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A B S T R A C T  
 

 

Although produced largely in the periphery, gonadal steroids play a key role in regulating the development and 
functions of the central nervous system and have been implicated in several chronic neuropsychiatric disorders, 
with schizophrenia and Alzheimer’s disease (AD) most prominent. Despite major differences in pathobiology and 
clinical manifestations, in both conditions, estrogen transpires primarily with protective effects, buffering the on- 
set and progression of diseases at various levels. As a result, estrogen replacement therapy (ERT) emerges as one 
of the most widely discussed adjuvant interventions. In this review, we revisit evidence supporting the protective 
role of estrogen in schizophrenia and AD and consider putative cellular and molecular mechanisms. We explore 
the underlying functional processes relevant to the manifestation of devastating conditions, with a focus on 
synaptic transmission and plasticity mechanisms. We discuss specific effects of estrogen deficit on neurotransmit- 
ter systems such as cholinergic, dopaminergic, serotoninergic, and glutamatergic. While the evidence from both, 
preclinical and clinical reports, in general, are supportive of the protective effects of estrogen from cognitive de- 
cline to synaptic pathology, numerous questions remain, calling for further research. 

 
 

 
1. Introduction 

 
For many decades, sex differences in behavior were assumed to re- 

flect the function of the hypothalamus and its role in reproduction and  
stress – controlling the production of reproductive and stress hormones 
and regulating hunger, thirst, and other metabolic mechanisms. Thus, 
sex differences in brain function have been viewed largely in connec- 
tion with biological factors associated with reproduction, regulation, 
and metabolism. However, since the 1980s, emerging evidence suggests 
much broader sex-related variations in brains, from molecular to sys- 
tems levels, and has led to the notion of true neural dimorphisms, based 
on mechanisms and degrees of sexual differentiation, inferring two 
types of brains in the same species [1,2]. These differences concern not 
only substructures of the hypothalamic and limbic regions related to 
sexual function, but extend to areas involved in higher brain functions 
such as cognition, memory, and affective circuits, as well as reward sys- 
tems and basal ganglia function [2]. A growing number of animal and 
human studies, including post-mortem analysis as well as brain imaging 
data, have found considerable sex-related brain differences, rendering 
them an integral part of physiological dimorphism [3,4]. 

While the fundamental differences related to sex contribute to nor- 
mal brain functions, without doubt, they also manifest under pathologi- 
cal conditions, shaping the response of neural processes and mecha- 
nisms to environmental and homeostatic challenges, including stress 
and brain disorders, contributing to differential susceptibility, develop- 
mental onset, and progression, of a range of diseases. Indeed, numerous 
reports suggest that several common and devastating brain diseases dif- 
fer markedly in their rate, progression, and severity between sexes, 
with schizophrenia and Alzheimer’s disease (AD) among the most 
widely discussed [1,2]. While the former is prevalent in men of old 
ages, the latter occurs at significantly higher rates in postmenopausal 
women [5,6]. As key gonadal hormones, estrogens have been impli- 
cated in differential susceptibility of both sexes to these disorders, pro- 
tecting women from schizophrenia and AD. The decline of estrogens af- 
ter the onset of menopause, or menstrual cycle-related estrogen fluctua- 
tions, on the other hand, is thought to enhance the risk of the onset and 
progression of these diseases. Although there is an ongoing debate over 
the efficacy of these gonadal hormones as adjuvant treatment, with 
neuroprotective effects of estrogen considered as replacement therapy 
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(ERT) [7,8], the field remains is full of controversy and requires in- 
depth research. 

In AD, for instance, a significant decline of estrogens linked with 
menstrual pause is acknowledged as a risk factor for higher susceptibil- 
ity to the disease, although until recently, there was a lack of agreement 
if levels of estrogens in the peripheral circulation of AD subjects differ 
from that in age-matched controls. The level of brain estrogens, on the 
other hand, is significantly lower in AD women, as compared to that of 
healthy [9]. Of note, the expression of aromatase, which is a key en- 
zyme converting testosterone into estrogen in the brain, is also lower in 
AD brains [10,11], with a single nucleotide polymorphism in the CYP19 
(aromatase) gene viewed as a major risk factor [12]. These and many 
other studies suggest the possibility that the protective activity of estro- 
gens in the AD brain but not in the periphery may be compromised, 
leading to pathological changes. In schizophrenia, the alleged relation- 
ship of estrogen with the onset and manifestation of the disease and 
protective effects are even more complex. As discussed throughout this 
review, in females, the age of the onset of schizophrenia is 4–5 years 
later than that of men. Also, unlike men with a single onset peak be- 
tween 18 and 24 years of age, in women, the peak of age-at-onset falls 
at 45–50 years and coincides with the beginning of menopause. Intrigu- 
ingly, in brain imaging studies, women reveal fewer structural abnor- 
malities, including ventricles size changes and lower temporal lobe vol- 
ume [13]. As a final point, there is increasing evidence that schizophre- 
nia, in general, has a less severe course of illness in women as compared 
to men, with the former showing a more favorable response to the an- 
tipsychotic treatment. 

Notwithstanding the fundamental difference of etiology, pathobiol- 
ogy, and as well as differences in clinical manifestations between AD 
and schizophrenia, the alleged buffering effects of estrogen imply 
shared molecular targets with potential mechanistic overlap. With 
growing recognition of the mechanistic intersection between these two 
major brain disorders [14,15], the rising evidence for protective effects 
of estrogen warrants critical review and analysis, with the view of fu- 
ture experimental studies and prospective therapeutic translation. 

 
2. Estrogen in the brain: A brief overview 

 
Estrogens ((estrone (E1), estradiol (E2), and estriol (E3)) exert their 

actions in the brain via binding to specific estrogen receptors (ERs). ERs 
comprise two general classes of receptors - genomic and non-genomic, 
which upon activation alter housekeeping, neurochemical, and electro- 
physiological properties of neurons in different regions of the brain. Nu- 
clear receptors for 3H-estradiol were discovered originally in the 
mediobasal forebrain, largely in the preoptic area and hypothalamic 
nuclei, but also within limbic structures such as the amygdala, and 
brainstem regions, including the ventral tegmentum and central grey 
[16–19]. The use of 125I-labelled estradiol subsequently revealed bind- 
ing sites in other regions as well, such as the cortex and striatum [20], 
some of which were found on neuronal membranes. Later, two isoforms 
of nuclear ERs were isolated, known as ERα and ERß [21]. When 
bound, these receptors dimerize and activate their DNA-binding do- 
mains with palindromic estrogen response elements (EREs) or other 
transcription factors that ultimately induce gene transcription and sub- 
sequent protein translation. The latter can act slowly as regulatory en- 
zymes, neurochemicals, or receptors, that alter both the local neuronal 
response to stimulation and the global response of neural systems that 
the hormone-activated neurons are part of. For example, protein- 
synthetic actions of estradiol that lead to ovulation and sexual behavior 
begin days before those events [18,22]. In contrast, binding of estradiol 
to the surface membrane ERs (mERs) can activate G-protein coupled ER 
GPER30 [23], which produce rapid changes in specific second messen- 
gers such as cAMP, inositol trisphosphate (IP3), and Ca2+, and activates 
the mitogen-activated protein kinases (MAPKs) ERK 1 and 2. These 
rapid, non-genomic effects occur within several seconds to minutes and 

alter the membrane potential of neurons, thus creating neurotransmit- 
ter-like effects of estradiol. Due to excellent lipid-solubility, estrogens 
can have a chain of actions, first at mERs to induce short-term changes 
in membrane potential, followed by its effects at nuclear ERs, causing 
long-term changes in protein synthesis and neuronal function (Fig. 1). 

In females, the main source of brain estradiol is ovaries. Upon re- 
lease in the bloodstream, estradiol is transported through the circula- 
tion via steroid hormone binding globulins (SHBGs), which also bind 
the androgens testosterone and dihydrotestosterone. In reproductive 
women, circulating estradiol levels vary between 130 and 400 pg/ml 
depending on the menstrual cycle phase and individual differences. Ap- 
proximately 20 to 40% of circulating ovarian estradiol is taken to the 
brain by SHBGs, with the rest having peripheral actions in muscle, skin, 
bone, uterus, clitoris, etc. In both females and males, however, circulat- 
ing androgens can be metabolized into estradiol by the enzyme aro- 
matase, which is enriched in neurons of the preoptic area, bed nucleus 
of the stria terminalis, thalamus, ventromedial hypothalamus, medial 
amygdala, and hippocampus, and appears critical for local synthesis of 
estradiol from androgens of systemic and neuronal origin. Peripheral 
levels of estradiol and testosterone in both sexes are critically depen- 
dent upon age (Fig. 2A). Estradiol output from ovaries changes dynami- 
cally across the ovulatory/menstrual cycle. In women, the cycle begins 
with a progressive rise in estradiol during the follicular phase and peaks 
a few days before ovulation. Estradiol dips through ovulation, then rises 
during the luteal phase, followed by fall off before menstruation. A sim- 
ilar pattern is observed in female rats, albeit compressed into a 4-day 

cycle. 
Although the role of estradiol via both genomic and nongenomic ef- 

fects have been studied most extensively in the context of female sexual 
behavior [18,22], sexual differentiation [24], and cognition in aging 
[25–27], there is considerable evidence for its general neuroprotective 
effects, with relevance to the treatment of AD and schizophrenia. De- 
spite its ability to mobilize intracellular Ca2+, estradiol has overall pro- 
tective effects on neurons, by preventing the formation of reactive oxy- 
gen species (thus reducing oxidative stress) in mitochondria, maintain- 
ing mitochondrial membrane integrity, and averting the apoptotic re- 
lease of cytochrome c [28]. Additionally, two convergent intracellular 
signaling pathways used by estradiol and IGF-1, the MAPK/ERK and 
phosphatidyl-inositol-3-kinase/Akt (PI3K/Akt) systems, are neuropro- 
tective [29]. Moreover, functions of different transmitter systems of the 
brain can be altered by fluctuating estradiol concentrations during the  
ovulatory - menstrual cycle. These include oxytocin, vasopressin, 
melanocortins, opioids, dopamine, noradrenaline, serotonin, γ- 
aminobutyric acid (GABA), cannabinoids (and other arachidonic acid 
metabolites), and muscarinic cholinergic systems [22]. In the context of 
the pathobiology of AD and schizophrenia, estrogen-induced enhance- 
ment of the expression of tyrosine hydroxylase, the rate-limiting en- 
zyme in the production of the catecholamines dopamine and noradren- 
aline [30], and allosteric association of membrane-bound ERα with 
metabotropic glutamate receptors (mGluRs) [31], and modulation of 
cholinergic activity [7] are of direct relevance. 

 
3. Estrogens and schizophrenia 

 
3.1. Sex and disease prevalence 

 
Although affecting only up to 1% of the world population, schizo- 

phrenia belongs to the most burdensome and costly diseases [32]. It is a 
chronic, severe, and debilitating condition, with no cure available. Only 
about a minority of all affected (~14%) recovers fully within the first 
five years after the disease onset [33]. Epidemiological analysis shows 
that the disease is more prevalent in men than women, with the pre- 
dominant age of onset in men ~ 18–25 years, i.e. on average ~ 7 years 
earlier than in women with the age of onset ~ 25–35 years [34]. Also, 
the course of the disease as well as its prognosis in men are less favor- 
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Fig. 1. Signaling pathways via nuclear and membrane estrogen receptors. The slow (genomic) signaling pathway is mediated via nuclear estrogen receptors 
and rapid (second messenger) signaling pathways via membrane estrogen receptors. Membrane receptors can also mediate slow genomic events via the MAPK 
pathway.  (Figure  created  with  BioRender.com). 

 

 
 

Fig. 2. Sex steroids throughout the lifetime and the disease onset and prevalence. On pane A, blood levels of estradiol and testosterone in men and women 
throughout the lifetime are depicted. Pane B shows the prevalence of schizophrenia and Alzheimer’s disease by age in men and women, in relation to estradiol lev- 
els during and post-reproductive periods. Note. Pane B: SCH – schizophrenia; AD – Alzheimer disease. The figure is based on data in [113]. 

 

able than in women, manifested via greater social, cognitive, and 
neuro-behavioral deficit [35]. Importantly, only women show a second 
age peak of schizophrenia onset, typically after 45 years, corresponding 
to the pre-menopausal period with the onset of hormonal decline [36] 
(Fig. 2). Based on the gender differences in susceptibility to schizophre- 
nia and onset timing, a hypothesis of the protective role of estrogen has 
been proposed, which suggests that“…oestrogens raise the vulnerabil- 
ity threshold for the outbreak of the disease“ [37]. This view is in gen- 
eral agreement with the observation that psychotic symptoms worsen 
during physiological states with low estradiol levels, i.e. after child- 
birth, pre- or during menstruation, as well as in women of post- 
reproductive age [38,39]. In men diagnosed with schizophrenia, on the 

other hand, elevated levels of free testosterone and DHEA-S during the 
first episode of psychosis were reported in a meta-analysis [40]. 

While the hormonal imbalances in schizophrenic patients can be 
partly attributed to antipsychotic medications, changes  in  estrogen 
level and activity occur also in drug-naïve cohorts [36]. Further evi- 
dence suggests that sex steroid imbalances might not only exist before 
the antipsychotic medication but also well before the onset of the dis- 
ease. For example, Riecher-Rössler (2002) [37] reported later onset of 
menarche, greater loss of hair, mid-cycle bleeding, light bleeding, hir- 
sutism, and tendency to infertility, all before the disease onset. At a 
neuro-behavioral level, reports suggest prominent socio-sexual difficul- 
ties (e.g. opposite-sex involvement) in young people at high risks of 



R. Androvičová et al. Neuroscience Letters xxx (xxxx) 136038 

4 

 

 

 
schizophrenia, long before the disease onset [41,42]. It is of note that 
these aspects are crucially connected to hormonal surges in puberty and 
sexual maturation. 

 
3.2. Putative mechanisms of estrogen involvement in schizophrenia 

 
Schizophrenia is currently conceptualized as a disturbance to the 

complex dopaminergic and glutamatergic interactions within the ven- 
tral tegmental area, limbic structures, and prefrontal cortex, manifested 
by mesolimbic dopaminergic hyperfunction, mesocortical dopaminer- 
gic hypofunction, and mesocortical glutamatergic hyperfunction [43, 
44]. Besides these traditional schizophrenia pathways, recent neu- 
roimaging studies suggest a crucial role of the nigrostriatal dopaminer- 
gic system [45] and bilateral atrophy of subcortical structures such as 
the hippocampus, amygdala, thalamus, and nucleus accumbens [46]. 
Serotonergic and muscarinic cholinergic systems are also of relevance 
to schizophrenia, being involved in perception/sensory gating abnor- 
malities [47] and cognitive deficit [48], respectively. Importantly, the 
topographic mosaic of ER distribution in the brain aligns conspicuously 
with all the major structures and networks implicated in the neurobiol- 
ogy of schizophrenia [49] (Fig. 3), further implicating the involvement 
of ER in the disease. Furthermore, a high degree of co-localization of ER 
with D2 receptor in neuronal bodies in the arcuate nucleus of the hypo- 
thalamus, which projects to the anterior pituitary, constituting the so- 
called tuberoinfundibular pathway implicates the involvement of these 
circuits as well. Of note, functional dysregulations in these systems, to- 
gether with supra-normal prolactin release, which causes amenorrhea, 
galactorrhea, gynecomastia, and sexual dysfunction, have been re- 
ported in antipsychotic-medicated as well as in drug-naïve schizophre- 
nia patients [50]. Finally, a pioneering postmortem study [51] has 
shown a disease-specific reduction in ERα expression in the dorsolateral 
prefrontal cortex and dentate gyrus of the hippocampus in men and 
women, with follow up reports demonstrating differential regulation of 
arrays of genes associated with lower expression of ER not only in ani- 
mal models but also in schizophrenia patients [52]. 

 
3.3. Estrogen as adjuvant therapy for schizophrenia 

 
The positive modulation of estrogen signaling in schizophrenia pa- 

tients can have a therapeutic impact. Polymeropoulos et al. [53] sug- 
 
 

 
 

Fig. 3. Estrogen receptors topology in respect to schizophrenia. This figure 
shows topological overlaps between estrogen receptors’ distribution  in  the 
brain and areas implicated in schizophrenia. The high degree of co-localization 
adds further credibility to hypotheses about the involvement of estrogen signal- 
ing in schizophrenia etiology. Note. (Figure created with BioRender.com). 

gested that some antipsychotics might exert their therapeutic effects via 
enhancement of the estrogen signaling system. To date, several well- 
controlled clinical trials confirmed the ameliorative effects of estrogens 
and selective ER modulators (SERMs) in women and men with schizo- 
phrenia [54,55]. Patients who received estrogen adjunct therapy re- 
quired lower dosages of antipsychotics for symptomatic relief and 
showed better functional and clinical outcomes. It is of special impor- 
tance that, unlike current antipsychotics targeting primarily positive 
symptoms, estrogens appear to improve also negative symptoms and so- 
cial-cognitive aspects of patients. 

Besides protective effects countering excitotoxicity, oxidative stress, 
inflammation, and apoptosis, estrogens may also improve dopaminer- 
gic and glutamatergic signaling, as shown in animal models [52]. These 
effects include normalization of D1/D2 and mGluR expression, en- 
hancement of the transporter availability and functions (DAT, EAAT 1, 
and EAAT 2), and restoration of levels of DA as well as its primary and 
secondary metabolites, DOPAC and HVA, respectively, in selected brain 
regions. Upregulated 5-HT1A and downregulated 5-HT2A in the pre- 
frontal cortex have been also reported in schizophrenia patients [56]. 
Estradiol replacement therapy, as shown in studies with positron emis- 
sion tomography (PET), increases 5-HT2A binding in postmenopausal 
women [57,58] but does not affect the expression of 5-HT1A [59]. Go- 
gos et al. (2015) have reported that pre-treatment of female rats with 
17β-estradiol prevents prepulse inhibition abnormalities caused by 
blockade of 5-HT1A [60]. Blockade of muscarinic cholinergic drive me- 
diated via M1 and M4 receptors has been also shown to alleviate cogni- 
tive and positive symptoms of schizophrenia [48]. Finally, multiple re- 
ports in animal models have suggested that 17β-estradiol regulates the 
expression of various muscarinic acetylcholine receptor subtypes [61] 
and stimulates both, synthesis and activity of acetylcholine esterase 
[62]. Beneficial effects of estrogens on neuro-behavioral phenotypes of 
schizophrenia (sensory-motor gating via pre-pulse inhibition, cognitive 
functions via object recognition test, and locomotor hyperactivity) me- 
diated by  serotonergic system  have also  been documented  [52]. It 
should be noted that reports of the role of estrogens in animal models 
have been primarily carried out after gonadectomy, which leads to 
compensatory upregulation of ERs in the brain. It remains unknown 
whether any such changes are in play in schizophrenia patients receiv- 
ing ERT. Gogos et al. (2015) reasoned that a specific reduction in the 
expression of ERα in the prefrontal cortex of patients [51] is unlikely to 
result from the lower peripheral levels of steroids, as decrease of estro- 
gens in circulation is known to upregulate central ER [52]. Other mech- 
anisms should be considered as well in this context, including the adap- 
tive response to chronic stress. Indeed, in a study related to endo- 
cannabinoid signaling, chronic stress was shown to downregulate CB1 
receptor expression and also significantly reduce hippocampal 2- 
arachidonylglycerol, overwhelming compensatory mechanisms [63]. 

 
4. Estrogen and Alzheimer’s disease 

 
4.1. Epidemiological and phenomenological overview 

 
With the projected > 90 million people affected worldwide by 

2050 [64,65], AD is one of the major public health care priorities. 
Amongst the key challenges is the heterogeneity of disease manifesta- 
tion and progression among patients, with cases greatly varying by the 
extent of amyloid pathology and cognitive decline [66]. These varia- 
tions fueled an interest in the characterization of both, genetic and phe- 
notypic traits which predict the disease onset and progression, which 
should help to decide on intervention response. Genetic and phenotypic 
characteristics are applied in stratification and clustering for AD diag- 
nosis and treatment, with sex-related differences receiving much inter- 
est [1]. Nonetheless, current discussions of sex differences in AD fo- 
cuses primarily on epidemiological aspects. It emerged recently, that 
sex differences are of key relevance to the pathobiology of AD, given 
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the larger number of women than men affected worldwide (2:1 women: 
men ratio) [1,67] (Fig. 2B). While there is data suggesting that these 
differences could be due to environmental trends and domestic condi- 
tions, i.e. socio-economic, occupation, education, and  other  factors 
[68], considerable evidence suggests that differences in biology are also 
at play. The general notion is that sex differences in AD frequency are 
due to complex factors, which determine the longer life expectancy of 
women, especially after a diagnosis of AD, contributed by the low sur- 
vival of men with the prevalent co-morbidities of old age [69]. This 
view, however, is waiting for systematic analysis. 

Sex-related differences are of key relevance to differences in cogni- 
tive aging and AD, manifesting at multiple levels across the full spec- 
trum of tests. In verbal and cognitive tests, for instance, healthy women 
score consistently higher in all age groups and display slower cognitive 
decline. This trend is typically maintained during the prodromal and 
amnestic mild cognitive impairment (aMCI) stage of AD but fades away 
with the progression of the disease [70,71]. Cognitive data from a ma- 
jority of studies indicate that in clinical AD, women score lower than 
men in verbal memory and fluency tasks, particularly confrontation 
naming tasks. Hence, the lack of sex differences in memory perfor- 
mance observed in early stages of clinical AD indicates substantial sex- 
related reversal effects, with mounting data inferring faster cognitive 
deterioration in women over the early 2 years of the disease, with dis- 
ease progression twice as fast over the next 8 years [72]. These findings 
however need to be interpreted with caution given recent evidence ob- 
tained with the use of sex-specific cut-offs in which women, on average, 
score higher on verbal memory tasks [73,74]. Sundermann et al. (2019) 
reported recently that when sex-specific scores and cut-offs were used 
for MCI diagnosis, the number of women diagnosed increased by over 
30%, whereas the number of men diagnosed decreased to a similar ex-  
tend [73]. Importantly, in women diagnosed with MCI, but only when 
sex-specific cut-offs were used, imaging biomarkers of AD showed more 
advanced pathology than in those who were not diagnosed with MCI. 
On the other hand, in men diagnosed with MCI using the non-specific 
cut-offs but not sex-specific cut-offs, AD brain imaging biomarkers were 
similar to men without MCI, compared to men with MCI. It is important 
to note that fast-progressing cases of AD are also more prevalent in 
women [75]. The use of these new methods not only improves the as- 
sessment of cognitive decline in MCI, but also allows the selection of a 
more effective approach for differential treatment of men and women. 

Finally, a comparison of neuropsychiatric symptoms among individ- 
uals with sporadic AD and related behavioral dysfunctions and mood 
components showed women being affected more severely than men 
[1]. The specific biological underpinnings of sex-related differences 
with greater sensitivity of women to AD remain a matter of research, 
with divergence in synaptic biology and mechanisms of neuromodula- 
tion, neurotrophic signaling, immune responses, and others contribut- 

ing to the observed effects. 
 

4.2. Estrogen, brain, and Alzheimer disease 
 

Neurochemical tests with functional studies showed significantly re- 
duced levels of circulating 17β-estradiol and testosterone in women and 
men with AD, respectively [76,77]. Due to the major decline of endoge- 
nous estrogen after menopause and increase in human longevity, 
women on average spend almost a third of their life in deficiency of es- 
trogen, with related disabilities. As a neuroactive steroid, estrogen has 
protective effects with its decline causing impairment of brain functions 
and mechanism [78]. Estrogen is known as a potent stimulant of neuro- 
genesis and plasticity, with changes in its level and activity related to 
impairments of neuroplasticity and deficit of renewal of neurons of the 
dentate gyrus of the hippocampus, contributing to memory and learn- 
ing deficit. In women with MCI, hippocampal atrophy has been corre- 
lated with a decline in mnemonic and cognitive function [79]. Another 
widely discussed mechanism that also contributes to cognitive impair- 

ments during estrogen decline is the deregulation of cholinergic drive 
and related plasticity mechanisms. Endogenous acetylcholine plays a 
key role in regulating synaptic plasticity induction threshold as well as 
synchrony of hippocampal and cortical circuits [80,81]. Accordingly, 
loss of cholinergic neurons is recognized as one of the key hallmarks of 
AD [82,83]. Considerable data suggest that both transmitter and modu- 
lator effects of estrogen on plasticity and cognitive performance are re- 
lated to, or rely upon, interactions with cholinergic transmnission. The 
latter seem to be mediated via ERα, but not ERβ [84,85]. Pongrac and 
colleagues showed that estradiol increases high-affinity choline uptake 
via MAPK [86] which leads to increase in cholinergic drive. Estradiol 
has been reported to stimulate CREB signaling in basal forebrain cholin- 
ergic neurons in adult mice, an effect that was blocked by inhibition of 
MEK1/2 [87]. These findings show that estradiol can act via ERα τo ac- 
tivate MAPK signaling, leading to CREB phosphorylation, with effects 
on a range of processes governed by cholinergic activity [7]. 

Neuroactive effects of estrogen have been also shown by studies of 
dendritic spine dynamics and neuronal morphology [88–90]. Changes 
in neuronal morphology are likely to impact the dynamics of neural cir- 
cuits as well as synaptic integration. Induced by estrogen increase in 
dendritic spine numbers and synaptic contacts in the hippocampus, hy- 
pothalamic nuclei and amygdala have been implicated in amelioration 
of cognition in primates [91]. Overall, these findings show that estro- 
gens via modulation of synaptic transmission and promotion of adult 
neurogenesis and dendritic spine plasticity could regulate higher brain 
function and protect against cognitive decline with memory loss of AD. 

Concerning more specifically the neurobiology of AD and estrogens,  
the protective effect of female hormones is partly associated with the 
reduction of Aβ toxicity [92]. The latter is mediated via promoting Aβ 
clearance by activation of microglial phagocytosis and enhancement of 
Aβ degradation, in addition to regulation of the levels of major pro- 
teases responsible for Aβ breakdown and non-amyloidogenic processing 
of APP protein [14]. The regulation of APP processing by estrogens in- 
volves activation of MARK/ERK, lowering the level of BACE1, which is 
the rate-limiting enzyme for Aβ production, also implicated in the 
pathobiology of AD and schizophrenia [14,93]. The protective effects of 
estrogen are also mediated via its anti-apoptotic action, seemingly us- 
ing stimulation of the expression of anti-apoptotic Bcl-xL and Bcl-w and 
inhibition of pro-apoptotic Bim, and by this, protecting neurons from 
Aβ neurotoxicity [94]. Importantly, estrogens have been also reported 
to lower the toxicity of hyperphosphorylated tau, known as a key com- 
ponent of neurofibrillary tangles. The latter involves modulation of the 
activity of phosphatases or kinases, including most importantly, PKA, 
Wnt, and GSK-3β [95]. In light of these complex regulatory processes, it 
is conceivable that a menopause-related decrease in ovarian estrogen 
might contribute to the onset of AD in women with their higher suscep- 

tibility. 
The notion that brain-estrogen deficiency might elevate the risk of 

AD received further support from preclinical studies demonstrating that 
genetic inhibition of aromatase in female AD transgenic mice leads to 
acceleration of the pathology, as compared to controls [96,97]. These 
findings are in line with the results of studies of brain aromatase expres- 
sion and polymorphisms in women, as well as with changes in estrogen 
activity in the brain of AD patients [12,97,98]. Accordingly, analysis of 
estrogen level changes in postmortem brain showed considerably lower 
levels in AD women as compared to age-matched healthy controls [10, 
99], confirming the potential role of the estrogen decline in the patho- 
biology of the disease. At the same time, markers for estrogen biosyn- 
thesis in AD brain, as well as serum levels of estrogens, remained un- 
changed, inferring a decline of brain estrogen only. The latter has been 
confirmed by indirect evidence, with aromatase mRNA levels found ele- 
vated in the astrocyte of AD patients [12,98]. Of note, during physio- 
logical aging, the aromatase levels in the brain are significantly in- 
creased. In agreement with the overall reduction of brain estrogen and 
downregulation of its functions in women with AD, the general decline 
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in activity of sex steroids has been reported as a common trend. Indeed, 
numerous reports have shown an age-related sex-independent increase 
in aromatase expression in brain regions with above-average suscepti- 
bility to AD, and their significant downregulation in AD [11,100]. In 
light of the above mentioned, the differences in brain estrogen levels in 
women affected with AD as compared to healthy can qualify only as 
suggestive of higher risks of AD in a fraction (13–15%) of aged women. 

 
4.3. Estrogen as a neuroprotective agent in AD 

 
In concordance with the neuroprotective role of estrogen, studies in 

APP transgenic mice with low levels of brain estrogen developed early- 
onset neuropathological changes, with more severe AD-like pathology 
reported in ovariectomized APP females [101,102]. Experimental in- 
duction of brain estrogen deficiency caused intensified neuropathologi- 
cal phenotype in female mice, as compared to the ovariectomized APP 
line [97]. Together with discussed above clinical evidence from hu- 
mans, these and numerous other studies infer the neuroprotective role 
of estrogen, with the menopausal reduction in its activity contributing 
to the higher number of AD women with the more severe manifestation 
of the pathology. This view is in agreement with the reported effects of 
surgical menopause on the development of cognitive decline and AD. 
Clinical studies of the association between age at surgical menopause 
with cognitive decline and AD pathology showed that early age at surgi- 
cal menopause was significantly associated with cognitive decline and 
AD neuropathology [103]. ERT for at least 10 years, when adminis-  
tered 5-year premenopausal window had protective effects, with over- 
all better cognitive performance. The same study showed no association 
of cognitive decline with natural menopause. 

The notion of the protective role of estrogen is also supported by 
more recent clinical evidence, with emerging areas for therapeutic in- 
terventions. Accordingly, aromatase inhibitors (AIs) such as letrozole, 
anastrozole, and exemestane, which have been approved for the treat- 
ment of breast cancer, display neuroprotective effects against AD [104, 
105]. Indeed, anastrozole treatment has been reported to restore the 
impaired processing speed and verbal memory in postmenopausal 
women with breast cancer, as compared to drug-free healthy women 
[100,105]. Similar findings were reported by earlier studies with the 
use of anastrozole, with the drug-treated group, showing no impair- 
ment in cognitive performance [106,107]. Nevertheless, evidence from 
tamoxifen (estrogen receptor modulator) studies suggests that its ad- 
ministration may involve a risk for cognitive impairments, particularly 
in advanced-aged women [108,109]. As tamoxifen and other inhibitors 
of estrogen receptors interfere with estrogen receptor signaling, it was 
proposed that changes in brain estrogen levels and activity might be in- 
volved in cognitive impairments of AD. The results of systematic clini- 
cal trials of estrogen-containing hormone therapy in AD patients re- 
main inconclusive, with little systematic evidence available supporting 
improvements of cognitive symptoms [110,111]. 

 
5. Conc 

 
Deficient estrogen activity in the brain seems to be a common de- 

nominator of schizophrenia and AD, two major mental disorders char- 
acterized by cognitive deficit and psychotic episodes. Both conditions 
show estrogen-related complex manifestations in their onset and clini- 
cal advancement. Estrogens seem to play a protective role in the brain, 
via various mechanisms, either acting at a slow rate, through nuclear 
receptors ERα and ERβ, or rapidly, through activation of membrane ER 
and MAPK signaling pathways (MAPK pathway can also deliver its ef- 
fects via slow genomic signaling). 

Regarding schizophrenia, there is a pressing need for medication 
that would target not only positive but also negative symptoms. Based 
on the distribution of ERs throughout the brain, which overlaps with 
structures involved in the pathogenesis of schizophrenia, and due to 

ERs involvement in the pharmacological effect of antipsychotic medica- 
tion and premorbid abnormities, ER signaling has been implicated in 
the etiology of the disease, and thus, might be targeted in order to coun- 
teract, normalize and cure the disease symptoms. At this stage, how- 
ever, failure to replicate findings of numerous reports (listed in [112]), 
render estrogen therapy as an experimental add-on treatment option. 

Regarding AD, hormonal changes associated with menopausal tran- 
sition and in the post-menopause period demonstrated estrogen’s po- 
tential of influencing processes associated with disease manifestation 
and pathogenesis. There is also ample evidence that estrogens reduce 
Aβ levels and toxicity, and optimize functions of both, neurons and glia. 
In animal studies, estrogen deficiency has been linked to the elevated 
risk of AD-like neuropathology and behavioral phenotype. Despite 
promising indications, randomized clinical trials failed to show that 
hormone therapy improves cognitive symptoms in women with AD. Un- 
fortunately, no conclusive clinical trial data is also available to validate 
the critical window hypothesis, which suggests that hormone therapy  
initiated at a younger age, before the onset of menopause, may reduce 
the risk of AD. 

In conclusion, estrogen therapy of both schizophrenia and AD re- 
mains experimental. Well-designed preclinical studies with convergent 
evidence from laboratory models, and long-term clinical trials using 
surrogate biomarkers of brain function and neural pathology, are 
needed to provide relevant answers to the conflicting findings reported 
in many basic and translational studies. 

 
Declaration of Competing Interest 

 
The authors declare that they have no known competing financial 

interests or personal relationships that could have appeared to influ- 
ence the work reported in this paper. 

 
Acknowledgements 

 
This study was supported by the project Sustainability for the Na- 

tional Institute of Mental Health, under grant number LO1611, with fi- 
nancial support from the Ministry of Education, Youth and Sports of the 
Czech Republic under the NPU I program. This study was further sup- 
ported by the Czech Health Research Council, under grant number 
NU21J-04-00024. 

 
Financial disclosure 

 
The authors of this study report no financial interests. 

 
Author’s contribution 

 
R.A, J.G.P., and S.V.O. conceived the study; all three authors pre- 

pared the manuscript, reviewed, commented, and approved the final 
submission version. 

 
ences 

 
[1]  M.T. Ferretti, et al., Sex differences in Alzheimer disease – the gateway to precision 

medicine, Nat Rev Neurol 14 (8) (2018) 457–469. 
[2]  G.E. Gillies, S. McArthur, Estrogen actions in the brain and the basis for differential 

action in men and women: a case for sex-specific medicines, Pharmacol. Rev. 62 
(2) (2010) 155–198. 

[3] J. Sacher, et al., Sexual dimorphism in the human brain: evidence from 
neuroimaging, Magn. Reson. Imaging 31 (3) (2013) 366–375. 

[4]  A.R. Genazzani, A. Giannini, and S. T., Dimorphism of Human Brain: The Basis of 
the Gender Differences. Frontiers in Gynecological Endocrinology., ed. Sultan C. 
and G. A. 2017: ISGE Series, Springer,. 

[5]  T. Iram, A. Keller, T. Wyss-Coray, An 80,000-Piece Puzzle of Alzheimer’s Disease, 
Immunity 50 (6) (2019) 1349–1351. 

[6]  M.K. Andrew, M.C. Tierney, The puzzle of sex, gender and Alzheimer’s disease: 
Why are women more often affected than men?, Women’s Health 14 (2018) 1–8. 

[7]  R.B. Gibbs, Estrogen therapy and cognition: a review of the cholinergic hypothesis, 
Endocr. Rev. 31 (2) (2010) 224–253. 

[8]  B. Imtiaz, et al., Postmenopausal hormone therapy and Alzheimer disease: A 

http://refhub.elsevier.com/S0304-3940(21)00416-X/h0005
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0005
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0010
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0010
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0010
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0015
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0015
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0025
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0025
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0030
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0030
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0035
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0035
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0040


R. Androvičová et al. Neuroscience Letters xxx (xxxx) 136038 

7 

 

 

 
prospective cohort study, Neurology 88 (11) (2017) 1062–1068. 

[9]  A.G. de Lange, et al., Women’s brain aging: Effects of sex-hormone exposure, 
pregnancies, and genetic risk for Alzheimer’s disease, Hum. Brain Mapp. 41 (18)   
(2020)  5141–5150. 

[10]  T.A. Ishunina, et al., Diminished aromatase immunoreactivity in the 
hypothalamus, but not in the basal forebrain nuclei in Alzheimer’s disease, 
Neurobiol. Aging 26 (2) (2005) 173–194. 

[11]  J. Prange-Kiel, et al., Aromatase Expression in the Hippocampus of AD Patients and 
5xFAD Mice, Neural Plast. 2016 (2016) 9802086. 

[12]  C. Medway, et al., The sex-specific associations of the aromatase gene with 
Alzheimer’s disease and its interaction with IL10 in the Epistasis Project, Eur. J. 
Hum. Genet. 22 (2) (2014) 216–220. 

[13]  E. Cavedo, et al., Sex differences in functional and molecular neuroimaging 
biomarkers of Alzheimer’s disease in cognitively normal older adults with   
subjective memory complaints, Alzheimers Dement 14 (9) (2018) 1204–1215. 

[14]  S.V. Ovsepian, et al., The Ups and Downs of BACE1: Walking a Fine Line between 
Neurocognitive and Other Psychiatric Symptoms of Alzheimer’s Disease,   
Neuroscientist (2020) p. 1073858420940943. 

[15]  M.A.A. DeMichele-Sweet, et al., Correction: Genetic risk for schizophrenia and 
psychosis in Alzheimer disease, Mol. Psychiatry 25 (11) (2020) 3109–3111. 

[16]  D.W. Pfaff, Autoradiographic localization of radioactivity in rat brain after 
injection of tritiated sex hormones, Science 161 (3848) (1968) 1355–1356.   

[17] D.W. Pfaff, Uptake of 3H-estradiol by the female rat brain. An autoradiographic 
study, Endocrinology 82 (6) (1968) 1149–1155. 

[18]  D.W. Pfaff, Estrogens and brain function : neural analysis of a hormone-controlled 
mammalian reporductive behavior x (1980) 281. 

[19]  W.E. Stumpf, Estradiol-concentrating neurons: topography in the hypothalamus by 
dry-mount autoradiography, Science 162 (3857) (1968) 1001–1003. 

[20] T.J. Brown, et al., In vitro labeling of gonadal steroid hormone receptors in brain 
tissue sections, Steroids 60 (11) (1995) 726–737. 

[21]  P.T. Saunders, Oestrogen receptor beta (ER beta), Rev. Reprod. 3 (3) (1998) 
164–171. 

[22] J.G. Pfaus, et al., Female Sexual Behavior, in: T.M. Plant, A.J. Zeleznik (Eds.), 
Knobil and Neill’s Physiology of Reproduction, Elsevier, New York, 2015, pp. 
2287–2370. 

[23]  M.A. Zimmerman, et al., GPER-novel membrane oestrogen receptor, Clin. Sci. 
(Lond) 130 (12) (2016) 1005–1016. 

[24]  M.M. McCarthy, A.P. Arnold, Reframing sexual differentiation of the brain, Nat. 
Neurosci. 14 (6) (2011) 677–683. 

[25]  G. Fink, et al., Estrogen control of central neurotransmission: effect on mood, 
mental state, and memory, Cell. Mol. Neurobiol. 16 (3) (1996) 325–344. 

[26]  D. Kimura, Sex, sexual orientation and sex hormones influence human cognitive 
function, Curr. Opin. Neurobiol. 6 (2) (1996) 259–263. 

[27]  C.D. Toran-Allerand, et al., Cellular variations in estrogen receptor mRNA 
translation in the developing brain: evidence from combined [125I]estrogen   
autoradiography and non-isotopic in situ hybridization histochemistry, Brain Res. 
576 (1) (1992) 25–41. 

[28] C. Borrás, et al., Direct antioxidant and protective effect of estradiol on isolated 
mitochondria, BBA 1802 (1) (2010) 205–211. 

[29] A. Quesada, B.Y. Lee, P.E. Micevych, PI3 kinase/Akt activation mediates estrogen 
and IGF-1 nigral DA neuronal neuroprotection against a unilateral rat model of 
Parkinson’s disease, Dev. Neurobiol. 68 (5) (2008) 632–644. 

[30]  T. Ivanova, C. Beyer, Estrogen regulates tyrosine hydroxylase expression in the 
neonate mouse midbrain, J. Neurobiol. 54 (4) (2003) 638–647. 

[31] P.E. Micevych, P.G. Mermelstein, K. Sinchak, Estradiol membrane-initiated 
signaling in the brain mediates reproduction, Trends Neurosci. 40 (11) (2017) 
654–666. 

[32]  W. Rössler, et al., Size of burden of schizophrenia and psychotic disorders, Eur. 
Neuropsychopharmacol. 15 (4) (2005) 399–409. 

[33]  D.G. Robinson, et al., Symptomatic and functional recovery from a first episode of 
schizophrenia or schizoaffective disorder, Am. J. Psychiatry 161 (3) (2004)   473–
479. 

[34]  S. Ochoa, et al., Gender differences in schizophrenia and first-episode psychosis: a 
comprehensive literature review, Schizophr. Res. Treatment. 2012 (2012) 916198.   

[35]  K.M. Abel, R. Drake, J.M. Goldstein, Sex differences in schizophrenia, Int. Rev. 
Psych. 22 (5) (2010) 417–428. 

[36]  J.A. Markham, Sex steroids and schizophrenia, Rev. Endocr. Metab. Disord. 13 (3) 
(2012)  187–207. 

[37] A. Riecher-Rössler, Oestrogen effects in schizophrenia and their potential 
therapeutic implications–review, Arch. Womens Ment. Health. 5 (3) (2002) 
111–118. 

[38]  M.V. Seeman, Women who suffer from schizophrenia: Critical issues, World J.  
Psychiatr. 8 (5) (2018) 125. 

[39]  S.V. Ovsepian, V.B. O’Leary, C. Hoschl, Mainstream psychiatry reinstates 
therapeutic ventures of the remote past, Drug Discovery Today (2021). 

[40]  B. Misiak, et al., Testosterone, DHEA and DHEA-S in patients with schizophrenia: A 
systematic review and meta-analysis, Psychoneuroendocrinology 89 (2018)   92–
102. 

[41]  S.L. Hans, et al., Social adjustment of adolescents at risk for schizophrenia: the 
Jerusalem Infant Development Study, J. Am. Acad. Child Adolesc. Psychiatry 39   
(11)  (2000)  1406–1414. 

[42]  S. Dragt, et al., Environmental factors and social adjustment as predictors of a first 
psychosis in subjects at ultra high risk, Schizophr. Res. 125 (1) (2011) 69–76.   

[43]  C.A. Jones, D.J. Watson, K.C. Fone, Animal models of schizophrenia, Br. J. 
Pharmacol. 164 (4) (2011) 1162–1194. 

[44]  P. Jorratt, C. Hoschl, S.V. Ovsepian, Endogenous antagonists of N-methyl-d- 

aspartate receptor in schizophrenia, Alzheimers Dement (2020). 
[45]  R.A. McCutcheon, A. Abi-Dargham, O.D. Howes, Schizophrenia, dopamine and the 

striatum: from biology to symptoms, Trends Neurosci. 42 (3) (2019) 205–220. 
[46]  D. Koshiyama, et al., Role of subcortical structures on cognitive and social function 

in schizophrenia, Sci. Rep. 8 (1) (2018) 1–9. 
[47] J. González-Maeso, et al., Identification of a serotonin/glutamate receptor complex 

implicated in psychosis, Nature 452 (7183) (2008) 93–97. 
[48]  T.J. Raedler, R. Tandon, Cholinergic mechanisms in schizophrenia: current 

concepts, Curr. Psychos. Ther. Rep. 4 (1) (2006) 20–26. 
[49]  A. Almey, T.A. Milner, W.G. Brake, Estrogen receptors in the central nervous 

system and their implication for dopamine-dependent cognition in females, Horm. 
Behav. 74 (2015) 125–138. 

[50]  I. Montalvo, et al., Increased prolactin levels are associated with impaired 
processing speed in subjects with early psychosis, PLoS ONE 9 (2) (2014) e89428. 

[51]  W.R. Perlman, et al., Alteration in estrogen receptor alpha mRNA levels in frontal 
cortex and hippocampus of patients with major mental illness, Biol. Psychiatry 58 

(10) (2005) 812–824. 
[52]  A. Gogos, et al., A Role for Estrogen in Schizophrenia: Clinical and Preclinical 

Findings, Int. J. Endocrinol. 2015 (2015) 615356. 
[53]  M.H. Polymeropoulos, et al., Common effect of antipsychotics on the biosynthesis 

and regulation of fatty acids and cholesterol supports a key role of lipid 
homeostasis in schizophrenia, Schizophr. Res. 108 (1–3) (2009) 134–142. 

[54] J. de Boer, et al., The effect of raloxifene augmentation in men and women with a 
schizophrenia spectrum disorder: a systematic review and meta-analysis, npj 
Schizophr. 4 (1) (2018) 1–6. 

[55]  J. Kulkarni, S. Butler, A. Riecher-Rössler, Estrogens and SERMS as adjunctive 
treatments for schizophrenia, Front. Neuroendocrinol. 53 (2019) 100743. 

[56] S. Selvaraj, et al., Alterations in the serotonin system in schizophrenia: a systematic 
review and meta-analysis of postmortem and molecular imaging studies, Neurosci. 
Biobehav. Rev. 45 (2014) 233–245. 

[57]  A. Kugaya, et al., Increase in prefrontal cortex serotonin2A receptors following 
estrogen treatment in postmenopausal women, Am. J. Psychiatry 160 (8) (2003) 
1522–1524. 

[58]  E.L. Moses, et al., Effects of estradiol and progesterone administration on human 
serotonin 2A receptor binding: a PET study, Biol. Psychiatry 48 (8) (2000) 854–
860. 

[59]  G.S. Kranz, et al., Effects of hormone replacement therapy on cerebral serotonin- 
1A receptor binding in postmenopausal women examined with [carbonyl-11C] 
WAY-100635, Psychoneuroendocrinology 45 (2014) 1–10. 

[60]  A. Gogos, M. van den Buuse, Comparing the effects of 17β-oestradiol and the 
selective oestrogen receptor modulators, raloxifene and tamoxifen, on prepulse 
inhibition in female rats, Schizophr. Res. 168 (3) (2015) 634–639. 

[61]  C.C. Cardoso, et al., Effects of 17β-estradiol on expression of muscarinic 
acetylcholine receptor subtypes and estrogen receptor α in rat hippocampus, Eur. 
J. Pharmacol. 634 (1–3) (2010) 192–200. 

[62] R.T. dos Santos Pereira, et al., Effects of estrogen on intracellular signaling 
pathways linked to activation of muscarinic acetylcholine receptors and on 
acetylcholinesterase activity in rat hippocampus, Biochem. Pharmacol. 75 (9) 
(2008)  1827–1834. 

[63]  M.N. Hill, et al., Downregulation of endocannabinoid signaling in the 
hippocampus following chronic unpredictable stress, Neuropsychopharmacology 
30 (3) (2005) 508–515. 

[64]  G.B.D.D. Collaborators, Global, regional, and national burden of Alzheimer’s 
disease and other dementias, 1990–2016: a systematic analysis for the Global 
Burden of Disease Study 2016, Lancet Neurol. 18 (1) (2019) 88–106. 

[65]  A. Wimo, et al., The worldwide costs of dementia 2015 and comparisons with 
2010, Alzheimers Dement 13 (1) (2017) 1–7. 

[66]  S. Gauthier, et al., Why has therapy development for dementia failed in the last 
two decades?, Alzheimers Dement 12 (1) (2016) 60–64. 

[67]  A. Alzheimer’s, 2015 Alzheimer’s disease facts and figures, Alzheimers Dement 11 
(3) (2015) 332–384. 

[68]  M.M. Mielke, P. Vemuri, W.A. Rocca, Clinical epidemiology of Alzheimer’s disease: 
assessing sex and gender differences, Clin. Epidemiol. 6 (2014) 37–48. 

[69]  G. Chene, et al., Gender and incidence of dementia in the Framingham Heart Study 
from mid-adult life, Alzheimers Dement 11 (3) (2015) 310–320. 

[70]  K.R. Laws, K. Irvine, T.M. Gale, Sex differences in cognitive impairment in 
Alzheimer’s disease, World J. Psych. 6 (1) (2016) 54–65. 

[71] K. Irvine, et al., Greater cognitive deterioration in women than men with 
Alzheimer’s disease: a meta analysis, J. Clin. Exp. Neuropsychol. 34 (9) (2012) 
989–998. 

[72]  K.A. Lin, et al., Marked gender differences in progression of mild cognitive 
impairment over 8 years, Alzheimers Dement (N Y) 1 (2) (2015) 103–110. 

[73] E.E. Sundermann, et al., Sex-specific norms for verbal memory tests may improve 
diagnostic accuracy of amnestic MCI, Neurology 93 (20) (2019) e1881–e1889. 

[74]  J. Fu, et al., Age-and Sex-Specific Prevalence and Modifiable Risk Factors of Mild 
Cognitive Impairment Among Older Adults in China: A Population-Based 
Observational Study, Front. Aging Neurosci. 12 (2020). 

[75]  D. Holland, et al., Alzheimer’s Disease Neuroimaging Initiative. Higher rates of 
decline for women and apolipoprotein Eepsilon4 carriers, Am. J. Neuroradiol. 34 
(2013) 2287–2293. 

[76]  M.J. Callahan, et al., Augmented senile plaque load in aged female beta-amyloid 
precursor protein-transgenic mice, Am. J. Pathol. 158 (3) (2001) 1173–1177. 

[77]  C.J. Pike, Sex and the development of Alzheimer’s disease, J. Neurosci. Res. 95 
(1–2) (2017) 671–680. 

[78] J. Long, et al., New evidence of mitochondria dysfunction in the female 
Alzheimer’s disease brain: deficiency of estrogen receptor-beta, J. Alzheimers Dis. 

http://refhub.elsevier.com/S0304-3940(21)00416-X/h0040
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0045
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0045
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0045
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0050
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0050
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0050
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0055
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0055
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0060
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0060
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0060
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0065
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0065
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0065
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0070
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0070
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0070
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0075
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0075
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0080
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0080
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0085
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0085
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0090
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0090
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0095
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0095
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0100
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0100
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0105
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0105
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0110
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0110
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0110
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0115
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0115
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0120
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0120
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0125
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0125
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0130
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0130
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0135
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0135
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0135
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0135
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0140
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0140
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0145
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0145
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0145
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0150
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0150
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0155
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0155
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0155
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0160
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0160
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0165
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0165
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0165
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0165
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0170
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0170
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0175
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0175
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0180
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0180
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0185
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0185
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0185
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0190
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0190
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0195
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0195
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0200
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0200
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0200
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0200
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0205
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0205
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0205
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0210
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0210
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0215
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0215
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0220
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0220
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0225
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0225
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0230
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0230
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0235
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0235
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0240
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0240
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0245
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0245
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0245
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0250
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0250
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0255
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0255
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0255
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0260
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0260
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0265
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0265
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0265
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0270
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0270
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0270
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0275
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0275
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0280
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0280
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0280
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0285
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0285
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0285
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0290
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0290
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0290
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0290
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0295
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0295
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0295
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0300
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0300
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0300
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0305
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0305
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0305
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0310
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0310
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0310
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0310
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0315
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0315
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0315
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0320
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0320
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0320
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0325
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0325
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0330
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0330
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0335
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0335
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0340
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0340
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0345
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0345
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0350
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0350
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0355
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0355
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0355
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0360
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0360
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0365
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0365
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0370
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0370
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0370
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0375
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0375
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0375
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0380
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0380
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0385
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0385
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0390
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0390


R. Androvičová et al. Neuroscience Letters xxx (xxxx) 136038 

8 

 

 

 

30 (3) (2012) 545–558. 
[79] A. Fleisher, et al., Sex, apolipoprotein E epsilon 4 status, and hippocampal volume 

in mild cognitive impairment, Arch. Neurol. 62 (6) (2005) 953–957. 
[80] L. Záborszky, et al., Specific basal forebrain–cortical cholinergic circuits 

coordinate cognitive operations, J. Neurosci. 38 (44) (2018) 9446–9458. 
[81]  S.V. Ovsepian, R. Anwyl, M.J. Rowan, Endogenous acetylcholine lowers the 

threshold for long-term potentiation induction in the CA1 area through muscarinic 
receptor activation: in vivo study, Eur. J. Neurosci. 20 (5) (2004) 1267–1275. 

[82]  S.V. Ovsepian, et al., Integrated Phylogeny of the Human Brain and Pathobiology 
of Alzheimer’s Disease: A Unifying Hypothesis, Neurosci. Lett. (2021) 135895. 

[83]  M. Mesulam, The cholinergic lesion of Alzheimer’s disease: pivotal factor or side 
show?, Learn. Mem. 11 (1) (2004) 43–49. 

[84] P. Shughrue, P. Scrimo, I. Merchenthaler, Estrogen binding and estrogen receptor 
characterization (ERα and ERβ) in the cholinergic neurons of the rat basal 
forebrain, Neuroscience 96 (1) (2000) 41–49. 

[85]   R.A. Miettinen, G. Kalesnykas, E.H. Koivisto, Estimation of the total number of 
cholinergic neurons containing estrogen receptor-α in the rat basal forebrain, J. 
Histochem. Cytochem. 50 (7) (2002) 891–902. 

[86]  J. Pongrac, R. Gibbs, D. Defranco, Estrogen-mediated regulation of cholinergic 
expression in basal forebrain neurons requires extracellular-signal-regulated 
kinase activity, Neuroscience 124 (4) (2004) 809–816. 

[87]  É.M. Szegő, et al., Estrogen induces estrogen receptor α-dependent cAMP response 
element-binding protein phosphorylation via mitogen activated protein kinase 
pathway in basal forebrain cholinergic neurons in vivo, J. Neurosci. 26 (15) (2006)   
4104–4110. 

[88]  Y. Hojo, et al., Estradiol rapidly modulates spinogenesis in hippocampal dentate 
gyrus: Involvement of kinase networks, Horm. Behav. 74 (2015) 149–156. 

[89]  H. Mukai, et al., Modulation of synaptic plasticity by brain estrogen in the 
hippocampus, BBA 1800 (10) (2010) 1030–1044. 

[90]  P.A.S. Sheppard, E. Choleris, L.A.M. Galea, Structural plasticity of the   
hippocampus in response to estrogens in female rodents, Mol Brain 12 (1) (2019) 
22. 

[91]  R.D. Brinton, Estrogen-induced plasticity from cells to circuits: predictions for 
cognitive function, Trends Pharmacol. Sci. 30 (4) (2009) 212–222. 

[92]  T.J. Anastasio, Exploring the contribution of estrogen to amyloid-Beta regulation: 
a novel multifactorial computational modeling approach, Front. Pharmacol. 4 
(2013) 16. 

[93]  S.V. Ovsepian, V.B. O’Leary, L. Zaborszky, Cholinergic mechanisms in the cerebral 
cortex: beyond synaptic transmission, The Neuroscientist 22 (3) (2016) 238–251.   

[94]  C.J. Pike, Estrogen modulates neuronal Bcl-xL expression and beta-amyloid- 
induced apoptosis: relevance to Alzheimer’s disease, J. Neurochem. 72 (4) (1999) 
1552–1563. 

[95]  D. Munoz-Mayorga, et al., Tau Phosphorylation in Female Neurodegeneration: 
Role of Estrogens, Progesterone, and Prolactin, Front. Endocrinol. (Lausanne) 9 
(2018) 133. 

[96]  X. Yue, et al., Brain estrogen deficiency accelerates Abeta plaque formation in an 
Alzheimer’s disease animal model, Proc. Natl. Acad. Sci. U.S.A. 102 (52) (2005) 
19198–19203. 

[97]  R. Li, J. Cui, Y. Shen, Brain sex matters: estrogen in cognition and Alzheimer’s 
disease, Mol. Cell. Endocrinol. 389 (1–2) (2014) 13–21. 

[98]  H.T. Butler, et al., Association of the aromatase gene with Alzheimer’s disease in 
women, Neurosci. Lett. 468 (3) (2010) 202–206. 

[99]  J.J. Manly, et al., Endogenous estrogen levels and Alzheimer’s disease among 
postmenopausal women, Neurology 54 (4) (2000) 833–837. 

[100]  C.S. Rosenfeld, D.A. Shay, V.J. Vieira-Potter, Cognitive Effects of Aromatase and 
Possible Role in Memory Disorders, Front. Endocrinol. (Lausanne) 9 (2018) 610. 

[101]  Q. Yao, et al., Effects of ovarian hormone loss on neuritic plaques and autophagic 
flux in the brains of adult female APP/PS1 double-transgenic mice, Acta Biochim. 
Biophys. Sin. (Shanghai) 50 (5) (2018) 447–455. 

[102]  H. Zheng, et al., Modulation of A(beta) peptides by estrogen in mouse models, J. 
Neurochem. 80 (1) (2002) 191–196. 

[103]  R. Bove, et al., Age at surgical menopause influences cognitive decline and 
Alzheimer pathology in older women, Neurology 82 (3) (2014) 222–229. 

[104]  S.E. Bromley, et al., Correction to: Risk of dementia among postmenopausal breast 
cancer survivors treated with aromatase inhibitors versus tamoxifen: a cohort 
study using primary care data from the UK, J. Cancer Surviv. 13 (6) (2019) 910. 

[105]  S.E. Bromley, et al., Risk of dementia among postmenopausal breast cancer 
survivors treated with aromatase inhibitors versus tamoxifen: a cohort study using 
primary care data from the UK, J. Cancer Surviv. 13 (4) (2019) 632–640. 

[106]  V.A. Jenkins, et al., Effects of anastrozole on cognitive performance in 
postmenopausal women: a randomised, double-blind chemoprevention trial (IBIS 
II), Lancet Oncol. 9 (10) (2008) 953–961. 

[107]  L. Lejbak, M. Vrbancic, M. Crossley, Endocrine therapy is associated with low 
performance on some estrogen-sensitive cognitive tasks in postmenopausal women 
with breast cancer, J. Clin. Exp. Neuropsychol. 32 (8) (2010) 836–846. 

[108]  F.W. Boele, et al., Cognitive functioning during long-term tamoxifen treatment in 
postmenopausal women with breast cancer, Menopause 22 (1) (2015) 17–25. 

[109]  A. Lintermans, P. Neven, Safety of aromatase inhibitor therapy in breast cancer, 
Expert. Opin. Drug Saf.. 14 (8) (2015) 1201–1211. 

[110]  H. Guo, et al., The Critical Period for Neuroprotection by Estrogen Replacement 
Therapy and the Potential Underlying Mechanisms, Curr. Neuropharmacol. 18 (6) 
(2020)  485–500. 

[111]  Y.J. Song, et al., The Effect of Estrogen Replacement Therapy on Alzheimer’s 
Disease and Parkinson’s Disease in Postmenopausal Women: A Meta-Analysis, 
Front. Neurosci. 14 (2020) 157. 

[112]  M. Weiser, et al., Effect of adjunctive estradiol on schizophrenia among women of 
childbearing age: a randomized clinical trial, JAMA Psychiatry 76 (10) (2019) 
1009–1017. 

[113]  M.T. Dorak, Cancer: Gender differences at the molecular level, Principles of 
Gender-Specific Medicine, Elsevier, 2017, pp. 401–416. 

http://refhub.elsevier.com/S0304-3940(21)00416-X/h0390
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0395
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0395
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0400
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0400
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0405
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0405
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0405
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0410
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0410
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0415
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0415
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0420
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0420
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0420
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0425
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0425
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0425
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0430
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0430
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0430
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0435
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0435
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0435
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0435
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0440
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0440
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0445
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0445
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0450
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0450
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0450
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0455
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0455
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0460
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0460
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0460
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0465
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0465
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0470
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0470
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0470
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0475
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0475
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0475
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0480
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0480
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0480
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0485
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0485
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0490
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0490
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0495
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0495
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0500
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0500
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0505
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0505
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0505
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0510
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0510
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0515
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0515
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0520
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0520
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0520
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0525
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0525
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0525
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0530
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0530
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0530
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0535
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0535
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0535
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0540
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0540
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0545
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0545
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0550
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0550
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0550
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0555
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0555
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0555
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0560
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0560
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0560
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0565
http://refhub.elsevier.com/S0304-3940(21)00416-X/h0565

	1. Introduction
	2. Estrogen in the brain: A brief overview
	3. Estrogens and schizophrenia
	4. Estrogen and Alzheimer’s disease
	Declaration of Competing Interest
	Acknowledgements
	Financial disclosure
	Author’s contribution
	ences

