol is not only
protective, but may also activate restorative processes in
the nervous system (Figure 1). Thus, estradiol protects
neurons from brain ischemia first by reducing apoptosis
and then by facilitating the incorporation of newly gener-
ated neurons from the subventricular zone to the ischemic
regions [4]. An increase in hippocampal neurogenesis,
mediated by brain-derived neurotrophic factor (BDNF),
is also involved in the restorative action of estradiol in
the hippocampus of hypertensive rats [7]. Furthermore,
reparative actions of estradiol in the brain of adult male
rats subjected to perinatal asphyxia have been detected [9].

Neuronal signaling pathways that mediate estradiol-
mediated neuroprotection

Classical estrogen receptors

The recent development of new selective agonists and
antagonists for estrogen receptor (ER) a-and B-mediated
transcription has facilitated exploration of the role of
classical ERs in the neuroprotective and neuroreparative
mechanisms of estradiol, and has extended previous data
obtained in ERa and ERB knockout mice. Both ERa and
ERB seem to be involved in the neuroprotective actions of
the hormone, although they mediate the activation of
different mechanisms and affect different parameters.
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Figure 1. Estradiol activates both protective and reparative mechanisms after CNS
injury. Estradiol exerts protective actions in the initial phases after CNS injury, and
reduces inflammation and prevents apoptosis. In addition, estradiol promotes repair
of injured neural tissue by enhancing neurogenesis, remyelination and regeneration
of neuronal processes and by reducing reactive gliosis. Based on [4-10].

For instance, in experimental autoimmune encephalomy-
elitis, an ERa agonist was anti-inflammatory and exerted
protection at the onset of the disease, whereas an ERB
agonist was not anti-inflammatory but induced recovery
from the disease [10].

Estradiol-induced membrane and cytoplasm signaling

Numerous studies have shown the crucial importance of
rapid and transient activation of mitogen-activated protein
kinase (MAPK, ERK) signaling for the neuroprotective
actions of estradiol. Activation of MAPK signaling is
accompanied by activation of cAMP response element
binding protein (CREB), induction of BCL2 expression,
and inhibition of the apoptotic cascade [11,12]. The rapid
neuroprotective effects induced by estradiol, such as
transient activation of MAPK, may involve signaling me-
diated by non-classical ERs. One such candidate is G-
protein-coupled receptor 30 (GPR30). Although the role
of GPR30 as a putative estrogen receptor is a matter of
debate, recent studies have shown that a GPR30 agonist
is able to imitate neuroprotective and neuritogenic actions
of estradiol on hippocampal neurons [13-15]. Estradiol-
induced rapid neuroprotective events may also involve
classical ERs located in extranuclear compartments.
Indeed, ERa has been detected in the plasma membrane
of neurons and astrocytes [16,17]. Caveolin-1 provides
a scaffold for the interaction of ERa with different mem-
brane-associated molecules in neuronal membranes [18].
One ofthese molecules is a plasmalemmal voltage-dependent
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anion channel (VDAC) involved in amyloid-B-induced
neurotoxicity. VDAC is rapidly phosphorylated by 1783-
estradiol through activation of protein kinase A (PKA)
and Src-kinase, and this contributes to maintaining the
channel in an inactive closed conformation [19]. Interest-
ingly, in the cerebral cortex of Alzheimer’s disease
patients, the association of ERa and VDAC in lipid rafts
is disrupted [20], which suggests that alterations in the
function of ER« in the plasma membrane may be associated
with neurodegenerative events.

IGF1 and WNT signaling

ERa also interacts with membrane receptors, such as the
insulin-like growth factor 1 (IGF1) receptor (IGF1R) [17].
In neurons, estradiol induces incorporation of ERa into a
macromolecular complex in which IGF1R and several
components of IGF1R signaling are associated [21]. This
molecular complex, which includes insulin receptor sub-
strate-1 (IRS1), phosphoinositol 3 kinase (PISK), AKT,
glycogen synthase kinase 33 (GSK3pB) and B-catenin, reg-
ulates neuronal survival [21]. PISK activation results in
phosphorylation and activation of AKT and, in turn, phos-
phorylation and inhibition of GSK3B. Sustained activation
of GSK3p is associated with neuronal death and hyperpho-
sphorylation of tau. Estradiol, in synergism with IGF1,
activates PI3K-AKT and inhibits GSK3B [21]. This hor-
monal action promotes neuroprotection, improves brain
homeostasis [22] and reduces tau phosphorylation [23].
The interaction of estradiol and IGF1R in neuroprotection
has been characterized in experimental models of excito-
toxicity, Parkinson’s disease and stroke [11,21,24-26].
Interestingly, inhibition of brain IGF1 signaling in these
models resulted in attenuation of the neuroprotective
effects of estradiol.

By modulating GSK3 activity, estradiol also regulates
translocation of B-catenin to the cell nucleus and B-
catenin-lymphoid enhancer binding factor-1 (LEF1)-medi-
ated transcription [23]. Recent findings suggest that
estradiol may also exert neuroprotective actions via modu-
lation of WNT-B-catenin signaling. Specifically, in a model
of global cerebral ischemia, estradiol downregulates expres-
sion of the neurodegenerative factor dickkopf-1 (DKK1),
which is an antagonist of the WNT-B-catenin signaling
pathway. DKKI1 is involved in the neurodegeneration ob-
served in a number of different pathologies, including
Alzheimer’s disease, epilepsy and stroke [27]. Estradiol pro-
motes expression of WNT3 and translocation of B-catenin
to the cell nucleus in the CA1 region of the hippocampus after
global cerebral ischemia, and enhances expression of the
anti-apoptotic factor survivin, a B-catenin-induced gene
[27]. Administration of exogenous DKK1 abolishes the neu-
roprotective action of estradiol, the hormonal downregula-
tion of tau hyperphosphorylation, and the hormonally
induced B-catenin nuclear localization in this model [27].

Seladin-1

Another link between the neuroprotective mechanisms of
estradiol and IGF1 is seladin-1 [28]. Seladin-1 (DHCR24)
encodes the enzyme 3B-hydroxysterol &24-reductase,
which catalyzes cholesterol synthesis from desmosterol.
DHCRZ24 is an anti-apoptotic gene that is downregulated in



several brain regions in Alzheimer’s disease (for this reason
it was named selective Alzheimer’s disease indicator-1). In
human neuroblasts, estradiol stimulates DHCR24 expres-
sion by directly binding to half-palindromic estrogen respon-
sive elements in the promoter region of the DHCR24 gene
[28]. In addition, estradiol stimulates synthesis of IGF1,
which, through activation of IGF1R signaling, also increases
DHCR24 expression [28]. The neuroprotective action of
estradiol against B-amyloid toxicity in human neuroblasts
is lost when DHCRZ24 is silenced [28]. DHCRZ24 is therefore
an interesting gene that may represent a point of conver-
gence between the neuroprotective actions of estradiol and
IGF1 and the local neural synthesis of cholesterol and its
metabolites, including neuroactive steroids.

Neuroglobin and mitochondria

Neuroglobin, a neuroprotective and anti-apoptotic protein,
has been recently identified as a mediator of estrogenic
neuroprotective actions. Estradiol induces expression of
this globin in human neuroblastoma cells and in primary
cultures of mouse hippocampal neurons through mecha-
nisms involving ERB [29]. Silencing of neuroglobin results
in loss of the neuroprotective action that estradiol exerts
against oxidative stress [29]. Further studies are necessary
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to determine the role of neuroglobin in the neuroprotective
actions of estradiol in different in vivo models of neurode-
generative diseases. One possibility is that neuroglobin
could be involved in estradiol-dependent neuroprotective
effects by decreasing mitochondrial dysfunction caused by
oxidative damage. Indeed, regulation of mitochondrial
function and metabolism has emerged as one of the key
actions exerted by estradiol to promote neuronal viability.
The effect of estradiol on mitochondria involves direct
actions on the mitochondrial genome, as well as regulation
of nuclear transcriptional activity and modulation of mem-
brane and cytoplasmic signaling [30].

Non-neuronal cells contribute to estradiol-mediated
neuroprotection

In addition to activating protective mechanisms by
direct actions on neurons expressing ERs, estradiol also
activates complementary mechanisms in other cell types to
promote neuroprotection and restoration of neural func-
tion (Figure 2). The importance of the neurovascular unit
in the protective actions of estradiol against focal cerebral
ischemia has recently been analyzed [4]. In addition to its
actions on neurons and glial cells, estradiol interacts with
other cell types such as endothelial cells, smooth muscle
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Figure 2. Estradiol triggers protective and reparative mechanisms acting on different cellular targets in the CNS. Estradiol acts on neurons expressing nuclear and
membrane ERs to promote neuronal survival, neuritogenesis and synaptic function. Acting on stem cells and progenitors, estradiol regulates the generation of new neural
cells, including neurons. In addition, the hormone reduces local inflammation of astrocytes and microglia and promotes neuronal survival through the release of growth
factors from astrocytes. Estradiol also reduces oligodendrocyte cell loss and demyelination and facilitates remyelination. Actions of estradiol on endothelial cells, smooth
muscle cells, platelets and leucocytes are also involved in hormonal control of the local inflammatory response and on the regulation of blood flow, metabolism of the
neurovascular unit, leukocyte adhesion and endothelial cell survival. Based on [4,31-40].
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cells, platelets and leukocytes to regulate cerebral blood
flow, the metabolism of the neurovascular unit, the local
inflammatory response, leukocyte adhesion and endothe-
lial cell survival [4].

Direct or indirect actions of estradiol on microglia are
important for the control of local inflammation [31,32].
Actions of estradiol on astrocytes also contribute to the
control of inflammation and reactive gliosis, and to the
response of neurons to neurodegenerative stimuli [33-35].
In this regard, it has recently been demonstrated that
ERa expressed by astrocytes mediates the neuroprotec-
tive action of estradiol in experimental autoimmune
encephalomyelitis [36]. Recent findings suggest that
actions of estradiol in the control of reactive gliosis involve
cannabinoid receptors [37], an observation that opened
the possibility of neuroprotective therapies based on the
mechanisms of interaction of estradiol and cannabinoid
signaling.

Another important cell type involved in the neuropro-
tective actions of estradiol is the oligodendrocyte. It is
important to remember the considerable proportion of
volume occupied by white matter in the human brain
and the spinal cord, and the important role that white
matter lesions have not only in demyelinating diseases, but
also in stroke, traumatic CNS injury and other neurode-
generative diseases. Recent studies have investigated the
actions of estradiol on oligodendrocytes and myelin integ-
rity after different forms of white matter injury. The
results have shown that estradiol is able to reduce, at least
partially, oligodendrocyte cell loss and demyelination and
to facilitate remyelination [38]. The protective actions of
estradiol on oligodendrocytes and myelin may be mediated
by the hormonal control of peripheral immune cells [39]
and by direct actions on oligodendrocytes [40].

Local estradiol synthesis and neuroprotection

Enzymes for steroid synthesis and steroid metabolism,
including aromatase, which is involved in the conversion
of testosterone to estradiol, are expressed in the human
brain [41]. Aromatase activity is rapidly regulated by
neurotransmitters and by calcium-dependent phosphory-
lation. In turn, estradiol produced by aromatase is involved
in the regulation of synaptic transmission, synaptic plas-
ticity, adult neurogenesis and behavior [42-44]. In addi-
tion, aromatase expression is increased in the brain under
pathological conditions such as after exocytotoxic lesions,
traumatic injury or experimental stroke [45-48]. Several
laboratories have found that aromatase expression in the
brain of rodents and birds is neuroprotective and contrib-
utes to limiting neural damage after brain injury [46,47].
Therefore, it is tempting to speculate on the possible role of
aromatase in the human brain. Aromatase expression in
brain could compensate for the deficit in plasma estradiol
levels caused by menopause. If this were the case, the brain
of some perimenopausal women could be more adapted to
the lack of peripheral estrogens than in others, depending
on the level of local estradiol production. Furthermore,
differences in brain aromatase expression may confer a
different risk for the development of neurodegenerative
diseases. Finally, brain aromatase may have potential
implications with regard to HT in postmenopausal women.
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In this case, it might be of interest to consider the possibili-
ty that estrogen administration may have a negative
impact in brains that have found mechanisms (such
as increased aromatase activity) to compensate for low
peripheral hormonal levels by increasing local estradiol
synthesis.

Impact of natural progesterone and synthetic
progestins on estrogenic neuroprotective actions
Diverse progestins, synthetic molecules that have effects
similar to progesterone, are frequently administered in
combination with estrogens as HT in menopausal women
to counteract the risk of endometrial cancer, which is
associated with estrogen use when administered without
a counterbalance of progestins. Therefore, it is important
to determine the impact of progestins on estradiol-mediated
neuroprotective mechanisms. The hormone progesterone
is neuroprotective against excitotoxicity, stroke, traumat-
ic brain and spinal cord injury, experimental multiple
sclerosis, experimental immune encephalomyelitis and
motoneuron degeneration [49-52]. However, not all the
synthetic progestins are neuroprotective and not all of
them have the same impact on the neuroprotective actions
mediated by estradiol. For instance, MPA, the progestin
used in the WHI study, is not only unable to exert neuro-
protection [53], but also antagonizes the neuroprotective
actions of estradiol on mitochondrial function [54]. By
contrast, the combination of estradiol and progesterone
is neuroprotective in rodent models of Parkinson disease
[55], demyelinating diseases [56] and stroke [57], and
protects serotonin neurons in a monkey model of surgical
menopause [58]. However, recent studies suggest that
natural progesterone may also interfere with some of
the neuroprotective mechanisms of estradiol. Moreover,
of crucial importance is the notion of continuous or cyclic
progesterone delivery. Indeed, continuous progesterone
delivery blocks the neuroprotective actions of estradiol in
a rodent model of Alzheimer’s disease, whereas cyclic
progesterone administration enhances the neuroprotec-
tive action of estradiol in this model [59]. The interaction
of progesterone and synthetic progestins with the neuro-
protective mechanisms of estradiol needs to be further
explored to fully understand and predict the neural out-
come of combined HT.

Experimental studies on animals and clinical data
support a window of opportunity for HT
In the WHI study, the majority of women started HT in the
late postmenopausal stage (aged 65-79 years). By contrast,
in observational studies showing a beneficial effect of HT
on cognition, treatment was initiated in the perimenopaus-
al period. This suggests that either age and/or time of HT
initiation after natural or surgical menopause could influ-
ence the results. Current evidence suggests that early
initiation of HT is associated with enhanced memory
and beneficial effects on the brain [60,61]. In addition, a
long period of treatment may also negatively affect the
cognitive outcome of HT [62].

Recent experimental studies, showing that both age
and previous duration of ovarian hormone deprivation
affect the neuroprotective actions of estradiol, support
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Figure 3. Estradiol shifts from being protective against experimental stroke in
adult mature female rats to increasing damage in reproductive senescent females.
Estradiol reduces brain damage induced by experimental stroke in adult female
rats by a mechanism involving IGF-1 receptors. By contrast, estradiol increases
brain damage after stroke in reproductive senescent animals, in which IGF-1 levels
in plasma and brain tissue are decreased. The different outcome of estradiol
therapy in adult and reproductive senescent females may explain why hormone
therapy increases the risk of stroke in postmenopausal women whereas low-dose
oral estrogen-based contraceptives do not affect the risk of stroke in young
women. Based on [24,65].

the concept of a window of opportunity for HT [23,63,64].
Thus, estradiol not only loses some of its neuroprotective
actions in older animals, but may even shift from being
neuroprotective in adult mature animals to being neuro-
toxic in reproductively senescent animals (Figure 3) [65].
This shift in outcome of estradiol therapy is associated with
a decline in plasma IGF1 levels with aging [24], which
further supports the importance of the interaction between
estradiol and IGF1 and the neuroprotective mechanisms
discussed above. These findings suggest that HT might
have a different cognitive outcome in older women with low
IGF1 plasma levels compared to younger women who may
still have a moderate age-dependent decrease in IGF1
levels.

Concluding remarks

The studies reviewed here clearly support the neuropro-
tective functions of estradiol. However, there are many
aspects that still need to be addressed, including determi-
nation of the best estrogenic formulations and whether
cyclic versus continuous HT delivery is most suitable for
promoting brain function and cognition, because it is now
accepted that different estrogen and progesterone treat-
ment regimens may have different impacts on the CNS
[58,66]. In addition, it is important to understand the
role that other factors, such as IGF1 and the different
cellular and subcellular targets of estradiol, play in the
neuroprotective mechanisms of the hormone. For instance,
regulation of mitochondrial function and brain energy
homeostasis by estradiol and its implications for neuro-
protection are currently being investigated by several
laboratories.

Another important consideration is that although estra-
diol is neuroprotective, its peripheral actions limit its
use for the treatment or prevention of neurodegenerative
diseases and affective disorders. Therefore, new alterna-
tives to estradiol therapy based on the neuroprotective
mechanisms of the hormone are being explored. Selective
estrogen receptor modulators (SERMs), with agonistic
estrogenic properties in the brain and antagonistic effects
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in tissues such as breast cancer cells, may represent an
alternative to estradiol and may also be used in males. It
has been shown that several SERMs are neuroprotective
and reduce brain inflammation in different animal models
of neurodegeneration [67]. SERMs also have positive
effects on cognition and reduce anxiety-like and depres-
sion-like behaviors in rodents [68,69]. However, the effects
of SERMs on brain function in humans have not been
sufficiently explored [67,70].

The neuroprotective actions of other estrogenic com-
pounds, including contraceptives [71], ligands for non-
classical estrogen receptors [5,14] and non-feminizing
estrogens [72], have been explored in animal models with
promising results. Further developments may include the
use of aromatase modulators to selectively increase brain
estradiol synthesis as an alternative to the administration
of estrogenic compounds. Given the importance of
the interactions of estradiol and IGF1 neuroprotective
mechanisms, the outcome of the modulation of IGF1 levels
in parallel with administration of estrogenic therapies
should also be explored in experimental neurodegenera-
tive models.
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