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Abstract Research increasingly suggests that changes in
estrogen levels during aging may increase the risk of
Alzheimer’s disease, the most common type of dementia.
This update reviews the newest information about estrogen
and cognitive aging, including information regarding the
role of bioavailable estrogen in older women and men, use
of selective estrogen receptor modulators to improve
cognition, and studies of genetic risk factors to elucidate
the effects of endogenous estrogen on aging and cognition.
Future trials are needed to determine whether alternate
timing, dosage, formulation, or method of administration of
hormone replacement can reduce the risk of dementia.
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Introduction

Alzheimer’s disease (AD) is the most common cause of
age-related dementia, accounting for as much as 50% to
60% of dementia cases. Clinically, AD is characterized by a
progressive deterioration of cognitive and functional skills
that begins during middle age or late in life, with variability
in behavioral manifestations. Diagnosis of AD requires the
presence of both dementia and a characteristic pattern of
brain changes, including atrophy, neuronal loss, the
presence of extracellular plaques containing β-amyloid
peptides, intracellular neurofibrillary tangles, and granulo-
vacuolar cytoplasmic changes in the neocortical association
areas, hippocampus, and other brain regions. Estrogen is

important in the normal maintenance of brain function in
the nucleus basalis of Meynert and other regions typically
affected by AD. Multiple lines of evidence suggest that loss
of estrogens in the aging brain of both women and men
may play a role in the cognitive decline associated with
AD.

The Biological Roles of Estrogen in Neuroprotection

Estrogens are a group of steroid compounds that function as
primary female sex hormones. They are produced primarily
by developing follicles in the ovaries as well as by the
corpus luteum and the placenta. Some estrogens also are
produced in smaller amounts by other tissues, such as the
liver, adrenal glands, and placenta. These secondary sources
of estrogen are important sources of endogenous estrogen
in postmenopausal women. Estrogen interacts with different
types of receptors to exert its action, including estrogen
receptors (ER)-α and ER-β. Both receptors are highly
expressed in the brain, although ER-α receptors are present
in higher concentrations in the hippocampus and ER-β
receptors are present in higher concentrations in the basal
forebrain and cerebral cortex.

In men, testosterone is converted to estradiol by
aromatase enzyme, which is located peripherally and
throughout the male brain (Fig. 1). Although studies
suggest that the conversion rate of testosterone to estrogen
is low, at about 0.2%, testosterone is the primary source of
plasma estradiol in men. Because testicular secretion of
testosterone never completely stops, serum estrogen levels
are higher in elderly men than in postmenopausal women.

Several hundred published papers have established that
estrogen has beneficial effects on brain tissue and physiol-
ogy in cell culture and animal models, including nonhuman
primates; however, the mechanisms underlying estrogen
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neuroprotection have not been completely elucidated.
Estrogen promotes the growth and survival of cholinergic
neurons [1, 2], increases cholinergic activity [3], has
antioxidant properties [4], and promotes the nonamyloido-
genic metabolism of the amyloid precursor protein [5].
None of these effects is exclusive, and many likely are
interrelated.

Although significant neuroprotective actions of estrogen
have been demonstrated in vitro and in animal studies, the
evidence is less consistent in studies of aging women and
men. Support for the role of estrogen in neuroprotection has
come from epidemiologic studies of gender differences in
risk for cognitive decline and dementia, from observational
studies, from clinical trials of the effects of hormone
replacement therapy (HRT), from studies of risk for
cognitive decline and dementia associated with low levels
of endogenous hormones, and from studies of the effect of
variants in genes involved in estrogen biosynthesis and
receptor activity on AD risk.

Gender Differences in Cognitive Decline and Dementia

If estrogen plays a significant neuroprotective role in the
premenopausal period, it would be anticipated that more
elderly women than men would be affected by AD.
However, evidence for sex differences in cognitive decline
and dementia is mixed. Four population-based studies of
sex differences in dementia published before 2000 reported
a higher prevalence of AD in women; however, four others
reported no difference. Inconsistencies might be the result
of earlier mortality and greater morbidity in men compared
with women. Thus, studies looking at the age-specific
incidence of AD would best capture gender-specific differ-

ences. In the EURODEM Incidence Research Study, there
was a higher incidence of AD in women than men (adjusted
relative risk, 1.54; 95% CI, 1.21–1.96) in all age groups
combined [6]. Likewise, a Swedish cohort demonstrated a
higher incidence of AD in women than in men among all
age groups, with the greatest difference seen in those over
90 years old [7]. In contrast, the MoVIES (Monongahela
Valley Independent Elders Survey) project [8], the Rochester
study [9], the Framingham study [10], the Baltimore
Longitudinal Study of Aging [11], the East Boston Study
[12], and the ACT (Adult Changes in Thought) cohort study
[13] provided no support for a greater incidence of dementia
or AD among women than men.

Observational Studies of Hormone Replacement
Therapy

The hypothesis that hormone therapy might protect against
cognitive aging arose from observational studies demon-
strating a lower risk of AD among women who had been
treated with hormone therapy than in those who had not. In
observational studies, postmenopausal women receiving
estrogen-only or estrogen–progestogen HRT showed slower
declines in cognitive function and a decreased risk of AD
[14–19], but not all studies found positive effects. Some
inconsistencies may be related to the timing of HRT use.
The Cache County Study found evidence that prior use of
HRT (typically initiated early in menopause) protected
against AD, whereas current use of HRT did not protect
against AD unless initiated more than 10 years earlier
(before age 63 on average) [19]. The authors concluded that
there was a limited window of time during which sustained
HRT exposure appeared to reduce the risk of AD [19].
Several articles since then have raised the possibility that
there is a critical period in which HRT exerts cognitive
benefits, possibly early in the perimenopausal period or just
after menopause [20•, 21]. In addition, prior HRT use may
have been associated with higher educational levels and
better access to medical care, which themselves may be the
protective factors associated with lower risk. Finally,
women in the earlier studies used estrogen-only therapy in
the perimenopausal period and typically stopped use after
age 60, factors that were not recreated in later evaluations.

Clinical Trials of Hormone Replacement Therapy

Although clinical trials of HRT in women can correct for
the selection bias and confounding inherent in observation-
al studies, they have demonstrated limited efficacy of HRT
in maintaining cognitive function, primarily assessed as
verbal memory, or reducing the risk for AD. Overall, they

Fig. 1 Biosynthesis of estradiol, including associated enzymes and
genes (in parentheses)
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show a neutral effect of estrogen alone and a negative effect
of combined estrogen–progestogen treatment on verbal
memory. It is helpful to group the study results by
population and HRT formulation to evaluate result trends.

Several randomized placebo-controlled trials of the
effect of unopposed estrogen therapy on episodic verbal
memory in women younger than 65 years demonstrated
improvement in test scores of verbal recall in those
receiving estrogen-only supplementation [22–24]. The
results were limited by sample sizes of ≤50 women, and
most or all of the women in these studies were surgically
menopausal. Despite the small study samples and design
limitations, the results of these studies support the hypoth-
esis that estrogen alone either enhances or has no effect on
verbal memory in younger women in short-term follow-up.
Results of unopposed estrogen therapy in older women
have been neutral. Each randomized placebo-controlled
trial of estrogen and cognition in women with a mean age
greater than 65 years used a different estradiol formulation
[25–27].

Although unopposed estrogen therapy has demonstrated
positive effects on cognitive outcomes in younger women
and neutral effects in older women, the results from
combination estrogen–progestogen treatment trials are less
encouraging in both groups. The largest study of any form
of hormone therapy on verbal memory in women younger
than 65 was the Cognitive Complaints in Early Menopause
Trial [28], which found a nonsignificant trend for conju-
gated equine estrogen/medroxyprogesterone acetate (CEE/
MPA) to be associated with decline in both short- and long-
delay free recall compared with placebo (P<0.07). A
second study in younger women found that combined
therapy with estrogen plus progestogen (dienogest) en-
hanced verbal memory compared with both placebo and
estradiol [29]. The two studies suggest that different forms
of progestogens may have different effects on cognitive
function in younger women, with negative effects of MPA
on verbal memory and positive effects of dienogest, a
progestogen with antiandrogenic effects.

Several trials have evaluated combined estrogen/proges-
togen treatment in women over 65 years of age. Of four
trials evaluating the effects of combined therapy on
cognition in postmenopausal women, three showed either
a negative effect of HRT on verbal memory [30, 31] or a
trend of negative effect on verbal memory (P<0.06) [32].
These findings suggest a consistent detrimental effect of
combined hormone therapy on verbal memory. The largest
trial to date is the Woman’s Health Initiative Memory Study
(WHIMS) [33], which examined the impact of CEE in
women with prior hysterectomy, as well as the impact of
CEE/MPA in naturally postmenopausal women, on the
incidence of dementia in those age ≥65. In the combined-
therapy arm, CEE/MPA doubled the risk of all-cause

dementia (hazard ratio [HR], 2.01; 95% CI, 1.21–3.48)
[34]. In the estrogen-alone arm, there was no evidence that
CEE changed the risk of all-cause dementia (HR, 1.49;
95% CI, 0.83–2.66) [35]. However, the negative effects of
the WHIMS trials may be related to the timing of treatment,
the specific formulation of HRT provided, and the schedule
used. Interestingly, an analysis of prior HRT use in the
perimenopausal period in the WHIMS population found it
was associated with a lower rate of developing dementia,
regardless of the treatment arm. When AD was analyzed
apart from other causes of dementia, prior HRT was
associated with a 64% reduction in incidence. In sum,
results of clinical trials of HRT vary depending on the type
of therapy used and the age at initiation. The true effects of
combination HRT on brain function are complicated by the
finding that certain forms of progestogen, such as MPA, but
not others, may antagonize the effects of estrogen on the
hippocampus [36]. This provides a motivation for exploring
the impact of different estrogen–progestogen combinations
and dosages on verbal memory. Modes of HRT delivery
also need to be evaluated. Transdermal HRT application,
which bypasses first-pass metabolism, may have a different
effect on hormone delivery and therefore on cognitive
outcome. Additionally, the critical-window hypothesis
highlights the need to define the period of effective
intervention to optimize the timing of early hormone
therapy on cognition. Finally, it should be determined
how long HRT must be used to confer benefits. The answer
to this question may be provided in part by the results
of PREPARE (Preventing Post-Menopausal Alzheimer’s
Disease With Replacement Estrogens), an HRT trial in
women ≥65 years of age with a family history of dementia
in a first-degree relative, which was designed to determine
whether HRT delays AD or memory loss in women at
increased risk for cognitive change [37•]. Although active
study treatment was discontinued in response to the
WHIMS report, the study investigators will continue to
follow participants for a total of 5 years blind to the original
medication assignment. Future results will address whether
there are lasting or delayed effects of HRT on cognition
after treatment cessation.

Two large clinical trials may provide important informa-
tion on the effect of HRT on cognitive function in younger
and older postmenopausal women. The Kronos Early
Estrogen Prevention Study (KEEPS) is a 5-year multicenter
clinical trial that will enroll women who are within
36 months of their final menstrual period. Participants will
be randomly assigned to receive oral CEE plus micronized
progesterone, transdermal estradiol plus micronized pro-
gesterone, or placebo. The trial was designed to address the
dual concerns that the older mean age of the Women’s
Health Initiative population may have affected the response
to HRT and that the mode of HRT administration may affect
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health outcome [38••]. Cognitive outcome tracking will be
part of a secondary analysis, and women included in the
study must have a Mini-Mental State Examination score
≥23. The Early Versus Late Intervention Trial With
Estradiol (ELITE) at the University of California, Los
Angeles, is a single-site clinical trial that will enroll 504
postmenopausal women who are less than 6 years from
menopause (early) versus ≥10 years from menopause (late)
to receive either oral estradiol or placebo [39]. Both KEEPS
and ELITE will examine verbal memory as a primary
outcome and focus on naturally menopausal women.

Endogenous Estrogen and Cognition

The ability of current HRT trials to address whether
estrogen protects against AD is limited by different patterns
of use and different formulations. Studies of endogenous
estrogen might address the role of estrogen in the
pathogenesis of AD more directly; however, results of
these studies also have been inconsistent. In the Study of
Osteoporotic Fractures, women with the highest estrone
levels had significantly poorer performance on some
cognitive tests over 5 years [40]. In contrast, a large
cross-sectional study from the Netherlands found that
women in the highest quintile of either estradiol or estrone
were 40% less likely to be cognitively impaired than
women in the lowest quintile [41]. Among postmenopausal
women with Down syndrome (DS), those with an early
onset of menopause (≤46 years) had an earlier onset and
increased risk of dementia than those with menopause onset
after 46 years [42]. This suggests that lower lifetime
endogenous estrogen exposure increases the risk of demen-
tia in this population.

In evaluating the impact of endogenous estrogen, it is
important to assess bioavailable hormone levels, which may
differ from total estrogen levels. An estimated 37% of
estradiol in older women circulates bound to sex hormone–
binding globulin (SHBG), and only the non–SHBG-bound
fraction (ie, bioavailable estradiol) is thought to cross the
blood–brain barrier. Several observational studies have
found an association between elevated SHBG and cognitive
decline or AD [18, 42, 43]. In the Study of Osteoporotic
Fractures, women with high concentrations of free and
bioavailable estradiol were less likely than women with low
concentrations to develop cognitive impairment after 6 years
[18]. Among postmenopausal women with DS, those with
lower levels of bioavailable estradiol at baseline were four
times more likely to develop AD (HR, 4.1; 95% CI, 1.2–
13.9) [44]. These studies suggest that low bioavailable
estrogen levels associated with high SHBG levels after
menopause may accelerate the development of AD. Again,
however, the literature is conflicting, as both the Rancho

Bernardo Study [14] and the Rotterdam Study [45] either
failed to identify a consistent association between total or
bioavailable estradiol and cognitive test outcome [14] or
demonstrated that women with higher calculated bioavail-
able estradiol levels had significantly poorer results on
delayed recall assessments [45]. These inconsistencies may
be related to variable hormone measurement procedures or
may be a result of the difficulty of measuring circulating
estradiol in older women who have been postmenopausal
for many years.

Estrogen in Men

Studies of the relationship between endogenous estrogen
and testosterone levels and cognition in men are conflicting.
A limited number of studies have demonstrated that older
men with high serum estradiol levels performed better or
declined more slowly on tests of verbal memory [46],
working memory [47, 48], visual memory [49], spatial scan
[50], and global cognitive functioning [51]. Other studies
have been unable to demonstrate a positive relationship
between estradiol levels and verbal memory in men [49, 50,
52–54] or have found that higher endogenous estrogen
levels increased the risk of AD [55].

Because of aromatization, both testosterone and estradiol
levels increase significantly in men following testosterone
supplementation [56]. As a result, some studies of
testosterone supplementation in older men may be used to
indirectly evaluate the effects of exogenous estrogen on
cognition. Higher estradiol concentrations resulting from
testosterone supplementation have been associated with
better executive function and verbal memory [56, 57, 60];
no effect on executive function or verbal memory [58, 59];
and worsening of executive function, verbal fluency, spatial
cognition, and working memory [48, 56]. In another study,
when testosterone was given to older men with or without
an aromatase inhibitor, improvements in verbal memory
were apparent only in the group treated with testosterone
alone [61], suggesting that estradiol, aromatized from
testosterone, was responsible for the beneficial effects on
verbal memory. There also have been a limited number of
trials of direct estradiol supplementation in older men.
Trials of micronized estradiol add-back therapy in men with
prostate cancer who previously underwent androgen depri-
vation demonstrated both improvement [57] and no change
in verbal recall [54]. One small prospective controlled
estrogen replacement study in healthy elderly men with
mild memory loss demonstrated either a statistically
significant improvement or a trend toward significance in
some but not all tests of verbal recall in men with mild
cognitive impairment after 12 weeks of estradiol treatment
compared with baseline scores [62]. These results occurred
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in only one group of men tested and need to be replicated in
a larger population. A few studies examined the association
between bioavailable estradiol and a series of cognitive
measures including executive function, verbal fluency, and
verbal and spatial memory [14, 63], but no relationship was
demonstrated.

As in women, the inconsistency in these studies may be
attributed to small sample sizes, the inability to consistently
measure estradiol in a standardized manner, or failure to
measure bioavailable estradiol. Finally, estradiol levels in
men are low at baseline and decrease as men age, which
may limit sensitivity in evaluating the effect of small
changes on cognitive outcomes. It has been suggested that
studies of endogenous estradiol demonstrate a clearer
positive relationship between estrogen and cognition [49].
Thus, there may be a critical window for the cognitive
effects of estrogen in men as well as women.

Selective Estrogen Receptor Modulators

Selective ER modulators (SERMs) do not have the basic
steroid structure of endogenous estrogens but exert tissue-
specific estrogen-like effects both peripherally and in the
brain, although the SERMs currently approved by the US
Food and Drug Administration (FDA) were not designed
specifically to act in the brain. Raloxifene, FDA approved
for osteoporosis prevention, and tamoxifen, used in breast
cancer prevention, are both SERMs. The mechanisms of
action of raloxifene and tamoxifen differ within different
areas of the brain, as well as between each another. In
secondary analyses of a large randomized placebo-
controlled trial examining postmenopausal women with
osteoporosis, high-dose raloxifene demonstrated a lower
risk of mild cognitive impairment and a trend toward a
lower risk of AD [64]. In an ancillary study examining
cognitive outcomes in women assigned to treatment with
either tamoxifen or raloxifene for breast cancer (Cognition
in the Study of Tamoxifen and Raloxifene [CoSTAR]),
women assigned to receive one of the two agents had
similar cognitive profiles over time [65]. Because a placebo
arm was not included in the original STAR trial, these
results did not address how raloxifene and tamoxifen may
affect cognition compared with nontreatment. A secondary
analysis comparing global cognitive function outcomes
between women receiving CEE in WHIMS and those
treated with tamoxifen and raloxifene in CoSTAR demon-
strated that each active therapy was associated with a small
mean relative deficit in score of ≤0.5 units compared with
placebo. Although of small magnitude, these findings raise
the possibility that tamoxifen and raloxifene may adversely
affect cognition in older women; however, the effects of
long-term treatment are unknown [66••]. Future studies

evaluating SERMs specific to the brain need to be
performed.

Genetic Factors

Genes involved in estrogen biosynthesis and ER activity also
are potential contributors to risk of AD. Variants of these
genes might influence age at onset or risk of AD by affecting
the neuroprotective activity of estrogen or by altering
estrogen levels over long periods. Additionally, examination
of polymorphisms in estrogen genes may serve as a marker
of hormone status in cohorts of older women in which
measurement of hormone levels may not be informative.
Five candidate genes, ER-α, ER-β, CYP17, CYP19, and
HSD17B1, are likely contributors. Although variants in these
genes have been associated with differences in estrogen
levels and with an increased risk of estrogen-related
disorders such as osteoporosis, breast or endometrial cancer,
and some studies of risk for AD, their contribution to risk of
AD has not yet been examined systematically, with all genes
assessed in the same population.

As noted earlier, two ERs, ER-α and ER-β, have been
identified in the brain and have been found in regions
affected in AD, including the hippocampus, basal forebrain,
and amygdala. Two closely linked restriction fragment
length polymorphisms, PvuII and XbaI, located in the first
intron of ESR1, the gene for ER-α, have been reported to
influence ER expression and, in turn, may influence risk for
AD. In several case-control studies, the XX or PP genotype
and the XXPP haplotype of the ESR1 gene have been
associated with increased risk for AD in Asian and
European populations and in women with DS [67–71].
However, not all studies have found positive associations,
and risk alleles have been inconsistent across studies.
Additionally, the association between the XX and PP
genotypes or the XXPP haplotype and risk for AD varied
by the presence of the APOE ε4 allele and by gender in
some, but not all, studies. These findings, although not
conclusive, suggest that ESR1 genotype may influence the
risk of AD by affecting ER expression. Additionally,
variants in ESR2, the gene for ER-β, have been associated
with increased risk for AD in women, but not men [72].
One study found a “CA” repeat in ESR2 that was more
strongly protective in men than in women [73]. The Health
ABC study reported that two single nucleotide polymor-
phisms (SNPs) on ESR2 were associated with development
of cognitive impairment among community-dwelling men
and women without dementia [74•].

Two key genes, CYP17 and CYP19, are involved in the
peripheral synthesis of estrogens (see Fig. 1). Polymor-
phisms in CYP17 and CYP19 repeatedly have been
associated with variation in hormone levels, age at onset
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of menopause, and increased risk of estrogen-related
diseases such as bone mass, fracture risk, breast cancer,
and osteoporosis. Several studies have found associations
between SNPs and haplotype blocks in CYP19 and risk for
AD in both men and women [75, 76], whereas others have
found associations with AD primarily among women [77,
78]. The HSD17B1 gene encodes the enzyme 17β-
hydroxysteroid dehydrogenase 1, which catalyzes the
conversion of estrone to estradiol. The Ser312/Gly-coding
common variant of HSD17B1, htSNP rs#605059 in exon 6,
is of particular interest because it has been associated with
risk for breast cancer tumors and endometriosis. Other
common variants of HSD17B1 also are candidate genetic
susceptibility factors for AD, but no study to date has
examined their relationship to age at onset or risk of AD.
Existing studies have examined only a few SNPs, and
several genes of interest have not been examined. Further
study of polymorphisms in these genes and in other genes
involved in estrogen pathways may clarify biological
mechanisms relating variation in estrogen to risk of AD.

Conclusions

Although individual study results are inconsistent, overall
data from epidemiologic studies, observational studies and
clinical trials of HRT, studies of endogenous hormones, and
evaluations of genetic variants involved in estrogen
biosynthesis and receptor activity indicate that estrogen
plays an important role in the pathogenesis of cognitive
decline and risk for AD in both men and women. Looking
ahead, genetic studies may help clarify some of the
ambiguity in the existing data. Additionally, although the
association between hormones and cognitive function has
attracted much attention in women, this relationship is just
beginning to be explored in men and needs to be examined
more fully in both populations using bioavailable hormone
levels. Finally, the concept of a critical window for
hormone supplementation needs to be evaluated in large
groups of younger individuals whose cognitive outcomes
are then followed for an extended period. This is a
particularly valuable area of study as it provides the
potential for effective intervention and treatment before
clinical or pathologic features of dementia begin.
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