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Abstract 

Estrogen is an important steroid hormone signal that regulates multiple tissues and functions in 

the body. The brain is an important target organ for estrogen. In addition to direct effects, estrogen 

influences brain function through effects on the vasculature and the immune system.  

Estrogen influences several neurotransmitter systems, including acetylcholine, serotonin, 

noradrenalin, and glutamate.  

There are complex mechanisms that underlie estrogen neuroprotective and neurotrophic actions 

(genomic, non-genomic kinase signalic pathways and membrane estrogen receptors pathways). 

Estradiol induces gene transcription and rapid membrane signaling mediated by estrogen receptor alpha 

(ERα), estrogen receptor-beta (ERβ), and a recently characterized G-protein coupled estrogen receptor, 

each with distinct distributions and ability to influence estradiol-dependent signaling. 

Vector-mediated expression of estrogen receptors in the hippocampus provides an innovative 

research approach and suggests that memory depends on the relative expression of ERα and ERβ 

interacting with estradiol levels. 

The potential role of estrogen as a neuroprotective factor and a multicellular mode of estrogen 

action in the regulation of neuronal survival and neurotrophism is discussed, as are potential future 

directions for the field.  
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Introduction 

Estrogen is an important steroid hormone signal that regulates multiple tissues and functions in 

the body.  Classically, it is considered a “reproductive” hormone, due to its well-known role in feedback 

signaling in the hypothalamic-pituitary-ovarian axis [1,2]. This review will focus on the “non-

reproductive” effects of estrogen in the brain, specifically on the neuroprotective actions of estrogen. 

 

Cerebral ischemia  

Studies on cerebral ischemia-induced brain damage in gerbils revealed that female gerbils had 

a lower incidence and less severe brain damage following carotid artery occlusion than male gerbils [3]. 

A number of studies have documented that women are “protected” against stroke relative to men – at 

least until the years of menopause, when estrogen levels decline due to follicular depletion and stroke 

incidence increases in women [4].  
That the protective factor is estrogen was supported by studies showing that removal of the 

ovaries in rats and mice eliminates the protective effect observed in females following cerebral ischemia 

[5]. Furthermore, many groups have shown that exogenous administration of estrogen dramatically 

reduces infarct volume following focal or global cerebral ischemia in ovariectomized female mice, rats 

and gerbils [6].  

The neuroprotective effect of estrogen in global cerebral ischemia, which affects primarily the 

CA1 region of the hippocampus, was shown to be correlated with significant improvements in 

recognition, working memory and spatial memory [7].  
Additional studies showed that aromatase inhibitors caused a similar increase in cortical and 

striatal damage following cerebral ischemia [8], and that hippocampal sensitivity to kainic acid-induced 

neuronal death was markedly increased in gonadectomized rats that received an aromatase inhibitor as 

compared to vehicle-treated controls [9]. Protective effects of estrogens have been widely reported in a 

variety of neurons against different toxicities, which mimic cerebral ischemia in vitro [10].  

Antioxidant effects of the steroid and attenuation of N-methyl-D-aspartate (NMDA) receptor 

activation have been implicated as mechanisms for the neuroprotective effects of estrogens. Also, two 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2048656/#R6
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2048656/#R6
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2048656/#R8
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major signaling pathways, ERK and PI-3K-Akt, have been well characterized as being able to mediate 

inhibition of apoptosis and support neuronal survival. Both signaling pathways can be activated by 

estrogens [11]. 

 

Role of estrogen receptors (ERs)  in the neuroprotective effects of estrogen 

More than a decade of research in these models points to classical estrogen receptors (Ers) as 

the mediator of 17βE2-induced neuroprotective actions in both males and females when the hormone 

is administered at physiological doses prior to injury [12,13].  

When ER subtype-specific agonists are given to wild type animals prior to middle cerebral 

artery occlusion (MCAO), or when estradiol is administered prior to MCAO in mice with selective 

ablation of ERα (ERKO) or ERβ (BERKO, the vast majority of studies show that ERα rather than ERβ 

is responsible for neuroprotection in this model of focal ischemia [14,15]. 

A recent study of 17βE2’s neuroprotective efficacy after permanent MCAO in male and female 

mice with ERα selectively ablated in neurons or in myeloid cells (microglia) demonstrated that neuronal 

ERα is the mediator of neuroprotection [16].  

Similarly, an ERβ agonist is unable to reduce infarct size or improve sensorimotor function in 

female rats undergoing permanent MCAO [17]. There is strong evidence from studies with selective 

agonists that ERα can mediate neuroprotection after global ischemia [18].  
Most experimental studies in animal models subjected to MCAO suggest that ERα is the sole 

or primary mediator of 17βE2–induced protection when the hormone is provided at physiological levels 

prior to ischemia. However, there is a report that an ERβ-selective agonist can attenuate MCAO-induced 

autonomic dysfunction when administered 30 min prior to insult, but only if reperfusion is instituted 

after 30 min of MCAO. This same agent was ineffective if the MCAO was permanent, whereas 

pretreatment with an ERα agonist was effective after permanent MCAO [15]. 

Both ERα and ERβ may also be required to mediate 17βE2 enhancement of neurogenesis after 

focal ischemia. In mice subjected to MCAO, 17βE2 is also reported to work via ERβ to attenuate 

neuroprotection induced by ischemic preconditioning [19]. Studies with an ERβ agonist also indicate 

that this receptor can attenuate TNFα-induced apoptosis in VSC4.1 motoneurons [20].  

In a related study, genistein was shown to decrease apoptosis of cultured motoneurons exposed 

to supernatants containing microglial cytokines; this protection was reversed by ICI and was associated 

with increased expression of ERβ [21]. An ERβ agonist has also been reported to increase 

oligodendrocyte differentiation, improve myelination, and enhance axon conduction in a mouse model 

of chronic experimental autoimmune encephalomyelitis [22].  

GPR30 is  also an important component of estrogen-mediated neuroprotection because, as G-

protein coupled receptor, its activation can lead to rapid activation of intracellular signaling cascades  

which in turn, could act in conjunction with the classical neuroprotective mechanisms associated with 

activation of the intracellular/nuclear receptors, ERα and ERβ. For example, activation of GPR30 can 

increase cAMP and calcium mobilization in neurons [23]. 

 

Potential mechanisms of estrogen  neuroprotection 

With respect to genes regulated by estrogen that may facilitate its neuroprotection, estrogen has 

been shown to increase the expression of the anti-apoptotic gene, bcl-2, in the ischemic penumbra 

following MCAO and global ischemia [24]. Estrogen also increases bcl-2 in vitro in rat hippocampal 

neurons [25] and human NT2 neurons, while it inhibits expression of proapoptotic BAD (bcl-2-

antagonist of cell death) [24].  

Additionally, estrogen has also been demonstrated to reduce cytochrome c translocation [26], 

as well as caspase 3 activation and DNA fragmentation [27], further implicating an anti-apoptotic action 

of estrogen in cerebral ischemia. In addition to a genomic effect, nongenomic effects of estrogen may 

also play a role in mediating its neuroprotective effects in the brain. For instance, estrogen can rapidly 

activate the extracellular signal-regulated kinases (ERK) and phosphoinositol-3-kinase (PI3K)-Akt 

pathways in cortical and hippocampal cells in vitro, effects implicated in estrogen neuroprotection 

action [28].  

Estrogen has also been shown to enhance Akt activation in the cerebral cortex and CA1 of the 

hippocampus following focal or global cerebral ischemia [29]. 
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In addition to a potential direct protective action on neurons, there is evidence that estrogen 

may also have indirect effects on other cell types such as astrocytes and microglia that may facilitate its 

neuroprotective actions in cerebral ischemia and other neurodegenerative disorders. With respect to 

astrocytes, physiological concentrations of estrogen are clearly protective in organotypic cortical 

explants and neuronal-astrocyte cocultures, and there is evidence of astrocyte mediation of estrogen 

effects [30,31].   
Astrocytes may participate in the production of brain-derived estrogen as they have been shown 

to express aromatase and this expression is enhanced following cerebral ischemia and following brain 

injury [32].  

Thus, local production of estrogen by astrocytes could be another mechanism of astrocyte-

mediated protection of neurons. After neuronal injury and in many neurodegenerative disorders, 

activated microglia are known to secrete proinflammatory factors that can contribute to the progressive 

neural damage. A number of studies have suggested that estrogen may act upon microglia to suppress 

their activation, an effect that could help mediate estrogen neuroprotection.Estradiol reduces 

inflammatory responses during transient cerebral ischemia[33]. 

Recent work has further implicated reactive oxygen species (ROS), particularly superoxide, as 

playing a key role in neuronal cell death following cerebral ischemia. The superoxide anion radical (O2) 

is the product of a one electron reduction of oxygen and it is the precursor of most ROS and a mediator 

in oxidative chain reactions. In both permanent and transient cerebral ischemia, ROS have been shown 

to increase significantly following onset of cerebral ischemia [34].  

Estradiol significantly attenuated hydrogen peroxide production in the striatum following 

cerebral ischemia, which was correlated with the neuroprotective effect of estrogen [35].  

Estrogen (estradiol and estrone) has intrinsic free radical scavenging capability through its 

capture of hydroxyl radicals, which produces a nonphenolic quinol. The quinol is then converted back 

to estrogen by using NAD(P)H as a coenzyme, without production of reactive oxygen species. Estradiol 

quinol and estrone quinol were shown to be neuroprotective in hippocampal neuronal cells in vitro and 

in cerebral ischemia, respectively [36].  
Other studies have confirmed estrogen neuroprotection against oxidative stress in various cell 

and animal models of neurodegenerative disorders [37]. 

 

Conclusions 

There is a significant need for targeted research to better elucidate the mechanisms of estrogen 

activation of nongenomic kinase signaling pathways in neurons and non-neuronal cells, e.g. studies to 

identify the involved membrane estrogen receptors, mechanisms of targeting of these receptors to the 

plasma membrane, and further identification of scaffold proteins in the brain that may link the 

membrane estrogen receptor to its kinase targets and facilitate their activation. Further studies to 

elucidate whether the nongenomic and genomic signaling pathways induced by estrogen in the brain 

display crosstalk or are separate regulatory pathways are also needed. In closing, while much has been 

learned in the past concerning estrogen neuroprotective and neurotrophic actions in the brain, significant 

work lies ahead to fully unravel the complexities of estrogen action in the brain and to fully understand 

its mechanisms and  implications. 
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