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Abstract Vascular cognitive impairment (VCI) is a term
that encompasses a continuum of cognitive disorders with
cerebrovascular pathology contribution, ranging from mild
cognitive impairment to vascular dementia (VaD). VCI
and VaD, thus, represent an interesting intersection be-
tween cardiovascular disease and neurodegenerative dis-
orders such as Alzheimer’s disease (AD) and a rising area
of research in recent years. Although VCI and VaD re-
search has identified various causes and explanations for
disease development, many aspects remain unclear, partic-
ularly sex differences in VCI (e.g., epidemiology), unlike
those available for cardiovascular disease and AD. Despite
limited information in the literature, several studies have
observed an association of estrogen receptor (ER) poly-
morphisms and VaD. If further explored, this association
could provide valuable insights for novel therapeutic ap-
proaches. This review aims to provide a brief epidemio-
logical overview and subsequent discussion exploring con-
cepts of brain aging and involvement of estrogen receptors
in potential mechanisms of VCI/VaD pathogenesis and
treatment development.
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Introduction

Increase in lifespan of the aging population worldwide
is creating a greater demand for cardiovascular and
neurobiology of aging research, particularly since prev-
alence of various pathologies (e.g., stroke and dementia)
increases exponentially with age [1, 2]. Vascular cogni-
tive impairment (VCI) is a term which encompasses a
continuum of cognitive deficits with cerebrovascular
pathology contribution, ranging from mild cognitive
impairment to vascular dementia (VaD) [3, 4], and it
represents an interesting intersection between cardiovas-
cular disease and Alzheimer’s disease (AD). There is an
expanding body of evidence indicating a greater preva-
lence of cardiovascular disease [5, 6] and AD [7, 8] in
postmenopausal women, as well as differences in path-
ogenesis and response to treatment [9-12]. However,
one important aspect that remains elusive in the litera-
ture is information on sex differences in VCI. Several
studies have reported associations of estrogen receptor
(ER) polymorphisms with VaD [13-15]; however, this
has not been extensively reviewed in terms of sex dif-
ferences in VCI epidemiology, pathogenesis, and treat-
ment. Particularly lacking is epidemiological data on sex
differences in prevalence of VCI, which is possibly due
to the complication of VCI being a spectrum of cogni-
tive disorders with multiple etiologies as well as having
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varying definitions in the literature [1, 3, 4]. This review
aims to provide a brief epidemiological overview and
subsequent discussion exploring concepts of brain aging
and involvement of estrogen receptors in potential
mechanisms of VCI/VaD pathogenesis and treatment
development. To mitigate the aforementioned compli-
cation of VCI definitions, a similar approach taken by
van der Flier et al. [4] will be used here in which VCl is
regarding the spectrum of cognitive deficits with vascu-
lar pathology, and both VaD and VCI will be used as
they appear in the literature.

Epidemiology of vascular cognitive impairment
and vascular dementia

Demographics and risk factors

Despite the major inconsistencies in the epidemiological
data of VCI and VaD, with a disproportional leaning
toward more data available for VaD, certain aspects of
demographics and risk factors have been more defini-
tive. Numerous studies have agreed on VaD being the
second most common type of dementia, with majority of
the cases in patients over age 70 [16, 17]. Studies
conducted at the turn and early parts of the century
reported the incidence of new VaD cases to be 6—12
cases per 1000 people over age 70 [18, 19] and the
prevalence of VaD estimated to be 594,000 US cases
in 2002 (71-79 years old 0.98%, 80-89 years old
4.09%, >90 years old 6.19%) [16, 20]. However, due
to the lack of contemporary population-based studies
and updates on these data, there is limited information
on VaD prevalence changes as well as sex difference—
specific prevalence data [17]. Data on VCI prevalence
are inconclusive, although VCI is a risk factor in pro-
gression to VaD and mortality [17]. Additional studies
to update the current literature, especially using more
unified definitions, would provide better understanding
of demographics of VCI and VaD and contribute to
enhancement of epidemiological knowledge for these
pathologies. These studies should also address the se-
vere lack of information on sex differences.

Risk factors that increase stroke and cardiovascular
disease risk (e.g., age, hypertension, smoking, and dia-
betes) have been demonstrated to also increase risk of
VaD [16, 21, 22]. A recent study reported myocardial
infarction survivors having a higher risk for VaD [23].
Although overlap of stroke, cardiovascular disease, and
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VabD risk factors are generally agreed upon, controver-
sies exist in terms of likelihood of shared risk factors
between AD and VaD [24], as well as female sex as a
VabD risk factor post-stroke [17, 22]. Reported risk
factors for vascular contributions to cognitive impair-
ment and dementia that increase risk in females only
include delayed hormone replacement therapy, meno-
pause, and preeclampsia [25]. Risk factors that were
exclusive for males include heart disease and myocar-
dial infarction, and factors that disproportionally in-
crease vascular contributions to cognitive impairment
and dementia risk include diabetes, midlife obesity, and
hypertension being higher in females whereas stroke
and hyperlipidemia being higher in males [25].

Etiology and pathology

Similar to the challenges in gathering data on demo-
graphics and risk factors, VCI etiology and pathology is
multi-faceted and complex due to the nature of VCI and
the presence/absence of progression to VaD. VCI in-
volves certain brain regions (e.g., cortex, hippocampus),
and patients typically present with neurological signs
and symptoms including cognitive deficits (e.g., mental
slowing, memory impairment, higher-order cognitive
dysfunction: planning, organization, etc.) and
behavioral/psychological symptoms (e.g., anxiety, de-
pression, apathy) [4], which can be caused by various
etiologies. Common etiologies of VCI and VaD include
those of stroke (e.g., large-artery atherosclerosis, small
vessel disease, myogenic stroke disorders, cardiovascu-
lar disease, etc.) and other mechanisms (e.g., oxidative
stress, amyloid angiopathies, metabolic disorders, etc.)
[2, 3, 24, 26-28]. Various animal models of VaD incor-
porate these etiologies and pathologies (e.g., vessel oc-
clusion models, multiple infarct, and thromboembolism
models), while some models focused on risk factors
(e.g., high-fat diet, diabetes, spontaneous hypertensive
rats stroke prone) [28]. Studies have reported that AD,
VaD, and mixed dementia (combination of AD and
VabD) evolve similarly in regard to disease progression
[29]. When assessing cognitive domains, AD and VaD
evolve differently in terms of memory impairment, de-
pending on severity [29]. Other studies focusing on
reversibility of VCI reported that patients occasionally
return to normal cognition when the etiologies were in
the context of acute stroke, autoimmune disorders, and
heart failure; in addition, reversibility was observed in
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less than 20% of patients post-stroke with chance of
recovery highest when soon after stroke event [3, 30].

Prevention and current treatments

Current strategies for the prevention of VCI and VaD
involve eliminating risk factors (e.g., cardiovascular
disease—related factors: hypertension, diabetes,
smoking, atherosclerosis) and increasing physical exer-
cise [1, 21]. Additional strategies include maintaining
cognitive health and secondary prevention such as
stroke prevention and management (e.g., early diagnosis
and treatment of stroke, prevent reoccurrence, and slow
progression of brain injury/damage post-stroke) [1, 21].
Although there is currently no specific treatments for
VabD, therapeutic regimens target similar categories as
seen with prevention: prevention of cardiovascular dis-
ease progression (e.g., statins, anti-hypertensives, exer-
cise) and symptomatic relief (e.g., N-methyl-D-aspartate
antagonists, cholinergic agents, oxidative stress-
reducing agents) [19, 28, 31]. Information on prevention
and current treatment in the literature is still fairly lim-
ited and have not taken into account sex differences in
either prevention strategies or treatment responses. The
next section will explore concepts of estrogen receptors
and brain aging that will aid in this discussion of sex
differences in VCI and VaD.

Estrogen receptors and brain aging
Estrogen receptors
Subtypes

An expanding body of evidence in regard to increased
prevalence of various diseases in postmenopausal wom-
en has sparked a growing initiative in studying sex
differences in cardiovascular disease, particularly sex
hormones and mediation through respective receptors.
In females, the most prevalent sex hormone studied is
estrogen, whose effects are primarily mediated through
estrogen receptors (ERs), and is involved in important
reproductive and non-reproductive functions [32].
There are several ER subtypes: classical nuclear recep-
tors (ER-alpha, ERx and ER-beta, ER3) mediating
predominantly genomic effects and those intracellular
(G protein-coupled estrogen receptor 1, GPER) or
membrane-bound (e.g., subset of ERx, ER[3, GPER)

mediating more rapid, non-genomic effects [33, 34].
Most of the literature has focused on characterization
of ERax and ERf3, which are encoded by the Esr/ and
Esr2 gene, respectively; however, research on the role
of GPER has been gaining momentum in recent years
especially in the context of neuroprotective and cardio-
vascular effects [32, 33, 35]. The following sections will
further explore these aspects of estrogen receptor chang-
es due to aging and their involvement in VCI and VaD.

Changes due to aging

As with many other physiological processes, alterations
of estrogen receptors occur due to aging, particularly
changes in distribution, expression, and activity [36,
37]. These are important considerations to have in mind
when investigating ER involvement in pathogenesis and
treatment development. Estradiol effects on memory
have been found to be not only hormone level depen-
dent, but also dependent on the interaction via the var-
ious ER subtypes [36]. Although the exact mechanisms
remain unclear, the loss of cognitive enhancing effects
of estrogens, specifically estradiol (E2), have been
linked to these age-related changes in estrogen receptor
expression and signaling [36, 38]. A summary of the
major findings related to aging are shown in Table 1.
Changes in ER distribution and expression will subse-
quently be elaborated on in the context of brain region-
and cerebrovascular-specific findings.

Brain region—specific changes

To better understand brain region—specific changes of
estrogen receptors, it is important to note that during
aging, the hypothalamic-pituitary-gonadal axis becomes
increasingly less responsive to the regulatory feedback
effects of estradiol. Although the underlying mecha-
nisms for this decreased responsiveness is not fully
understood, some researchers attribute the diminished
responsiveness to estradiol regulatory feedback mecha-
nisms to decreased expression of ERx and ERf3. A
study by Wilson et al. [39] conducted in intact and
ovariectomized estradiol-treated rats found that ERx
mRNA was expressed in periventricular preoptic, medial
preoptic, ventromedial, and arcuate nuclei with levels
only decreased in periventricular preoptic nucleus of old
rats. In contrast, ER3 mRNA was observed in various
brain regions with a decrease in level only observed in the
cerebral cortex and supraoptic nucleus of ovariectomized
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Table 1 Summary of estrogen receptor expression changes during aging. OVX ovariectomized, £2 estradiol, SON supraoptic nucleus

ER Experimental group Methods Main finding(s) Reference
subtype,

location

ERx and  Female Sprague-Dawley rats; In situ hybridization for =~ ERo: mRNA in periventricular preoptic, [39]

ERp, intact vs. OVX E2-treated; young (3—
brain 4 months), middle-aged (11—
12 months), old (19-24 months)

ERx and ERf3,
quantify mRNA levels

medial preoptic, ventromedial,
and arcuate
nuclei with levels decreased in only
periventricular preoptic nucleus of old
rats

ERf3: mRNA in various brain regions
with a decrease in level only observed
in the
cerebral cortex and SON of OVX
E2-treated middle-aged and old rats

ERa, brain Female Sprague-Dawley rats; Postembedding Subcellular distribution of ER in the [40]
young (3—4 months, n=11) immunogold and hippocampus and corresponding
vs. aged (22-23 months, n=10); quantification decreased responsiveness to E2 in
OVX and E2 replacement implant female aged rats
ER«, Fischer 344 female rats; 3 months Immunohistochemistry, ~ Multiple forms of ER«x identified and [41]
cerebral intact vs. OVX vs. OVX E2-treated immunoblot/Western localized in both smooth muscle and
blood blot analyses endothelial cells of cerebral blood
vessels vessels in female rats

All forms of cerebral blood vessel ERx
decreased after OVX but increased
after chronic E2 treatment

estradiol-treated, middle-aged, and old rats [39]. Another
study using microarray analysis to investigate age-related
estrogen-responsive gene expression reported that, com-
pared with young and middle-aged mice, the aged mice
exhibited reduced estradiol-induced hippocampal tran-
scription [42]. Hippocampal changes during aging in
regard to estrogen receptors were also supported by other
studies including one conducted by Adams et al. [40] in
female aged rats showing changes in subcellular distribu-
tion of ER«x in the hippocampus and corresponding
decreased responsiveness to E2.

Cerebrovascular-specific changes

While region-specific and age-related changes of estro-
gen receptors, especially in regions important in the
pathogenesis of VCI and VaD (e.g., cerebral cortex,
hippocampus), are important, it is also essential to con-
sider cerebrovascular changes. It is well known that
estrogen receptors mediate vasodilatory effects of estra-
diol and that there are various ER subtypes (e.g., ER«,
ERf, GPER) expressed throughout the vasculature [33,
43]. However, less is known about cerebrovascular-
specific changes of estrogen receptors during aging. De-
spite data on age-related changes of estrogen receptors in
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the vasculature being inconclusive, a study by Stirone
et al. [41] found ER« expression increased after chronic
estradiol exposure but decreased in cerebral vessels after
ovariectomy. Ovariectomizing rats is commonly used to
model the postmenopausal female state, thus providing a
bit of insight on cerebrovascular-specific changes of ER
in the aging female. Several studies also suggest that age-
related changes (e.g., distribution, expression, signaling
activity) could alter vascular response to hormone re-
placement therapy [44]. This, again, is an important
aspect when considering treatment options for patients,
which will be further discussed in the next sections.

Estrogen receptor involvement in VCI and VaD
ER and VCI/VaD pathogenesis

Integrating what has been reviewed so far in terms of
VCI and VaD epidemiological data and estrogen recep-
tors in the aging brain, we can better appreciate the
upcoming discussion on ER involvement in VCI and
VaD pathogenesis. A significant amount of the literature
addressing this topic has been focused on estrogen re-
ceptor gene polymorphisms (see Table 2). Studies on
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Table 2 Summary of estrogen receptor gene polymorphisms relating to vascular dementia

ER subtype, gene  Polymorphism/SNPs examined  Ethnicity

Main finding(s) Reference

ERo, ESRI Pvull and Xbal - No significant difference in VaD patients vs. controls;  [13]
significantly increased in late-onset AD
ER(, ESR2 ESR?2 rs4986938 Jewish Association of ESR2 rs4986938 and VaD in elderly [15]
women (n = 60; age 82 +6)
ERp, ESR2 ESR?2 rs944050 and Chinese Han  Association of ESR2 rs944050 and increased risk [14]
ESR?2 rs4986938 of VaD in women (n =61; age > 50)

ER« gene polymorphisms (Pvull and Xbal) in VaD and
AD patients found that the data suggest that ERox gene
may be specific for and pose additional risk in late-onset
AD patients [13]. Findings by Yaffe et al. [45] support
the association of the same ESRI, or ERx, polymor-
phisms with risk in cognitive impairment development
in a study consisting of 2625 women, 65 years or older.
ERf gene polymorphisms have also been reported to
have association with increased risk for VaD in elderly
Jewish women (ESR2 rs4986938) [15] and Chinese
Han women (ESR2 rs944050) [14]; however, authors
of both studies commented on the need of future studies
to confirm findings. Studies also support ERx and ERf3
gene polymorphisms in association for increased risk for
cognitive impairment, although further clinical

evaluation was needed in some studies to determine if
the cognitive impairment was due to AD or vascular
etiologies [46, 47]. Apart from the studies on ER gene
polymorphisms, other data related to ER and VCI/VaD
pathogenesis involve ER and cardiovascular disease;
however, limited information exists for ER role in cere-
brovascular etiologies [33, 44].

ER and VCI/VaD treatments

Review of current treatment for VCI and VaD in “Pre-
vention and current treatments” section identified two
major categories: (1) prevention of cardiovascular
disease/stroke and (2) symptomatic relief. Although
current treatment options do not specifically mention

Evidence for ERa & ERPB
changes in brain

: Limited data on
: cerebrovasculature

ichanges
Loss of cognitive Age-related changes in GPER changes in
enhancing effects ER expression, » CRECCCERTLEERPLEE brain and
of estradiol distribution, and activity cerebrovasculature
x 7'} A

Certain effects
: mediated by GPER

>
o,

S
o

Sex Differences

Neuro- and
cardioprotective E2 effects

3

;ethniciﬁes Legend

* Lacking data for
= males and diverse

Known (Strong evidence)

A 4
VCI —} VaD RTPRIPRTRE ponEnI:ogri)r;w?sms ------ Unknown (Limited evidence)

mmm Disease continuum

Fig. 1 Summary of the proposed relationships among estrogen
receptors, aging, vascular cognitive impairment (VCI), and vascu-
lar dementia (VaD) highlighting areas requiring additional re-
search. Solid lines indicate areas with strong support from the

existing literature. Dotted lines represent areas of research or
relationships proposed to be existing knowledge gaps. E2 estradi-
ol, ER estrogen receptor, ER« estrogen receptor alpha, ER[3 estro-
gen receptor beta, GPER G protein-coupled estrogen receptor 1
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estrogen receptors as targets, studies in this avenue can
provide insight for potential therapeutics as estrogen
receptors are involved in aspects of cardioprotection
and neuroprotection. Studies have suggested
cardioprotective roles for estradiol mediated by estrogen
receptors, although the specific ER subtype underlying
these mechanisms remains unclear [48]. A selective
estrogen receptor modulator, bazedoxifene, reduced
the incidence of cerebral aneurysm rupture in ovariec-
tomized rats [49]. Zhu et al. [50] reported that low-dose
E2 replacement has potential to attenuate negative neu-
rological consequences in an animal model of VaD.

In addition to benefits in vascular pathologies, the liter-
ature for neuroprotective effects mediated by ER, particu-
larly GPER, is greatly expanding [51]. Tang et al. [52]
provided evidence that suggests that GPER mediates rapid
signaling and neuroprotective effects of E2 in the hippo-
campus in a rat model of global cerebral ischemia. Neuro-
protection of E2 mediated by GPER was also demonstrat-
ed, suggesting that early activation of GPER improved
cognitive outcomes induced by traumatic brain injury via
the PI3K/Akt pathway [53]. Additionally, GPER
expressed in microglia may mediate the anti-
inflammatory effects of E2 after ischemic stroke [54].

Conclusions

Research in vascular cognitive impairment and vascular
dementia is valuable, especially with the growing aging
population. However, literature in the field is complicated
due to varying definitions of VCI and VaD. With more
consistent definitions, the literature in the field can be
tightened, allowing for more studies to help close the
knowledge gap in the less known aspect of VCI/VaD
sex differences, particularly estrogen receptor involve-
ment. Reports on association of ER gene polymorphisms
with increased risk of VaD and cardioprotective/
neuroprotective effects of estrogen mediated by various
ER subtypes offer some, though limited, understanding.
Aside from having researchers use the same operational
definition of VCI/VaD, additional studies investigating
more explicitly the role of estrogen receptor expression
and their changes during aging in the cerebrovasculature
will need to be conducted in order to improve the current
literature on VCI/VaD and sex differences. Some salient,
suggested studies to investigate include (1) detailing the
expression of various ER subtypes in VCI/VaD-related
brain regions and cerebrovasculature of young and aging
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females (e.g., postmenopausal, ovariectomized, hormone
replacement, reproductive senescent), (2) determining sex
differences at the intersection between blood flow and
neurodegeneration, (3) defining the mechanisms of ER
contributions beyond association of ER gene polymor-
phisms, and (4) testing GPER involvement in VCI/VaD
and inclusion in treatment development (Fig. 1). In con-
clusion, further research in estrogen receptor involvement
in VCI/VaD is an avenue worth exploring as this will
provide additional insight for potential mechanisms in
pathogenesis and novel therapeutic approaches for VCI
and VaD.
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