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ABSTRACT 
For decades, estrogens have been regarded as reproductive hormones. However, research in the last 
few years has altered this perspective. It has been shown that estrogen signaling plays a widespread and 
crucial role in regulating brain function throughout life in both men and women. This review summarizes 
recent studies from 2005 to 2025 on how estrogens work in the brain, including their mechanisms, targets, 
and effects. We outline where nuclear estrogen receptors (ERα, ERβ) and membrane-associated 
receptors (like GPER1) are found in the brain. We also highlight their roles in synaptic plasticity, adult 
neurogenesis, inflammation and energy use. We examine the protective and cognitive benefits of 
estrogens, particularly regarding neurodegenerative diseases like Alzheimer’s, psychiatric issues such 
as depression, and brain injuries. We emphasize the importance of timing, dosage, and hormonal context 
within the "window of opportunity" or "critical period" hypothesis. Recent updates to hormone replacement 
therapy (HRT) guidelines highlight the brain health benefits of starting treatment early. Finally, we address 
challenges and future directions, including the development of brain-selective estrogen receptor 
modulators (SERMs) and tailored approaches that account for sex differences and genetic factors. The 
evidence clearly shows that estrogens are powerful neuroactive steroids that are vital for brain health and 
resilience. 
 
Keywords: estrogen, estradiol, estrogen receptors, neuroprotection, synaptic plasticity, neurogenesis, 
cognition, menopause, Alzheimer's disease. 
 
 
Methods: This review was conducted by 

systematically searching PubMed, Scopus, and 

Google Scholar databases using keywords such 

as "estrogen brain," "neuro-estrogen," "estrogen 

receptors," "neuroprotection," "synaptic 

plasticity," "neurogenesis," "cognition," 

"menopause," and "Alzheimer's disease." We 

focused primarily on peer-reviewed articles 

published between 2005 and 2025. Studies 

involving cellular, animal, and human models 

that discussed how estrogens work in the brain 

were included. We excluded non-English 
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publications and studies that lacked rigorous 

methods. More than 150 articles were screened, 

and 63 were selected for review. We critically 

evaluated the data for consistency, quality, and 

relevance, with special attention to recent 

advances to fill gaps in earlier research. 

 

INTRODUCTION   

Estrogens, especially 17β-estradiol (E2), have 

been traditionally defined as steroid hormones 

that control the development and function of the 

female reproductive system. The discovery of 

estrogen receptors (ERs) in various brain 

regions outside the usual hormonal control 

areas, like the hippocampus and prefrontal 

cortex, has revealed a much broader role for 

these hormones [1]. The last two decades have 

seen a surge of research in this area, driven by 

advancements in molecular and genetic tools, 

the recognition of significant differences 

between sexes in neurological and psychiatric 

disorders [2] and increased interest in women's 

brain health during menopause. 

This wave of research has transformed our 

understanding of estrogens from being solely 

reproductive signals to recognizing them as 

essential neuroactive steroids that significantly 

influence brain structure and function 

throughout life for both males and females [3]. 

Estrogens can affect synaptic plasticity, mood, 

energy metabolism, provide neuroprotective 

effects, and support cognitive processes such 

as learning and memory [4]. Estrogens have 

been shown to modulate neuroinflammation via 

pathways such as PI3K/Akt and NF-κB, with 

important implications for aging and 

neurodegeneration [5-7]. This review aims to 

consolidate and evaluate key findings from peer-

reviewed literature published between 2005 and 

2025. By synthesizing evidence from cellular, 

animal, and human studies, the article will show 

that estrogen actions are crucial for brain 

development, balance, and resilience, affecting 

our understanding and treatment of various 

brain disorders. 

 

Estrogen Synthesis and Receptor Systems in 

the Brain   

Central Synthesis: The Critical Role of 

Neuroestrogen.   

A groundbreaking discovery in the last twenty 

years is that the brain can produce estrogen. 

Neurons, astrocytes, and, to a lesser extent, 

microglia have the enzyme aromatase 

(CYP19A1), which converts testosterone into 

17β-estradiol (E2) [8,9]. This local production, 

called "neuroestrogen," enables rapid, 

paracrine, sex-independent regulation of brain 

function. The control of aromatase in the brain 

differs from that in other tissues; it often 

increases in response to neural injury or 

synaptic activity, suggesting a role in 

neuroprotection and plasticity [10]. 

Neuroestrogen is important in its functional 

implications. E2 produced by the brain in males 

due to circulating testosterone is crucial in 

sexual differentiation and neural development of 

the brain, as well as adult cognitive ability [11]. 
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Treatment with aromatase inhibitors results in 

impairment in spatial memory, synaptic 

plasticity, and male sexual behavior in rodents 

[12]. In females, local synthesis may help to 

adjust neural circuits during fluctuations in 

ovarian hormones across the menstrual cycle 

and throughout life. Research in songbirds, 

where neuroestrogen plays a clear role in 

learning and producing seasonal songs, has 

offered valuable insights into its mechanisms 

[13]. Experiments in mammals using neuron-

specific aromatase knockout (ArKO) models 

have demonstrated that neuroestrogen is 

essential for synaptic plasticity, neurogenesis, 

and memory consolidation in the hippocampus 

[14,15]. Also, studies have highlighted sex 

differences in neuroestrogen synthesis. Males 

have higher aromatase levels in specific brain 

areas, influencing their behavior [16]  

 

Estrogen Receptor Diversity and Signaling 

Mechanisms:   

Nuclear Receptors (Classical Genomic 

Signaling): ERα and ERβ are transcription 

factors activated by E2 that belong to the 

nuclear receptor superfamily. The binding of E2 

in the cytoplasm causes a conformational 

change and moves to the nucleus, where it 

attaches to specific DNA sequences called 

Estrogen Response Elements (EREs). This 

process regulates the transcription of target 

genes over hours to days [17]. They can also 

have "non-classical" effects by interacting with 

other transcription factors (e.g., AP-1, NF-κB, 

CREB) without directly binding on DNA. ERβ is 

particularly abundant in regions like the cortex, 

hippocampus, and serotonergic neurons, linking 

it to cognition, mood, and neuroprotection [18]. 

While ERα is present in these areas, its role is 

more prominent in hypothalamic regions that 

control reproductive behaviors.   

 

Membrane-Associated Receptors and Rapid 

Non-Genomic Signaling:  

A key advancement in the field has been 

identifying rapid estrogen effects (within 

seconds to minutes) on kinase activity, calcium 

movement, and synaptic strengthening. These 

effects come from receptors located at the 

plasma membrane or associated with 

membrane areas like caveolae.   

 

GPER1 (GPER, GPR30):  

Discovered in 2005, GPER1 is a seven-

transmembrane G-protein-coupled receptor that 

binds E2 with high affinity [19]. It is found 

throughout neurons and glia in the brain. When 

activated, it quickly causes intracellular calcium 

changes and activates essential neuroprotective 

signaling pathways like PI3K/Akt and 

MAPK/ERK [20]. GPER1 is recognized as a 

major mediator of estrogen's rapid effects on 

synaptic plasticity, neuroprotection, and 

behavior [21]. GPER1 is known to be involved in 

cognitive functions, neuroinflammation and 

psychiatric disorders, showing promise for 

therapeutic uses [19]. 
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Membrane-Initiated Steroid Signaling (MISS): 

Some classical ERα and ERβ can be modified 

to help them move to the plasma membrane 

[22]. These localized ERs interact with 

metabotropic glutamate receptors and other 

proteins to activate similar secondary 

messenger pathways (e.g., Src/ERK, PI3K) as 

GPER1. The MISS pathway is crucial for the 

rapid formation of dendritic spines in the 

hippocampus [23]. 

 

Estrogen-Related Receptors (ERRs):  

The orphan receptors ERRα, ERRβ, and ERRγ 

share similarities with ERs but do not bind 

natural estrogens. They are highly expressed in 

metabolically active tissues, including the brain, 

where they act as transcription factors that 

regulate genes involved in creating energy and 

metabolism [24]. Their interaction with 

coactivators like PGC-1α positions them as 

significant regulators of neuronal energy use, 

which is increasingly tied to the neuroprotective 

effects of estrogen [25]. 

This complex array of receptors and signaling 

mechanisms enables estrogens to modulate 

brain functions, from the quick adjustments of 

synaptic activity to guiding long-term changes in 

gene expression that reshape neuronal 

structure and resilience. 

 

Fundamental Neurobiological Processes that 

are under the control of Estrogens: 

Synaptic Plasticity and Spine Dynamics   

Estrogen consistently boosts strength and 

lowers the threshold for LTP in the CA1 region 

of the hippocampus [26]. This effect involves a 

coordinated mechanism. Rapid signaling 

through mERα/β or GPER1 enhances NMDA 

receptor activity and increases the surface 

expression of AMPA receptors, specifically 

GluA1 subunits, which improves the 

responsiveness of the postsynaptic neurons [27, 

28]. At the same time, genomic actions via 

nuclear ERs lead to an increase in the 

transcription of NMDA receptor subunits 

(GluN1, GluN2B), synaptic scaffolding proteins 

like PSD-95, and proteins involved in spine 

formation [29]. 

Furthermore, a striking finding is that E2 can 

cause a rapid (within 30-120 minutes) and 

significant (30 - 50%) increase in dendritic spine 

density on CA1 pyramidal neuron apical 

dendrites [30,31]. This effect is robust and linked 

to fluctuations during the estrous cycle in 

rodents. The molecular cascade involves ER 

membrane activation of the Rho GTPase/Rho 

kinase/LIM-kinase pathway, which inactivates 

the actin-depolymerizing protein cofilin, leading 

to rapid actin polymerization and spine formation 

[32]. Additionally, E2 activates local dendritic 

protein synthesis through the mTOR and ERK 

pathways, providing the necessary components 

for new synapses [33]. 

Also, estrogens finely adjust the E/I balance 

within neural circuits. They can reduce inhibitory 

tone by lowering glutamic acid decarboxylase 

(GAD67) expression in specific interneurons 
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[34]. and by altering the composition of GABA 

receptor subunits. At the same time, they 

enhance excitatory activity by increasing 

NMDAR activity. This shift decreases inhibition 

while increasing excitation, creating a neural 

network state that is very conducive to plasticity 

and information processing [35]. 

 

Adult Neurogenesis:   

The hippocampus can produce new neurons 

throughout life, in a process known as adult 

neurogenesis. Estrogens are important positive 

regulators of this process in the sub-granular 

zone of the dentate gyrus, with recent evidence 

showing age- and sex-specific modulation. 

Systemic or intrahippocampal administration of 

E2 increases the proliferation of neural 

progenitor cells and improves the survival of 

newly formed neurons [36,37]. This effect mainly 

occurs through ERα and ERβ, which are found 

on progenitor cells. E2 signaling promotes cell 

cycle progression and prevents cell death 

through the activation of survival pathways, such 

as PI3K/Akt [38]. Beyond increasing cell 

numbers, E2 supports the maturation and 

functional integration of new neurons into 

existing hippocampal circuits. It speeds up 

dendritic branching and the expression of 

mature neuronal markers [39]. This process is 

essential for certain types of memory that rely on 

the hippocampus, especially for distinguishing 

between similar experiences [40]. The drop in 

circulating E2 levels during menopause and 

aging is linked to a marked decline in markers of 

adult neurogenesis in animal models [41]. 

Exogenous administration of E2 in these models 

can reverse this decline. This suggests a direct 

relationship between hormonal loss and 

reduced neural flexibility in aging [6]. While 

measuring neurogenesis in living humans is still 

challenging, this connection provides insights 

into cognitive changes related to menopause. 

 

Neuroprotection, Anti-Inflammation and 

Bioenergetics:   

Estrogen is a potent inhibitor of cell death. It 

activates the PI3K/Akt and MAPK/ERK survival 

pathways, which leads to the phosphorylation 

and inactivation of pro-apoptotic factors like Bad 

and caspase-9, while increasing the expression 

of anti-apoptotic proteins such as Bcl-2 and Bcl-

xL [42]. This mechanism is critical in stroke 

models, traumatic brain injuries, and 

neurodegenerative diseases. E2 and its non-

feminizing metabolites (e.g., 2-hydroxyestradiol, 

2-methoxyestradiol) have inherent antioxidant 

properties. The phenolic A-ring of estradiol can 

directly neutralize reactive oxygen species 

(ROS) and lipid peroxides [43]. Furthermore, E2 

increases the expression and activity of natural 

antioxidant enzymes such as superoxide 

dismutase (SOD), glutathione peroxidase, and 

catalase, which strengthens the brain's defense 

against oxidative stress, an important factor in 

aging and neurodegeneration [44]. 

Similarly, when microglia and astrocytes, which 

serve as the immune cells in the brain, are 

activated, they release pro-inflammatory 
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cytokines (TNF-α, IL-1β, IL-6), chemokines, and 

neurotoxic factors. Estrogens primarily act 

through ERα and GPER1 to exert significant 

anti-inflammatory effects. They suppress 

microglial activation, stop the nuclear 

translocation of NF-κB (a major regulator of 

inflammation), and encourage a shift towards a 

protective, anti-inflammatory state in microglia 

[45,46]. These actions are particularly relevant 

to Alzheimer's disease, Parkinson's disease, 

and multiple sclerosis, which all involve 

significant neuroinflammation. 

Neurons are highly demanding on metabolism. 

Estrogens help maintain neuronal energy levels 

by improving mitochondrial function. They boost 

mitochondrial respiration, ATP production, and 

the expression of components in the 

mitochondrial electron transport chain [47]. E2 

also enhances glucose transport into neurons 

and astrocytes by increasing glucose 

transporters (GLUTs) and boosts aerobic 

glycolysis [48]. By ensuring that neurons have 

the energy capacity to meet demand and resist 

stress, estrogen signaling is a vital part of neural 

resilience.   

Summarily, this review synthesizes emerging 

evidence that estrogens, besides their 

reproductive roles, are important neuroactive 

steroids that regulate synaptic plasticity, adult 

neurogenesis, inflammation and energy use in 

both sexes. In the same vein, the benefits of 

estrogens, which depend on timing and dosage, 

are critical determinants of their neuroprotective 

efficacy in brain injuries, psychiatric disorders 

and Alzheimer's diseases. While some 

challenges have been addressed, the 

development of brain-selective estrogen 

receptor modulators (SERMs) holds a promising 

future direction in addressing genetic and 

gender differences in treatment response. 

 

Functional Outcomes and Translational 

Implications:   

Cognition and Memory 

There is strong clinical and preclinical evidence 

that supports the critical (though complicated) 

effect of estrogens on memory, which relies on 

the hippocampus and prefrontal cortex. For 

instance, the performance of the verbal memory 

and executive function tasks during the follicular 

phase among healthy premenopausal women is 

positively related to the endogenous levels of 

E2, and this phenomenon reflects less cognitive 

dysfunction [49]. Bilateral ovariectomy in the 

absence of estrogen treatment is equally linked 

with faster brain aging and the two-fold risk of 

impaired cognitive ability or dementia in old age. 

Such risks are mitigated with estrogen 

replacement that starts at the surgical 

menopause [50]. 

The Women’s Health Initiative Memory Study 

(WHIMS) contributed greatly to the study of the 

effects of Estrogen on cognition. The study 

established that women between 65 and 79 

years who initiated oral conjugated equine 

estrogens (CEE) with or without 

medroxyprogesterone acetate (MPA) were at 

increased risk of experiencing dementia and 
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mild impaired thinking [51]. This unexpected 

finding, even with a large body of preclinical 

neuroprotection evidence, prompted the 

formulation of the "window of opportunity/critical 

period" hypothesis [52,53]. The hypothesis is 

that brain functioning and maintenance can be 

defended by estrogen therapy at 

perimenopause or early postmenopause, before 

age 60 or within 5-10 years of menopause. Late 

treatment initiation when extensive age- or 

disease-induced changes in the brain, such as 

increased Ab deposition or cerebrovascular 

complication may exist, may be both ineffective 

and even detrimental. Animal experiments 

support this timeline, with estrogen protection 

following ovariectomy being more effective in 

middle-aged rats than in those treated later [54]. 

According to the Kronos Early Estrogen 

Prevention Study (KEEPS), early initiation of 

transdermal estrogen (at early menopause) 

could have a beneficial impact on cognitive 

outcomes [55]. Recent changes to the hormone 

replacement treatment (HRT) have suggested 

that hormone replacement should be initiated 

during the period age 10 years after menopause 

or prior to age 60 to achieve maximum cognitive 

advantages as well as have black-box warnings 

on timing removed. 

 

Affective and Neuropsychiatric Disorders 

Depression:  

High E2 variations or declines are associated 

with high risks of depressive episodes in 

vulnerable women such as during the 

postpartum, perimenopausal, and premenstrual 

phases [56]. Mechanistically, E2 promotes 

serotonergic activity by increasing tryptophan 

hydroxylase production, the rate-limiting 

enzyme in 5-HT synthesis, regulation of 5-HT1A 

and 5-HT2A receptor expression and activity 

and decreasing the activity of monoamine 

oxidase, which breaks down monoamines [57]. 

Transdermal E2 has good monotherapy in PMD 

as well as adjunctive therapy [58], and the 

neuroprotective effect of estrogen has infinite 

opportunities to stimulate brain health, 

resilience, and cognitive longevity across the life 

span in both genders. 

 

Schizophrenia:  

Epidemiological studies indicate that sex 

disparity in schizophrenia is large. The diseases 

of women are less severe in nature but more 

emotionally severe, late onset and second peak 

incidence after 45. Gogos reported that the 

symptoms tend to be more severe when 

estrogen levels are low, after giving birth, and 

around the menstrual cycle [59]. It is considered 

that estrogen may protect by improving the 

efficiency of prefrontal cortex and regulating 

dopamine, resulting in a reduction of striatal 

hyper-dopaminergia. Some randomized 

controlled trials have found that adjuvant 

transdermal estradiol or selective estrogen 

receptor modulators, including raloxibine, can 

reduce positive and negative symptoms in 

women with schizophrenia when used in 
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conjunction with regular antipsychotic 

medication [60]. 

 

Neurodegenerative Diseases Alzheimer's 

Disease (AD):  

Estrogens affect all the key pathogenic 

characteristics of AD. They stimulate the non-

amyloidogenic cleavage of amyloid precursor 

protein (APP) via a-secretase pathway 

(ADAM10), thereby reducing the production of 

neurotoxic amyloid-β peptides [61]. They inhibit 

the hyperphosphorylation of tau that causes the 

development of neurofibrillary tangles by 

blocking the action of kinases like GSK-3β [62]. 

They also help with mitochondrial functionality 

and synaptic stability, as well as decreasing 

neuroinflammation. One of the biological risk 

factors of AD is E2 depletion, which is seen in 

the substantially higher rates of AD prevalence 

among postmenopausal women, despite the 

longer lifespan of females [63]. This is most 

evident in the critical period hypothesis, which is 

why the trials of hormone therapy in older 

women with probable AD have failed, though 

observational studies of early-initiating women 

have demonstrated a reduction of risk. 

 

CONCLUSION  

Within the past two decades, research has 

shown that the range of estrogen activity in the 

brain is significantly wider than reproductive 

neuroendocrinology. Initially, estrogens were 

not complex; however, various pleiotropic 

modulators participated in the activities of 

synaptic plasticity, cellular resilience, 

neuroimmune mechanisms, and energy 

homeostasis. These caused a complex program 

of genomic and non-genomic signaling that 

enhanced cognitive processes, buffered 

affective disorders, and highly secured the 

central nervous system against various insults. 

It is one of the enormous tasks of our reality to 

safely, effectively, and feasibly translate these 

convincing preclinical results into clinical 

therapy of neurodegenerative diseases, 

psychiatric disorders, and brain injury. This 

receptor-specific knowledge of the effects of 

estrogen and their relative significance and 

further development of new neural-targeted 

ligands offers a viable and rational future path. 

In fact, there is no better way of ensuring that the 

brain can expect health, resistance, and 

cognitive longevity, particularly among women 

and men of all age groups, than to harness this 

potent endogenous neuroprotective system. 
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