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A B S T R A C T

Several lines of investigation have shown a protective role for estrogen in Alzheimer's disease through a number
of biological actions. This review examines studies of the role of estrogen-related factors in age at onset and risk
for Alzheimer's disease in women with Down syndrome, a population at high risk for early onset of dementia.
The studies are consistent in showing that early age at menopause and that low levels of endogenous bioa-
vailable estradiol in postmenopausal women with Down syndrome are associated with earlier age at onset and
overall risk for dementia. Polymorphisms in genes associated with estrogen receptor activity and in genes for
estrogen biosynthesis affecting endogenous estrogen are related to age at onset and cumulative incidence of
dementia, and may serve as biomarkers of risk. To date, no clinical trials of estrogen or hormone replacement
therapy (ERT/HRT) have been published for women with Down syndrome. While findings from clinical trials of
ERT or HRT for dementia have generally been negative among women in the neurotypical population, the short
interval between menopause and onset of cognitive decline, together with a more positive balance between
potential benefits and risks, suggests an opportunity to evaluate the efficacy of ERT/HRT for delaying or pre-
venting dementia in this high risk population, although questions concerning the optimal formulation and timing
of the hormone therapy are not yet resolved.

1. Introduction

Alzheimer's disease (AD) is the most frequent cause of dementia in
the elderly. Clinically, AD is characterized by a progressive deteriora-
tion of cognitive and functional skills that begins during middle-age
(early onset AD) or late in life (late-onset AD). AD is associated with a
characteristic pattern of neuropathology, including the deposition of
extracellular beta amyloid (Aβ) in neuritic plaques, intracellular accu-
mulation of neurofibrillary tangles, neuronal loss and gross atrophy [1].

Down syndrome (DS), defined cytogenetically by trisomy 21 (in full
or in part), is the most common chromosomal disorder associated with
intellectual disability, occurring in approximately 1/700 live births [2].
Virtually all individuals with DS develop the characteristic pattern of
neuropathology found in neurotypical adults with AD by the time they
reach 40 years of age [3], with clear risk for clinical progression to AD
beginning in the mid- to late 40s. Triplication and overexpression of the

gene for amyloid precursor protein (APP), located on chromosome 21,
is believed to play a significant role in the increased risk of dementia in
DS which may be mediated by an increased production of Aβ peptides
[4]. However, despite the nearly universal occurrence of AD pathology
by age 40, there is wide variation in age at onset of dementia and in
dementia related phenotypes such as levels of Aβ peptides. The average
age at onset of dementia in adults with DS is between 50 and 60 years of
age, with an approximate range from the late 30s to 70 years. This
together with the fact that not all individuals with DS will develop
dementia during their lifetime, suggests that additional genetic, biolo-
gical and environmental factors may influence the rate and degree of
Aβ deposition or clearance and may be important modifiers of risk that
accelerate or slow disease progression [5].
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2. Neuroprotective effects of estrogen

Several lines of investigation have shown a protective role for es-
trogen in AD through a number of biological actions [6,7]. Biologically,
estrogen promotes the growth and survival of systems and processes
associated with AD. Estrogen promotes the health of cholinergic neu-
rons [8–10], increases cholinergic activity [11], has antioxidant and
anti-inflammatory properties [12–14], decreases ischemic damage
[15,16], promotes the nonamyloidogenic metabolism of the amyloid
precursor protein [9,17–20], and protects against the toxicity of Aβ
[9,21–23]. The loss of estrogen following menopause may play a role in
the cognitive declines associated with AD and estrogen's protective ef-
fects have been investigated in the neurotypical population through
several lines of research, although findings are not consistent. These
include studies relating (a) age at menopause to cognitive decline and
age at onset of dementia [24,25], (b) levels of endogenous hormones in
postmenopausal women to cognitive decline and risk for dementia
[26–35], (c) variants in genes involved in estrogen receptor activity and
estrogen biosynthesis to risk of AD [36], and (d) studies of the bene-
ficial effects of hormone replacement therapy on dementia risk [37,38].
Inconsistent results may be related to differences between studies in the
age range of participants, the hormones assessed, whether or not study
participants took hormone replacement therapy during the peri-meno-
pausal period, and variation in adjustment for comorbid conditions and
other risk factors in the analysis.

3. Menopause and risk for dementia in women with DS

Menopause is characterized by dramatic declines in estrogen levels.
Women with DS have onset of menopause between 44 and 46 years of
age [39–44], while the median age at menopause is around 51 years for
women with neurotypical development [45]. When women with DS
with onset of menopause below the median age were compared with
women with DS with onset of menopause above the median age, earlier
age at menopause was associated with earlier age at onset of AD and an
approximately two- to three-fold increase in risk of AD [41,46,47].
Further, when cognitive function in women with DS without dementia,
aged 21–57 years, was compared with cognitive function in age-mat-
ched men with DS, premenopausal women performed better than men,
while postmenopausal women performed more poorly than men and
showed significant declines in cognitive function [48]. These findings
suggest that cognitive declines in postmenopausal women with DS are
associated with reduced estrogen availability as well as with age [48].

4. Endogenous estrogen and risk for AD in women with DS

Individual differences in estrogen levels after menopause and during
the period when AD is developing may play an important role in the
pathogenesis of AD and influence age at onset and risk for AD. Studies
in the Ts65Dn mouse model of DS found that estrogen treatment im-
proved cognitive and cholinergic function [49,50]. Treatment with 17β
estradiol for 60 days in postmenopausal female trisomic mice 11–15
months of age improved learning in a T-maze task [49]. In a related
study, female trisomic mice 9–15 months of age treated with 17β es-
tradiol for 60 days showed improved cholinergic and dendritic markers
in the hippocampus and increased levels of APP in the striatum [50]. In
a cross-sectional analysis, women with DS who were demented had
elevated levels of serum sex hormone binding globulin (SHBG) com-
pared with women with DS without dementia, but similar levels of total
estradiol, suggesting that bioavailable estradiol is most importantly
associated with cognitive decline and dementia risk [46]. In a follow-up
longitudinal study in a cohort of women with DS, lower baseline levels
of bioavailable estradiol were associated with a four-fold increased risk
of developing AD and with an earlier age at onset [51]. These findings
support the hypothesis that loss of biologically active estrogen fol-
lowing menopause may accelerate the development of dementia.

In postmenopausal women, body mass index (BMI) influences the
level of estrone, the principal source of estrogen. Higher BMI is asso-
ciated with increased levels of serum estradiol and estrone, and there-
fore peri- and post-menopausal obesity might have a beneficial effect on
cognition [52]. In a retrospective analysis, increased body weight in
women with AD was correlated with better performance on two mea-
sures of global cognitive function [53]. When estrone levels were ex-
amined in healthy postmenopausal women with DS, estrone levels were
66.9% higher in obese (BMI > 30) compared with non-obese women
with DS and 136% higher in obese than in non-obese premenopausal
women with DS [52]. Among postmenopausal women with DS, obese
individuals performed significantly better than non-obese individuals
with DS on measures of verbal memory and on an overall measure of
neuropsychological function. Among premenopausal women with DS,
however, there were no similar differences in performance by obesity
status [52]. Thus, higher endogenous estrogen levels after menopause,
but not before, were associated with enhanced cognitive performance
in women with DS who were not demented, complementing the finding
that reduced endogenous levels in post-menopausal women are asso-
ciated with increased risk for AD [51].

Overall, findings of studies that have examined the relationship
between age at menopause or levels of endogenous estrogen and risk of
dementia are more consistent in women with Down syndrome than the
findings in women in the neurotypical population. One factor that may
be related to differences in the consistency of findings in these two
populations is that the interval between menopause and onset of de-
mentia in women in the neurotypical population is relatively long
compared with the short interval between menopause and onset of
dementia in women with Down syndrome. Thus, among women in the
neurotypical population, onset or changes in other risk factors during
that interval may play a more important role. In addition, epidemio-
logical studies have consistently shown that cardiovascular risk factors
increase the risk of late onset Alzheimer's in the neurotypical popula-
tion. History of diabetes and metabolic syndrome [54–57], stroke [58],
hypertension [59], low HDL [60], smoking [59,61] and midlife central
obesity [62] alone or in the aggregate have been associated with greater
risk [59,63]. These cardiovascular risk factors increase with age and
play an important role in risk for dementia among women in the neu-
rotypical population, but are of lower prevalence among women with
Down syndrome [64–68].

5. Genetic variants in estrogen: estrogen receptors

Prior research supports a role for genetic factors that affect the
bioavailability of estrogen within the brain in modifying age at onset
and risk of AD. Estrogen activity in the brain is mediated by two re-
ceptors belonging to a family of nuclear receptors, ERα and ERβ. These
receptors are found in regions affected in AD, including the hippo-
campus, basal forebrain and amygdala [69–72]. Both ERα and ERβ
appear to have a role in the preservation of cholinergic activity [73,74]
and ERβ may mediate the effects of estrogen on hippocampal synaptic
plasticity [75]. The neuroprotective effects of estrogen against Aβ in-
duced toxicity appear to be mediated by ERα, which may act by
blocking Aβ-induced apoptosis [23,76–78], and polymorphisms in
ESR1, the gene coding for ERα, have been linked to risk for cognitive
decline among women in the neurotypical population [10,79–87]. ERβ
is expressed in the cerebral cortex, hippocampus, anterior olfactory
nucleus, dorsal raphe, substantia nigra, midbrain ventral tegmental
area and cerebellum [69,88], and polymorphisms in ESR2, the gene
coding for ERβ, have been associated with cognitive impairment and
risk for AD among women in the neurotypical population
[10,84,89–92].

5.1. ESR1

Among women in the neurotypical population, two tightly linked
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polymorphisms (PvuII and XbaI) in the first intron of estrogen receptor 1
(ESR1), the gene that encodes ERα, have been reported to influence
estrogen receptor expression and risk of cognitive impairment or de-
mentia [10,79–87]. A longitudinal cohort study of women with DS,
41–78 years of age and who were not demented at baseline, examined
the relation of 5 single-nucleotide polymorphisms (SNPs) in the up-
stream region and the first exon/intron of the ESR1 gene identical to or
close to the intronic PvuII and XbaI RFLP to the risk of AD [93]. Women
carrying at least 1 copy of the C allele at rs2234693 and those carrying
2 copies of the C allele at rs2077647 (PvuII) had an almost 3-fold in-
crease in the risk of AD compared with women who did not carry the C
allele.

5.2. ESR2

Previous studies have examined the relation between polymorph-
isms in ESR2 to risk of cognitive decline and onset of AD in the neu-
rotypical population and have found a number of different SNPs that
were associated with both increased and decreased risk [10,84,89–91].
In women with DS, the relation of polymorphisms in ESR2 to the risk of
AD was examined in a longitudinal study of women aged 30–71 years of
age who were nondemented at baseline [94]. Evaluation of 13 SNPs in
the ESR2 gene identified two SNPs in intron 6 (rs4365213 and
rs12435857), one SNP in intron 7 (rs17766755), and one SNP in intron
8 (rs4986938) that were significantly associated with increased risk of
AD. Carriers of the minor alleles for these SNPs had an approximately 2-
fold increase in the risk of AD. These studies of estrogen receptor var-
iants point to the role of individual differences in estrogen receptor
activity, as well as in hormone levels, in modifying the risk for AD in
women with DS.

6. Polymorphisms associated with estrogen biosynthesis

Genes involved in estrogen biosynthesis or metabolism are also
potential contributors to the processes associated with AD. Variants in
these genes could influence the rate of memory decline, age at onset or
risk of AD by altering estrogen levels over long periods of time and may
serve as robust biomarkers of AD risk, since hormone levels in post-
menopausal women are less likely to be informative. In the neuroty-
pical population, variants in 3 candidate genes in the biosynthetic
pathway for estradiol, CYP17, CYP19 and HSD17B1, have been asso-
ciated with differences in estrogen levels and risk for estrogen related
disorders, as well as AD. However, only a few studies have examined
their role among women with DS.

6.1. CYP17/CYP19

CYP17 and CYP19 are involved in the peripheral synthesis of es-
trogens. Cytochrome P450 (CYP) enzymes are important for the pro-
duction, bioavailability and degradation of estradiol. In women in the
neurotypical population, polymorphisms in CYP17 and CYP19 have
been associated with differences in hormone levels [95–99], age at
onset of menopause [100], and increased risk of osteoporosis and breast
cancer [101–108].

Several studies of women in the neurotypical population have ex-
amined the role of CYP17 [109,110] and CYP19 [36,111–118] in risk
for AD. No association between variants in CYP17 and risk of AD was
found in a study that included both men and women [109],while one
study found an association only in men [110]. Studies of the relation
between variants in CYP19 have reported positive associations that
vary by sex [114–116] and interaction with other risk factors such as
the presence of an APOE E4 allele [111] or the butyrilcholinesterase
(BCHE) K variant [113].

One study has examined the relation of polymorphisms in CYP17
and CYP19 to risk of AD in women with DS [119]. Carriers of four SNPs
in CYP17 had an earlier age at onset and over a two-fold increased risk

of AD. Similarly, carriers of four SNPs in CYP19 also had an earlier age
at onset and a two-fold increased risk of AD, primarily in women
without an apolipoprotein ε4 allele. In a combined analysis, post-
menopausal women with DS who carried high risk alleles in both
CYP17 and CYP19 had an almost four-fold increased risk of AD [119].

6.2. HSD17B1

The enzyme 17β-hydroxysteroid dehydrogenase 1, encoded by the
HSD17B1 gene, catalyzes the conversion of estrone to estradiol.
Variants in HSD17B1 have been associated with an increased risk for
breast cancer in some [106,120,121] but not in all [122] studies of
women in the neurotypical population.

Among women with DS, variants in the HSD17B1 gene were asso-
ciated with earlier onset and a two to three-fold increased risk of in-
cident AD in women with DS homozygous for the minor allele at SNPs
in intron 4 (rs676387), exon 6 (rs605059) and exon 4 in COASY
(rs598126), and carriers of all three of the risk alleles had an almost
two-fold increased risk of developing AD [123]. These candidate gene
studies of estrogen receptor activity and estrogen bioavailability pro-
vide further support for the role of estrogen in influencing risk of AD in
women with DS. Many of the polymorphisms tested were in noncoding
(intron) chromosomal regions and are likely to serve as markers for the
critical region, suggesting a need for genotyping with greater density
and increased precision to identify the putative risk or protective var-
iants.

Future studies of estrogen-related genetic variants associated with
earlier onset of risk for AD in women with Down syndrome might also
include additional genetic variants that have been identified to increase
risk for AD in adults with DS [124–130] and consider the use of a
polygenic score to provide a more complete risk assessment or examine
interactions between sex and risk variants.

7. Estrogen or hormone replacement therapy

Among women in the neurotypical population, epidemiologic stu-
dies have shown that estrogen replacement therapy or hormone re-
placement therapy more generally (ERT/HRT) was associated with
slower declines in cognitive function in postmenopausal women, par-
ticularly in verbal memory, and decreased risk of AD has also been
shown in some studies [27,131–141], but others have not shown a
benefit [142,143]. The association between ERT/HRT and risk of AD
may vary depending on both the formulation and timing of usage
[118,144]. A recent analysis of HRT use among women in the Finnish
population from 1995 to 2011 found that use of estrogen plus proges-
togen was associated with an increased risk of AD, while long term use
of estrogen alone was associated with reduced risk [145] and this dif-
ference in formulation may be related to the inconsistent results in the
epidemiologic studies. The Cache County Study of women in the neu-
rotypical population found evidence that use of HRT in the perimeno-
pausal period protected against AD, while use of HRT among elderly
women did not protect against AD unless initiated before age 63
[118,141], suggesting that there may be a critical period during which
HRT provides protective effects on cognitive function, possibly early in
the perimenopausal period or just after menopause [37,146–148].

Several clinical trials of ERT or HRT in women in the neurotypical
population have sought to test the efficacy of ERT/HRT. The Women's
Health Initiative Memory Study (WHIMS), a randomized trial of two
treatment groups- one treated with estrogen alone and the other treated
with combined and continuous estrogen/progesterone- reported a
twofold increase in risk of AD in treated women compared with women
treated with placebo [149–152]. However, participants in WHIMS were
65 years and older at the time treatment was initiated, beyond the
hypothesized critical period when HRT might be beneficial [153].
Factors that could influence the efficacy of hormonal replacement
treatment include dosage of estrogen/progestin, other formulations of
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these hormones, schedules of administration (e.g. tonic or cyclic), or
route of administration therapy [147,154,155]. For example, estrogens
administrated through a transdermal route might be more effective
since this more closely resembles the normal physiology and metabo-
lism of endogenous sex hormones. Use of combined and continuous
estrogen and progestin does not mirror the naturally occurring men-
strual cycle and may decrease the levels and sensitivity of cerebral es-
trogen receptors [144]. Several trials in women in the neurotypical
population that were specifically designed to test the efficacy of ERT/
HRT in the recent postmenopausal period, the Kronos Early Estrogen
Prevention Study (KEEPS) [156] and the Early versus Late Intervention
Trial with Estradiol (ELITE), found no effect of treatment on cognitive
function [156,157]. These negative findings may have been influenced
by formulation and/or timing of the intervention. The KEEPS study
evaluated the effects of oral conjugated equine estrogens plus cyclical
micronized progesterone or transdermal estradiol plus cyclical micro-
nized progesterone versus placebo in women who were on average 1.4
years postmenopausal [156]. The ELITE study included women within
6 years of menopause or 10+ years after menopause who were ran-
domly assigned to oral 17b-estradiol or placebo [157].

To date, no clinical trials of HRT have been published for women
with DS, despite studies showing that individual differences in en-
dogenous estrogens influence risk for AD. While the relationship of
ERT/HRT in reducing risk of AD is difficult to study in the neurotypical
population because of the extended interval between menopause and
onset of AD (20 years or more), women with DS have a relatively short
interval between onset of menopause and risk for clinical progression of
AD. This short interval between menopause and onset of cognitive
decline, together with a more positive balance between potential ben-
efits and risks, suggests an opportunity to evaluate the efficacy of ERT/
HRT for delaying or preventing dementia in this high risk population
and an intervention could more readily be implemented in the peri-
menopausal period. However, questions concerning the optimal for-
mulation and timing of the hormone therapy are not yet resolved.
Future research should also address the question of sex differences in
risk of AD among adults with DS, as few studies have examined results
separately for men and women. Understanding the pathways that
contribute to sex differences in risk may lead to the development of
more effective interventions or treatment.

Disclosure

The authors have no conflicts of interest to disclose.

Acknowledgements

Supported by grants R01AG014673 (Schupf) and P01HD035897
and U54 HD079123 (Silverman) from NIA and NICHD, respectively,
by grant IIRG-08-90655 from the Alzheimer's Association (Schupf)
and we thank the NYS Office for People With Developmental
Disabilities for its support. We thank the study participants and
participating agencies from the tri-state area that made these studies
possible.

References

[1] C.R. Jack Jr., D.M. Holtzman, Biomarker modeling of Alzheimer's disease, Neuron
80 (6) (2013) 1347–1358.

[2] A.P. Presson, G. Partyka, K.M. Jensen, O.J. Devine, S.A. Rasmussen, L.L. McCabe,
E.R. McCabe, Current estimate of Down Syndrome population prevalence in the
United States, J. Pediatri. 163 (4) (2013) 1163–1168.

[3] H.M. Wisniewski, W. Silverman, J. Wegiel, Ageing, Alzheimer disease and mental
retardation, J. Intellect. Disabil. Res. 38 (Pt 3) (1994) 233–239.

[4] B. Rumble, R. Retallack, C. Hilbich, G. Simms, G. Multhaup, R. Martins, A. Hockey,
P. Montgomery, K. Beyreuther, C.L. Masters, Amyloid A4 protein and its precursor
in Down's syndrome and Alzheimer's disease, N. Engl. J. Med. 320 (22) (1989)
1446–1452 (see comments).

[5] W.B. Zigman, I.T. Lott, Alzheimer's disease in Down syndrome: neurobiology and

risk, Ment. Retard. Dev. Disabil. Res. Rev. 13 (3) (2007) 237–246.
[6] C.J. Pike, J.C. Carroll, E.R. Rosario, A. Barron, Protective actions of sex steroid

hormones in Alzheimer's disease, Front. Neuroendocrinol. 30 (2) (2009) 239–258.
[7] S.C. Correia, R.X. Santos, S. Cardoso, C. Carvalho, M.S. Santos, C.R. Oliveira,

P.I. Moreira, Effects of estrogen in the brain: is it a neuroprotective agent in
Alzheimer's disease? Curr. Aging Sci. 3 (2) (2010) 113–126.

[8] C.D. Toran-Allerand, R.C. Miranda, W.D. Bentham, F. Sohrabji, T.J. Brown,
R.B. Hochberg, N.J. MacLusky, Estrogen receptors colocalize with low-affinity
nerve growth factor receptors in cholinergic neurons of the basal forebrain, Proc.
Natl. Acad. Sci. USA 89 (10) (1992) 4668–4672.

[9] Y. Goodman, A.J. Bruce, B. Cheng, M.P. Mattson, Estrogens attenuate and corti-
costerone exacerbates excitotoxicity, oxidative injury, and amyloid beta-peptide
toxicity in hippocampal neurons, J. Neurochem. 66 (5) (1996) 1836–1844.

[10] J.C. Lambert, J.M. Harris, D. Mann, H. Lemmon, J. Coates, A. Cumming, D. St-
Clair, C. Lendon, Are the estrogen receptors involved in Alzheimer's disease?
Neurosci. Lett. 306 (3) (2001) 193–197.

[11] V.N. Luine, Estradiol increases choline acetyltransferase activity in specific basal
forebrain nuclei and projection areas of female rats, Exp. Neurol. 89 (2) (1985)
484–490.

[12] C. Behl, M. Widmann, T. Trapp, F. Holsboer, 17-beta estradiol protects neurons
from oxidative stress-induced cell death in vitro, Biochem. Biophys. Res. Commun.
216 (2) (1995) 473–482.

[13] A.J. Bruce-Keller, J.L. Keeling, J.N. Keller, F.F. Huang, S. Camondola,
M.P. Mattson, Antiinflammatory effects of estrogen on microglial activation,
Endocrinology 141 (10) (2000) 3646–3656.

[14] A. Villa, E. Vegeto, A. Poletti, A. Maggi, Estrogens, neuroinflammation, and neu-
rodegeneration, Endocr. Rev. 37 (4) (2016) 372–402.

[15] P.S. Green, J.W. Simpkins, Neuroprotective effects of estrogens: potential me-
chanisms of action, Int. J. Dev. Neurosci. 18 (4–5) (2000) 347–358.

[16] P.M. Wise, D.B. Dubal, M.E. Wilson, S.W. Rau, M. Bo Ttner, Minireview: neuro-
protective effects of estrogen-new insights into mechanisms of action,
Endocrinology 142 (3) (2001) 969–973.

[17] A.B. Jaffe, C.D. Toran-Allerand, P. Greengard, S.E. Gandy, Estrogen regulates
metabolism of Alzheimer amyloid beta precursor protein, J. Biol. Chem. 269 (18)
(1994) 13065–13068.

[18] H. Xu, G.K. Gouras, J.P. Greenfield, B. Vincent, J. Naslund, L. Mazzarelli, G. Fried,
J.N. Jovanovic, M. Seeger, N.R. Relkin, F. Liao, F. Checler, J.D. Buxbaum,
B.T. Chait, G. Thinakaran, S.S. Sisodia, R. Wang, P. Greengard, S. Gandy, Estrogen
reduces neuronal generation of Alzheimer beta-amyloid peptides, Nat. Med. 4 (4)
(1998) 447–451.

[19] J.P. Greenfield, L.W. Leung, D. Cai, K. Kaasik, R.S. Gross, E. Rodriguez-Boulan,
P. Greengard, H. Xu, Estrogen lowers Alzheimer beta-amyloid generation by sti-
mulating trans-Golgi network vesicle biogenesis, J. Biol. Chem. 277 (14) (2002)
12128–12136.

[20] H. Xu, R. Wang, Y.W. Zhang, X. Zhang, Estrogen, beta-amyloid metabolism/traf-
ficking, and Alzheimer's disease, Ann. N. Y. Acad. Sci. 1089 (2006) 324–342.

[21] P.S. Green, K.E. Gridley, J.W. Simpkins, Estradiol protects against beta-amyloid
(25-35)-induced toxicity in SK- N-SH human neuroblastoma cells, Neurosci. Lett.
218 (3) (1996) 165–168.

[22] T. Hosoda, H. Nakajima, H. Honjo, Estrogen protects neuronal cells from amyloid
beta-induced apoptotic cell death, Neuroreport 12 (9) (2001) 1965–1970.

[23] R. Marin, B. Guerra, J.G. Hernandez-Jimenez, X.L. Kang, J.D. Fraser, F.J. Lopez,
R. Alonso, Estradiol prevents amyloid-beta peptide-induced cell death in a choli-
nergic cell line via modulation of a classical estrogen receptor, Neuroscience 121
(4) (2003) 917–926.

[24] X. Hong, X. Zhang, H. Li, A case-control study of endogenous estrogen and risk of
Alzheimer's disease, Zhonghua Liu Xing Bing Xue Za Zhi 22 (5) (2001) 379–382.

[25] M. Fox, C. Berzuini, L.A. Knapp, Cumulative estrogen exposure, number of men-
strual cycles, and Alzheimer's risk in a cohort of British women,
Psychoneuroendocrinology 38 (12) (2013) 2973–2982.

[26] K. Yaffe, D. Grady, A. Pressman, S. Cummings, Serum estrogen levels, cognitive
performance, and risk of cognitive decline in older community women, J. Am.
Geriatr. Soc. 46 (7) (1998) 816–821.

[27] K. Yaffe, L.Y. Lui, D. Grady, J. Cauley, J. Kramer, S.R. Cummings, Cognitive de-
cline in women in relation to non-protein-bound oestradiol concentrations, Lancet
356 (9231) (2000) 708–712.

[28] E. Barrett-Connor, D. Goodman-Gruen, Cognitive function and endogenous sex
hormones in older women, J. Am. Geriatr. Soc. 47 (11) (1999) 1289–1293.

[29] J.J. Manly, C.A. Merchant, D.M. Jacobs, S.A. Small, K. Bell, M. Ferin, R. Mayeux,
Endogenous estrogen levels and Alzheimer's disease among postmenopausal
women, Neurology 54 (4) (2000) 833–837.

[30] V. Senanarong, S. Vannasaeng, N. Poungvarin, S. Ploybutr, S. Udompunthurak,
P. Jamjumras, L. Fairbanks, J.L. Cummings, Endogenous estradiol in elderly in-
dividuals: cognitive and noncognitive associations, Arch. Neurol. 59 (3) (2002)
385–389.

[31] M.I. Geerlings, L.J. Launer, F.H. de Jong, A. Ruitenberg, T. Stijnen, J.C. van
Swieten, A. Hofman, J.C. Witteman, H.A. Pols, M.M. Breteler, Endogenous estra-
diol and risk of dementia in women and men: the Rotterdam Study, Ann. Neurol.
53 (5) (2003) 607–615.

[32] E.K. Hoskin, M.X. Tang, J.J. Manly, R. Mayeux, Elevated sex-hormone binding
globulin in elderly women with Alzheimer's disease, Neurobiol. Aging 25 (2)
(2004) 141–147.

[33] C.E. Lebrun, Y.T. van der Schouw, F.H. de Jong, H.A. Pols, D.E. Grobbee,
S.W. Lamberts, Endogenous oestrogens are related to cognition in healthy elderly
women, Clin. Endocrinol. 63 (1) (2005) 50–55.

[34] K. Yaffe, D. Barnes, K. Lindquist, J. Cauley, E.M. Simonsick, B. Penninx,

N. Schupf et al. Free Radical Biology and Medicine 114 (2018) 62–68

65

http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref1
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref1
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref2
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref2
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref2
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref3
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref3
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref4
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref4
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref4
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref4
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref5
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref5
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref6
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref6
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref7
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref7
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref7
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref8
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref8
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref8
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref8
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref9
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref9
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref9
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref10
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref10
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref10
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref11
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref11
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref11
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref12
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref12
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref12
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref13
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref13
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref13
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref14
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref14
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref15
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref15
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref16
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref16
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref16
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref17
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref17
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref17
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref18
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref18
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref18
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref18
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref18
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref19
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref19
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref19
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref19
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref20
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref20
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref21
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref21
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref21
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref22
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref22
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref23
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref23
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref23
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref23
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref24
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref24
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref25
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref25
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref25
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref26
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref26
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref26
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref27
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref27
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref27
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref28
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref28
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref29
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref29
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref29
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref30
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref30
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref30
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref30
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref31
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref31
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref31
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref31
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref32
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref32
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref32
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref33
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref33
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref33
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref34


S. Satterfield, T. Harris, S.R. Cummings, Endogenous sex hormone levels and risk
of cognitive decline in an older biracial cohort, Neurobiol. Aging 28 (2) (2007)
171–178.

[35] M. Muller, N. Schupf, J.J. Manly, R. Mayeux, J.A. Luchsinger, Sex hormone
binding globulin and incident Alzheimer's disease in elderly men and women,
Neurobiol. Aging 31 (10) (2010) 1758–1765.

[36] Y. Xing, J.P. Jia, X.J. Ji, T. Tian, Estrogen associated gene polymorphisms and
their interactions in the progress of Alzheimer's disease, Prog. Neurobiol. 111
(2013) 53–74.

[37] V.W. Henderson, Aging, estrogens, and episodic memory in women, Cogn. Behav.
Neurol. 22 (4) (2009) 205–214.

[38] V.W. Henderson, Alzheimer's disease: review of hormone therapy trials and im-
plications for treatment and prevention after menopause, J. Steroid Biochem. Mol.
Biol. 142 (2014) 99–106.

[39] J. Carr, S. Hollins, Menopause in women with learning disabilities, J. Intellect.
Disabil. Res. 39 (Pt 2) (1995) 137–139.

[40] N. Schupf, W. Zigman, D. Kapell, J.H. Lee, J. Kline, B. Levin, Early menopause in
women with Down's syndrome, J. Intellect. Disabil. Res. 41 (Pt 3) (1997) 264–267.

[41] M.P. Cosgrave, J. Tyrrell, M. McCarron, M. Gill, B.A. Lawlor, Age at onset of de-
mentia and age of menopause in women with Down's syndrome, J. Intellect.
Disabil. Res. 43 (Pt 6) (1999) 461–465.

[42] G.B. Seltzer, N. Schupf, H.S. Wu, A prospective study of menopause in women with
Down's syndrome, J. Intellect. Disabil. Res. 45 (Pt 1) (2001) 1–7.

[43] K. Ejskjaer, N. Uldbjerg, H. Goldstein, Menstrual profile and early menopause in
women with Down syndrome aged 26-40 years, J. Intellect. Dev. Disabil. 31 (3)
(2006) 166–171.

[44] A.J. Esbensen, Health conditions associated with aging and end of life of adults
with Down syndrome, Int. Rev. Res. Ment. Retard. 39(C) (2011) 107–126.

[45] D.J. Brambilla, S.M. McKinlay, C.B. Johannes, Defining the perimenopause for
application in epidemiologic investigations, Am. J. Epidemiol. 140 (12) (1994)
1091–1095.

[46] N. Schupf, D. Pang, B.N. Patel, W. Silverman, R. Schubert, F. Lai, J.K. Kline,
Y. Stern, M. Ferin, B. Tycko, R. Mayeux, Onset of dementia is associated with age
at menopause in women with Down's syndrome, Ann. Neurol. 54 (4) (2003)
433–438.

[47] A.M. Coppus, H.M. Evenhuis, G.J. Verberne, F.E. Visser, P. Eikelenboom, W.A. van
Gool, A.C. Janssens, C.M. van Duijn, Early age at menopause is associated with
increased risk of dementia and mortality in women with Down syndrome, J.
Alzheimer's Dis. 19 (2) (2010) 545–550.

[48] B.N. Patel, G.B. Seltzer, H.S. Wu, N. Schupf, Effect of menopause on cognitive
performance in women with Down syndrome, Neuroreport 12 (12) (2001)
2659–2662.

[49] A.C. Granholm, K.A. Ford, L.A. Hyde, H.A. Bimonte, C.L. Hunter, M. Nelson,
D. Albeck, L.A. Sanders, E.J. Mufson, L.S. Crnic, Estrogen restores cognition and
cholinergic phenotype in an animal model of Down syndrome, Physiol. Behav. 77
(2–3) (2002) 371–385.

[50] A.C. Granholm, L. Sanders, H. Seo, L. Lin, K. Ford, O. Isacson, Estrogen alters
amyloid precursor protein as well as dendritic and cholinergic markers in a mouse
model of Down syndrome, Hippocampus 13 (8) (2003) 905–914.

[51] N. Schupf, S. Winsten, B. Patel, D. Pang, M. Ferin, W.B. Zigman, W. Silverman,
R. Mayeux, Bioavailable estradiol and age at onset of Alzheimer's disease in
postmenopausal women with Down syndrome, Neurosci. Lett. 406 (3) (2006)
298–302.

[52] B.N. Patel, D. Pang, Y. Stern, W. Silverman, J.K. Kline, R. Mayeux, N. Schupf,
Obesity enhances verbal memory in postmenopausal women with Down syn-
drome, Neurobiol. Aging 25 (2) (2004) 159–166.

[53] J.G. Buckwalter, L.S. Schneider, T.W. Wilshire, M.E. Dunn, V.W. Henderson, Body
weight, estrogen and cognitive functioning in Alzheimer's disease: an analysis of
the Tacrine Study Group data, Arch. Gerontol. Geriatr. 24 (3) (1997) 261–267.

[54] K. Yaffe, A.L. Weston, T. Blackwell, K.A. Krueger, The metabolic syndrome and
development of cognitive impairment among older women, Arch. Neurol. 66 (3)
(2009) 324–328.

[55] D. Cheng, J. Noble, M.X. Tang, N. Schupf, R. Mayeux, J.A. Luchsinger, Type 2
diabetes and late-onset Alzheimer's disease, Dement. Geriatr. Cogn. Disord. 31 (6)
(2011) 424–430.

[56] J.A. Luchsinger, M.X. Tang, Y. Stern, S. Shea, R. Mayeux, Diabetes mellitus and
risk of Alzheimer's disease and dementia with stroke in a multiethnic cohort, Am.
J. Epidemiol. 154 (7) (2001) 635–641.

[57] J.A. Luchsinger, M.-X. Tang, S. Shea, R. Mayeux, Hyperinsulinemia and risk of
Alzheimer disease, Neurology 63 (7) (2004) 1187–1192.

[58] S. Blum, J.A. Luchsinger, J.J. Manly, N. Schupf, Y. Stern, T.R. Brown, C. Decarli,
S.A. Small, R. Mayeux, A.M. Brickman, Memory after silent stroke: hippocampus
and infarcts both matter, Neurology 78 (1) (2012) 38–46.

[59] J.A. Luchsinger, C. Reitz, L.S. Honig, M.X. Tang, S. Shea, R. Mayeux, Aggregation
of vascular risk factors and risk of incident Alzheimer disease, Neurology 65 (4)
(2005) 545–551.

[60] C. Reitz, M.X. Tang, N. Schupf, J.J. Manly, R. Mayeux, J.A. Luchsinger, Association
of higher levels of high-density lipoprotein cholesterol in elderly individuals and
lower risk of late-onset Alzheimer disease, Arch. Neurol. 67 (12) (2010)
1491–1497.

[61] C. Merchant, M.-X. Tang, S. Albert, J. Manly, Y. Stern, R. Mayeux, The influence of
smoking on the risk of Alzheimer's disease, Neurology 52 (7) (1999) 1408.

[62] J.A. Luchsinger, D. Cheng, M.X. Tang, N. Schupf, R. Mayeux, Central obesity in the
elderly is related to late-onset Alzheimer disease, Alzheimer Dis. Assoc. Disord. 26
(2) (2012) 101–105.

[63] C. Reitz, M.X. Tang, N. Schupf, J.J. Manly, R. Mayeux, J.A. Luchsinger, A summary

risk score for the prediction of Alzheimer disease in elderly persons, Arch. Neurol.
67 (7) (2010) 835–841.

[64] D. Kapell, B. Nightingale, A. Rodriguez, J.H. Lee, W.B. Zigman, N. Schupf,
Prevalence of chronic medical conditions in adults with mental retardation:
comparison with the general population, Ment. Retard. 36 (4) (1998) 269–279.

[65] C.C. Draheim, J.A. McCubbin, D.P. Williams, Differences in cardiovascular disease
risk between nondiabetic adults with mental retardation with and without Down
syndrome, Am. J. Ment. Retard. 107 (3) (2002) 201–211.

[66] A.N. Rodrigues, L.C. Coelho, W.L. Goncalves, S.A. Gouvea, M.J. Vasconcellos,
R.S. Cunha, G.R. Abreu, Stiffness of the large arteries in individuals with and
without Down syndrome, Vasc. Health Risk Manag. 7 (2011) 375–381.

[67] C.F. de Winter, L.P. Bastiaanse, T.I. Hilgenkamp, H.M. Evenhuis, M.A. Echteld,
Cardiovascular risk factors (diabetes, hypertension, hypercholesterolemia and
metabolic syndrome) in older people with intellectual disability: results of the HA-
ID study, Res. Dev. Disabil. 33 (6) (2012) 1722–1731.

[68] W.B. Zigman, Atypical aging in Down syndrome, Dev. Disabil. Res. Rev. 18 (1)
(2013) 51–67.

[69] P.J. Shugrue, M.V. Lane, I. Merchenthaler, Comparative distribution of estrogen
receptor-alpha and -beta mRNA in the rat central nervous system, J. Comp.
Neurol. 388 (1997) 507–525.

[70] M.K. Osterlund, K. Grandien, E. Keller, Y.L. Hurd, The human brain has distinct
regional expression patterns of estrogen receptor alpha mRNA isoforms derived
from alternative promoters, J. Neurochem. 75 (4) (2000) 1390–1397.

[71] M.K. Osterlund, J.A. Gustafsson, E. Keller, Y.L. Hurd, Estrogen receptor beta
(ERbeta) messenger ribonucleic acid (mRNA) expression within the human fore-
brain: distinct distribution pattern to ERalpha mRNA, J. Clin. Endocrinol. Metab.
85 (10) (2000) 3840–3846.

[72] B.S. McEwen, Invited review: estrogens effects on the brain: multiple sites and
molecular mechanisms, J. Appl. Physiol. 91 (6) (2001) 2785–2801 (1985).

[73] E. Savaskan, G. Olivieri, F. Meier, R. Ravid, F. Muller-Spahn, Hippocampal es-
trogen beta-receptor immunoreactivity is increased in Alzheimer's disease, Brain
Res. 908 (2) (2001) 113–119.

[74] T.A. Ishunina, D.F. Swaab, Increased expression of estrogen receptor alpha and
beta in the nucleus basalis of Meynert in Alzheimer's disease, Neurobiol. Aging 22
(3) (2001) 417–426.

[75] F. Liu, M. Day, L.C. Muniz, D. Bitran, R. Arias, R. Revilla-Sanchez, S. Grauer,
G. Zhang, C. Kelley, V. Pulito, A. Sung, R.F. Mervis, R. Navarra, W.D. Hirst,
P.H. Reinhart, K.L. Marquis, S.J. Moss, M.N. Pangalos, N.J. Brandon, Activation of
estrogen receptor-beta regulates hippocampal synaptic plasticity and improves
memory, Nat. Neurosci. 11 (3) (2008) 334–343.

[76] H. Kim, O.Y. Bang, M.W. Jung, S.D. Ha, H.S. Hong, K. Huh, S.U. Kim, I. Mook-
Jung, Neuroprotective effects of estrogen against beta-amyloid toxicity are
mediated by estrogen receptors in cultured neuronal cells, Neurosci. Lett. 302 (1)
(2001) 58–62.

[77] J.L. Fitzpatrick, A.L. Mize, C.B. Wade, J.A. Harris, R.A. Shapiro, D.M. Dorsa,
Estrogen-mediated neuroprotection against beta-amyloid toxicity requires ex-
pression of estrogen receptor alpha or beta and activation of the MAPK pathway, J.
Neurochem. 82 (3) (2002) 674–682.

[78] C.J. Hwang, H.M. Yun, K.R. Park, J.K. Song, H.O. Seo, B.K. Hyun, D.Y. Choi,
H.S. Yoo, K.W. Oh, D.Y. Hwang, S.B. Han, J.T. Hong, Memory impairment in es-
trogen receptor alpha knockout mice through accumulation of amyloid-beta
peptides, Mol. Neurobiol. 52 (1) (2015) 176–186.

[79] M.L. Brandi, L. Becherini, L. Gennari, M. Racchi, A. Bianchetti, B. Nacmias,
S. Sorbi, P. Mecocci, U. Senin, S. Govoni, Association of the estrogen receptor
alpha gene polymorphisms with sporadic Alzheimer's disease, Biochem. Biophys.
Res. Commun. 265 (2) (1999) 335–338.

[80] R.M. Corbo, G. Gambina, M. Ruggeri, R. Scacchi, Association of estrogen receptor
alpha (ESR1) PvuII and XbaI polymorphisms with sporadic Alzheimer's disease
and their effect on apolipoprotein E concentrations, Dement. Geriatr. Cogn.
Disord. 22 (1) (2006) 67–72.

[81] K. Isoe-Wada, M. Maeda, J. Yong, Y. Adachi, H. Harada, K. Urakami,
K. Nakashima, Positive association between an estrogen receptor gene poly-
morphism and Parkinson's disease with dementia, Eur. J. Neurol. 6 (4) (1999)
431–435.

[82] Y. Ji, K. Urakami, K. Wada-Isoe, Y. Adachi, K. Nakashima, Estrogen receptor gene
polymorphisms in patients with Alzheimer's disease, vascular dementia and al-
cohol-associated dementia, Dement. Geriatr. Cogn. Disord. 11 (3) (2000) 119–122.

[83] K. Yaffe, L.Y. Lui, D. Grady, K. Stone, P. Morin, Estrogen receptor 1 polymorphisms
and risk of cognitive impairment in older women, Biol. Psychiatry 51 (8) (2002)
677–682.

[84] K. Yaffe, K. Lindquist, S. Sen, J. Cauley, R. Ferrell, B. Penninx, T. Harris, R. Li,
S.R. Cummings, Estrogen receptor genotype and risk of cognitive impairment in
elders: findings from the Health ABC study, Neurobiol. Aging 30 (4) (2009)
607–614.

[85] J. Deng, C. Shen, Y. Wang, M. Zhang, J. Yan, X. Fu, Y. Chen, H. Zhou, Association
between the polymorphism of estrogen receptor alpha and Alzheimer's disease in
Chinese population, Clin. Lab. 59 (7–8) (2013) 741–746.

[86] T. Wang, Meta-analysis of PvuII, XbaI variants in ESR1 gene and the risk of
Alzheimer's disease: the regional European difference, Neurosci. Lett. 574 (2014)
41–46.

[87] S.C. Janicki, N. Park, R. Cheng, L.N. Clark, J.H. Lee, N. Schupf, Estrogen receptor
alpha variants affect age at onset of Alzheimer's disease in a multiethnic female
cohort, Dement. Geriatr. Cogn. Disord. 38 (3–4) (2014) 200–213.

[88] L.M. Creutz, M.F. Kritzer, Mesostriatal and mesolimbic projections of midbrain
neurons immunoreactive for estrogen receptor beta or androgen receptors in rats,
J. Comp. Neurol. 476 (4) (2004) 348–362.

N. Schupf et al. Free Radical Biology and Medicine 114 (2018) 62–68

66

http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref34
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref34
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref34
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref35
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref35
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref35
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref36
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref36
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref36
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref37
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref37
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref38
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref38
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref38
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref39
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref39
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref40
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref40
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref41
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref41
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref41
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref42
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref42
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref43
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref43
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref43
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref44
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref44
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref45
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref45
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref45
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref46
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref46
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref46
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref46
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref47
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref47
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref47
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref47
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref48
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref48
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref48
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref49
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref49
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref49
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref49
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref50
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref50
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref50
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref51
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref51
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref51
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref51
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref52
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref52
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref52
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref53
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref53
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref53
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref54
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref54
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref54
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref55
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref55
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref55
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref56
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref56
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref56
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref57
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref57
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref58
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref58
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref58
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref59
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref59
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref59
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref60
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref60
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref60
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref60
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref61
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref61
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref62
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref62
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref62
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref63
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref63
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref63
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref64
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref64
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref64
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref65
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref65
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref65
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref66
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref66
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref66
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref67
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref67
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref67
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref67
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref68
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref68
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref69
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref69
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref69
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref70
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref70
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref70
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref71
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref71
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref71
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref71
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref72
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref72
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref73
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref73
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref73
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref74
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref74
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref74
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref75
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref75
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref75
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref75
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref75
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref76
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref76
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref76
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref76
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref77
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref77
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref77
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref77
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref78
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref78
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref78
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref78
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref79
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref79
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref79
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref79
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref80
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref80
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref80
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref80
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref81
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref81
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref81
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref81
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref82
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref82
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref82
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref83
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref83
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref83
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref84
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref84
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref84
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref84
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref85
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref85
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref85
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref86
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref86
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref86
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref87
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref87
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref87
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref88
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref88
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref88


[89] C. Forsell, E. Enmark, K. Axelman, M. Blomberg, L.O. Wahlund, J.A. Gustafsson,
L. Lannfelt, Investigations of a CA repeat in the oestrogen receptor beta gene in
patients with Alzheimer's disease, Eur. J. Hum. Genet. 9 (10) (2001) 802–804.

[90] C. Luckhaus, P.G. Sand, Estrogen Receptor 1 gene (ESR1) variants in Alzheimer's
disease. Results of a meta-analysis, Aging Clin. Exp. Res. 19 (2) (2007) 165–168.

[91] S.C. Janicki, N. Park, R. Cheng, J.H. Lee, N. Schupf, L.N. Clark, Estrogen receptor
beta variants modify risk for Alzheimer's disease in a multiethnic female cohort, J.
Alzheimer's Dis. 40 (1) (2014) 83–93.

[92] L. Zhao, S.K. Woody, A. Chhibber, Estrogen receptor beta in Alzheimer's disease:
from mechanisms to therapeutics, Ageing Res. Rev. 24 (Pt B) (2015) 178–190.

[93] N. Schupf, J.H. Lee, M. Wei, D. Pang, C. Chace, R. Cheng, W.B. Zigman, B. Tycko,
W. Silverman, Estrogen receptor-alpha variants increase risk of Alzheimer's dis-
ease in women with Down syndrome, Dement. Geriatr. Cogn. Disord. 25 (5)
(2008) 476–482.

[94] Q. Zhao, J.H. Lee, D. Pang, A. Temkin, N. Park, S.C. Janicki, W.B. Zigman,
W. Silverman, B. Tycko, N. Schupf, Estrogen receptor-Beta variants are associated
with increased risk of Alzheimer's disease in women with down syndrome,
Dement. Geriatr. Cogn. Disord. 32 (4) (2011) 241–249.

[95] H.S. Feigelson, L.S. Shames, M.C. Pike, G.A. Coetzee, F.Z. Stanczyk,
B.E. Henderson, Cytochrome P450c17alpha gene (CYP17) polymorphism is asso-
ciated with serum estrogen and progesterone concentrations, Cancer Res. 58 (4)
(1998) 585–587.

[96] C.A. Haiman, S.E. Hankinson, D. Spiegelman, G.A. Colditz, W.C. Willett,
F.E. Speizer, K.T. Kelsey, D.J. Hunter, The relationship between a polymorphism
in CYP17 with plasma hormone levels and breast cancer, Cancer Res. 59 (5)
(1999) 1015–1020.

[97] C.A. Haiman, L. Dossus, V.W. Setiawan, D.O. Stram, A.M. Dunning, G. Thomas,
M.J. Thun, D. Albanes, D. Altshuler, E. Ardanaz, H. Boeing, J. Buring, N. Burtt,
E.E. Calle, S. Chanock, F. Clavel-Chapelon, G.A. Colditz, D.G. Cox, H.S. Feigelson,
S.E. Hankinson, R.B. Hayes, B.E. Henderson, J.N. Hirschhorn, R. Hoover,
D.J. Hunter, R. Kaaks, L.N. Kolonel, L. Le Marchand, P. Lenner, E. Lund, S. Panico,
P.H. Peeters, M.C. Pike, E. Riboli, A. Tjonneland, R. Travis, D. Trichopoulos,
S. Wacholder, R.G. Ziegler, Genetic variation at the CYP19A1 locus predicts cir-
culating estrogen levels but not breast cancer risk in postmenopausal women,
Cancer Res. 67 (5) (2007) 1893–1897.

[98] M.R. Sowers, A.L. Wilson, S.R. Kardia, J. Chu, R. Ferrell, Aromatase gene (CYP 19)
polymorphisms and endogenous androgen concentrations in a multiracial/multi-
ethnic, multisite study of women at midlife, Am. J. Med. 119 (9 Suppl 1) (2006)
S23–S30.

[99] C.M. Small, M. Marcus, S.L. Sherman, A.K. Sullivan, A.K. Manatunga,
H.S. Feigelson, CYP17 genotype predicts serum hormone levels among pre-me-
nopausal women, Hum. Reprod. 20 (8) (2005) 2162–2167.

[100] A.E. Weel, A.G. Uitterlinden, I.C. Westendorp, H. Burger, S.C. Schuit, A. Hofman,
T.J. Helmerhorst, J.P. van Leeuwen, H.A. Pols, Estrogen receptor polymorphism
predicts the onset of natural and surgical menopause, J. Clin. Endocrinol. Metab.
84 (9) (1999) 3146–3150.

[101] C.S. Huang, C.Y. Shen, K.J. Chang, S.M. Hsu, H.D. Chern, Cytochrome P4501A1
polymorphism as a susceptibility factor for breast cancer in postmenopausal
Chinese women in Taiwan, Br. J. Cancer 80 (11) (1999) 1838–1843.

[102] C.A. Haiman, S.E. Hankinson, D. Spiegelman, I. De Vivo, G.A. Colditz,
W.C. Willett, F.E. Speizer, D.J. Hunter, A tetranucleotide repeat polymorphism in
CYP19 and breast cancer risk, Int. J. Cancer 87 (2) (2000) 204–210.

[103] H.S. Feigelson, G.A. Coetzee, L.N. Kolonel, R.K. Ross, B.E. Henderson, A poly-
morphism in the CYP17 gene increases the risk of breast cancer, Cancer Res. 57 (6)
(1997) 1063–1065.

[104] H.S. Feigelson, R. McKean-Cowdin, B.E. Henderson, Concerning the CYP17 MspA1
polymorphism and breast cancer risk: a meta-analysis, Mutagenesis 17 (5) (2002)
447–448 (445-6; author reply).

[105] H. Ahsan, A.S. Whittemore, Y. Chen, R.T. Senie, S.P. Hamilton, Q. Wang,
I. Gurvich, R.M. Santella, Variants in estrogen-biosynthesis genes CYP17 and
CYP19 and breast cancer risk: a family-based genetic association study, Breast
Cancer Res. 7 (1) (2005) R71–R81.

[106] A.H. Wu, A. Seow, K. Arakawa, D. Van Den Berg, H.P. Lee, M.C. Yu, HSD17B1 and
CYP17 polymorphisms and breast cancer risk among Chinese women in Singapore,
Int. J. Cancer 104 (4) (2003) 450–457.

[107] L. Masi, L. Becherini, L. Gennari, A. Amedei, E. Colli, A. Falchetti, M. Farci,
S. Silvestri, S. Gonnelli, M.L. Brandi, Polymorphism of the aromatase gene in
postmenopausal Italian women: distribution and correlation with bone mass and
fracture risk, J. Clin. Endocrinol. Metab. 86 (5) (2001) 2263–2269.

[108] M.T. Zarrabeitia, J.L. Hernandez, C. Valero, A.L. Zarrabeitia, M. Garcia-Unzueta,
J.A. Amado, J. Gonzalez-Macias, J.A. Riancho, A common polymorphism in the 5'-
untranslated region of the aromatase gene influences bone mass and fracture risk,
Eur. J. Endocrinol. 150 (5) (2004) 699–704.

[109] P.N. Wang, H.C. Liu, T.Y. Liu, A. Chu, C.J. Hong, K.N. Lin, C.W. Chi, Estrogen-
metabolizing gene COMT polymorphism synergistic APOE epsilon4 allele in-
creases the risk of Alzheimer disease, Dement. Geriatr. Cogn. Disord. 19 (2–3)
(2005) 120–125.

[110] R.M. Corbo, G. Gambina, E. Broggio, D. Scarabino, R. Scacchi, Association study of
two steroid biosynthesis genes (COMT and CYP17) with Alzheimer's disease in the
Italian population, J. Neurol. Sci. 344 (1–2) (2014) 149–153.

[111] R. Huang, S.E. Poduslo, CYP19 haplotypes increase risk for Alzheimer's disease, J.
Med. Genet. 43 (8) (2006) e42.

[112] S. Iivonen, E. Corder, M. Lehtovirta, S. Helisalmi, A. Mannermaa, S. Vepsalainen,
T. Hanninen, H. Soininen, M. Hiltunen, Polymorphisms in the CYP19 gene confer
increased risk for Alzheimer disease, Neurology 62 (7) (2004) 1170–1176.

[113] O. Combarros, J.A. Riancho, J. Infante, C. Sanudo, J. Llorca, M.T. Zarrabeitia,

J. Berciano, Interaction between CYP19 aromatase and butyrylcholinesterase
genes increases Alzheimer's disease risk, Dement. Geriatr. Cogn. Disord. 20 (2–3)
(2005) 153–157.

[114] R.M. Corbo, G. Gambina, L. Ulizzi, G. Moretto, R. Scacchi, Genetic variation of
CYP19 (aromatase) gene influences age at onset of Alzheimer's disease in women,
Dement. Geriatr. Cogn. Disord. 27 (6) (2009) 513–518.

[115] H.T. Butler, D.R. Warden, E. Hogervorst, J. Ragoussis, A.D. Smith, D.J. Lehmann,
Association of the aromatase gene with Alzheimer's disease in women, Neurosci.
Lett. 468 (3) (2010) 202–206.

[116] C. Medway, O. Combarros, M. Cortina-Borja, H.T. Butler, C.A. Ibrahim-Verbaas,
R.F. de Bruijn, P.J. Koudstaal, C.M. van Duijn, M.A. Ikram, I. Mateo, P. Sanchez-
Juan, M.G. Lehmann, R. Heun, H. Kolsch, P. Deloukas, N. Hammond, E. Coto,
V. Alvarez, P.G. Kehoe, R. Barber, G.K. Wilcock, K. Brown, O. Belbin, D.R. Warden,
A.D. Smith, K. Morgan, D.J. Lehmann, The sex-specific associations of the ar-
omatase gene with Alzheimer's disease and its interaction with IL10 in the
Epistasis Project, Eur. J. Human. Genet. 22 (2) (2014) 216–220.

[117] S.C. Janicki, N. Park, R. Cheng, N. Schupf, L.N. Clark, J.H. Lee, Aromatase variants
modify risk for Alzheimer's disease in a multiethnic female cohort, Dement.
Geriatr. Cogn. Disord. 35 (5–6) (2013) 340–346.

[118] H. Shao, J.C. Breitner, R.A. Whitmer, J. Wang, K. Hayden, H. Wengreen,
C. Corcoran, J. Tschanz, M. Norton, R. Munger, K. Welsh-Bohmer, P.P. Zandi,
I. Cache County, Hormone therapy and Alzheimer disease dementia: new findings
from the Cache County Study, Neurology 79 (18) (2012) 1846–1852.

[119] C. Chace, D. Pang, C. Weng, A. Temkin, S. Lax, W. Silverman, W. Zigman, M. Ferin,
J.H. Lee, B. Tycko, N. Schupf, Variants in CYP17 and CYP19 cytochrome P450
genes are associated with onset of Alzheimer's disease in women with down
syndrome, J. Alzheimer's Dis. 28 (3) (2012) 601–612.

[120] H.S. Feigelson, R. McKean-Cowdin, G.A. Coetzee, D.O. Stram, L.N. Kolonel,
B.E. Henderson, Building a multigenic model of breast cancer susceptibility:
CYP17 and HSD17B1 are two important candidates, Cancer Res. 61 (2) (2001)
785–789.

[121] W. He, M. Gauri, T. Li, R. Wang, S.X. Lin, Current knowledge of the multi-
functional 17beta-hydroxysteroid dehydrogenase type 1 (HSD17B1), Gene 588 (1)
(2016) 54–61.

[122] H.S. Feigelson, D.G. Cox, H.M. Cann, S. Wacholder, R. Kaaks, B.E. Henderson,
D. Albanes, D. Altshuler, G. Berglund, F. Berrino, S. Bingham, J.E. Buring,
N.P. Burtt, E.E. Calle, S.J. Chanock, F. Clavel-Chapelon, G. Colditz, W.R. Diver,
M.L. Freedman, C.A. Haiman, S.E. Hankinson, R.B. Hayes, J.N. Hirschhorn,
D. Hunter, L.N. Kolonel, P. Kraft, L. LeMarchand, J. Linseisen, W. Modi,
C. Navarro, P.H. Peeters, M.C. Pike, E. Riboli, V.W. Setiawan, D.O. Stram,
G. Thomas, M.J. Thun, A. Tjonneland, D. Trichopoulos, Haplotype analysis of the
HSD17B1 gene and risk of breast cancer: a comprehensive approach to multicenter
analyses of prospective cohort studies, Cancer Res. 66 (4) (2006) 2468–2475.

[123] J.H. Lee, S. Gurney, D. Pang, A. Temkin, N. Park, S.C. Janicki, W.B. Zigman,
W. Silverman, B. Tycko, N. Schupf, Polymorphisms in HSD17B1: early onset and
increased risk of Alzheimer's disease in women with down syndrome, Curr.
Gerontol. Geriatr. Res. 2012 (2012) 361218.

[124] E.L. Jones, C.G. Ballard, V.P. Prasher, M. Arno, S. Tyrer, B. Moore, M.L. Hanney,
An intron 7 polymorphism in APP affects the age of onset of dementia in Down
syndrome, Int. J. Alzheimer' Dis. 2011 (2010) 929102.

[125] E.L. Jones, K. Mok, M. Hanney, D. Harold, R. Sims, J. Williams, C. Ballard,
Evidence that PICALM affects age at onset of Alzheimer's dementia in Down
syndrome, Neurobiol. Aging 34 (10) (2013) e1–e5 (2441).

[126] M. Margallo-Lana, C.M. Morris, A.M. Gibson, A.L. Tan, D.W. Kay, S.P. Tyrer,
B.P. Moore, C.G. Ballard, Influence of the amyloid precursor protein locus on
dementia in Down syndrome, Neurology 62 (11) (2004) 1996–1998.

[127] J.H. Lee, M. Chulikavit, D. Pang, W.B. Zigman, W. Silverman, N. Schupf,
Association between genetic variants in sortilin-related receptor 1 (SORL1) and
Alzheimer's disease in adults with Down syndrome, Neurosci. Lett. 425 (2) (2007)
105–109.

[128] F. Liu, Z. Liang, J. Wegiel, Y.W. Hwang, K. Iqbal, I. Grundke-Iqbal,
N. Ramakrishna, C.X. Gong, Overexpression of Dyrk1A contributes to neurofi-
brillary degeneration in Down syndrome, FASEB J. 22 (9) (2008) 3224–3233.

[129] A. Patel, S.D. Rees, M.A. Kelly, S.C. Bain, A.H. Barnett, D. Thalitaya, V.P. Prasher,
Association of variants within APOE, SORL1, RUNX1, BACE1 and ALDH18A1 with
dementia in Alzheimer's disease in subjects with Down syndrome, Neurosci. Lett.
487 (2) (2011) 144–148.

[130] K.Y. Mok, E.L. Jones, M. Hanney, D. Harold, R. Sims, J. Williams, C. Ballard,
J. Hardy, Polymorphisms in BACE2 may affect the age of onset Alzheimer's de-
mentia in Down syndrome, Neurobiol. Aging 35 (6) (2014) e1–e5 (1513).

[131] A. Paganini-Hill, V.W. Henderson, Estrogen deficiency and risk of Alzheimer's
disease in women, Am. J. Epidemiol. 140 (3) (1994) 256–261.

[132] D.L. Kampen, B.B. Sherwin, Estrogen use and verbal memory in healthy post-
menopausal women, Obstet. Gynecol. 83 (6) (1994) 979–983.

[133] A. Paganini-Hill, V.W. Henderson, Estrogen replacement therapy and risk of
Alzheimer disease, Arch. Intern. Med. 156 (19) (1996) 2213–2217.

[134] M.X. Tang, D. Jacobs, Y. Stern, K. Marder, P. Schofield, B. Gurland, H. Andrews,
R. Mayeux, Effect of oestrogen during menopause on risk and age at onset of
Alzheimer's disease, Lancet 348 (9025) (1996) 429–432 (see comments).

[135] B.B. Sherwin, Estrogen effects on cognition in menopausal women, Neurology 48
(5 Suppl 7) (1997) S21–S26.

[136] C. Kawas, S. Resnick, A. Morrison, R. Brookmeyer, M. Corrada, A. Zonderman,
C. Bacal, D.D. Lingle, E. Metter, A prospective study of estrogen replacement
therapy and the risk of developing Alzheimer's disease: the Baltimore Longitudinal
Study of Aging, Neurology 48 (6) (1997) 1517–1521.

[137] S.M. Resnick, E.J. Metter, A.B. Zonderman, Estrogen replacement therapy and

N. Schupf et al. Free Radical Biology and Medicine 114 (2018) 62–68

67

http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref89
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref89
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref89
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref90
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref90
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref91
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref91
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref91
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref92
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref92
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref93
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref93
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref93
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref93
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref94
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref94
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref94
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref94
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref95
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref95
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref95
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref95
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref96
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref96
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref96
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref96
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref97
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref97
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref97
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref97
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref97
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref97
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref97
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref97
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref97
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref98
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref98
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref98
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref98
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref99
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref99
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref99
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref100
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref100
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref100
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref100
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref101
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref101
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref101
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref102
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref102
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref102
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref103
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref103
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref103
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref104
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref104
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref104
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref105
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref105
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref105
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref105
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref106
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref106
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref106
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref107
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref107
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref107
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref107
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref108
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref108
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref108
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref108
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref109
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref109
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref109
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref109
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref110
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref110
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref110
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref111
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref111
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref112
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref112
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref112
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref113
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref113
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref113
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref113
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref114
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref114
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref114
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref115
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref115
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref115
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref116
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref116
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref116
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref116
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref116
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref116
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref116
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref117
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref117
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref117
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref118
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref118
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref118
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref118
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref119
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref119
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref119
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref119
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref120
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref120
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref120
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref120
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref121
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref121
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref121
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref122
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref122
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref122
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref122
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref122
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref122
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref122
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref122
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref122
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref123
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref123
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref123
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref123
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref124
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref124
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref124
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref125
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref125
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref125
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref126
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref126
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref126
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref127
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref127
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref127
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref127
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref128
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref128
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref128
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref129
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref129
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref129
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref129
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref130
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref130
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref130
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref131
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref131
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref132
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref132
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref133
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref133
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref134
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref134
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref134
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref135
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref135
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref136
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref136
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref136
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref136
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref137


longitudinal decline in visual memory. A possible protective effect? Neurology 49
(6) (1997) 1491–1497.

[138] D.M. Jacobs, M.X. Tang, Y. Stern, M. Sano, K. Marder, K.L. Bell, P. Schofield,
G. Dooneief, B. Gurland, R. Mayeux, Cognitive function in nondemented older
women who took estrogen after menopause, Neurology 50 (2) (1998) 368–373.

[139] S.C. Waring, W.A. Rocca, R.C. Petersen, P.C. O'Brien, E.G. Tangalos, E. Kokmen,
Postmenopausal estrogen replacement therapy and risk of AD: a population-based
study, Neurology 52 (5) (1999) 965–970.

[140] K. Yaffe, M. Haan, A. Byers, C. Tangen, L. Kuller, Estrogen use, APOE, and cog-
nitive decline: evidence of gene-environment interaction, Neurology 54 (10)
(2000) 1949–1954.

[141] P.P. Zandi, M.C. Carlson, B.L. Plassman, K.A. Welsh-Bohmer, L.S. Mayer,
D.C. Steffens, J.C. Breitner, I. Cache County Memory Study, Hormone replacement
therapy and incidence of Alzheimer disease in older women: the Cache County
Study, J. Am. Med. Assoc. 288 (17) (2002) 2123–2129.

[142] E. Barrett-Connor, D. Kritz-Silverstein, Estrogen replacement therapy and cogni-
tive function in older women, J. Am. Med. Assoc. 269 (20) (1993) 2637–2641.

[143] D.E. Brenner, W.A. Kukull, A. Stergachis, G. van Belle, J.D. Bowen,
W.C. McCormick, L. Teri, E.B. Larson, Postmenopausal estrogen replacement
therapy and the risk of Alzheimer's disease: a population-based case-control study,
Am. J. Epidemiol. 140 (3) (1994) 262–267.

[144] C.D. Toran-Allerand, Reply to 'Hormone in the hot seat', Nat. Med. 12 (4) (2006)
379–380.

[145] B. Imtiaz, M. Tuppurainen, T. Rikkonen, M. Kivipelto, H. Soininen, H. Kroger,
A.M. Tolppanen, Postmenopausal hormone therapy and Alzheimer disease: a
prospective cohort study, Neurology 88 (11) (2017) 1062–1068.

[146] K. Matthews, J. Cauley, K. Yaffe, J.M. Zmuda, Estrogen replacement therapy and
cognitive decline in older community women, J. Am. Geriatr. Soc. 47 (5) (1999)
518–523.

[147] S.M. Resnick, V.W. Henderson, Hormone therapy and risk of Alzheimer disease: a
critical time, J. Am. Med. Assoc. 288 (17) (2002) 2170–2172.

[148] B.B. Sherwin, The critical period hypothesis: can it explain discrepancies in the
oestrogen-cognition literature? J. Neuroendocrinol. 19 (2) (2007) 77–81.

[149] S.A. Shumaker, C. Legault, S.R. Rapp, L. Thal, R.B. Wallace, J.K. Ockene,
S.L. Hendrix, B.N. Jones 3rd, A.R. Assaf, R.D. Jackson, J.M. Kotchen,

S. Wassertheil-Smoller, J. Wactawski-Wende, W. Investigators, Estrogen plus
progestin and the incidence of dementia and mild cognitive impairment in post-
menopausal women: the Women's Health Initiative Memory Study: a randomized
controlled trial, J. Am. Med. Assoc. 289 (20) (2003) 2651–2662.

[150] S.A. Shumaker, C. Legault, L. Kuller, S.R. Rapp, L. Thal, D.S. Lane, H. Fillit,
M.L. Stefanick, S.L. Hendrix, C.E. Lewis, K. Masaki, L.H. Coker, S. Women's Health
Initiative Memory, Conjugated equine estrogens and incidence of probable de-
mentia and mild cognitive impairment in postmenopausal women: Women's
Health Initiative Memory Study, J. Am. Med. Assoc. 291 (24) (2004) 2947–2958.

[151] M.A. Espeland, S.R. Rapp, S.A. Shumaker, R. Brunner, J.E. Manson, B.B. Sherwin,
J. Hsia, K.L. Margolis, P.E. Hogan, R. Wallace, M. Dailey, R. Freeman, J. Hays,
Conjugated equine estrogens and global cognitive function in postmenopausal
women: Women's Health Initiative Memory Study, J. Am. Med. Assoc. 291 (24)
(2004) 2959–2968.

[152] S.M. Resnick, L.H. Coker, P.M. Maki, S.R. Rapp, M.A. Espeland, S.A. Shumaker,
The Women's Health Initiative Study of Cognitive Aging (WHISCA): a randomized
clinical trial of the effects of hormone therapy on age-associated cognitive decline,
Clin. Trials 1 (5) (2004) 440–450.

[153] V.W. Henderson, Estrogen-containing hormone therapy and Alzheimer's disease
risk: understanding discrepant inferences from observational and experimental
research, Neuroscience 138 (3) (2006) 1031–1039.

[154] K. Marder, M. Sano, Estrogen to treat Alzheimer's disease: too little, too late? So
what's a woman to do? Neurology 54 (11) (2000) 2035–2037.

[155] C.D. Toran-Allerand, Estrogen as a treatment for Alzheimer disease, J. Am. Med.
Assoc. 284 (3) (2000) 307–308.

[156] C.E. Gleason, N.M. Dowling, W. Wharton, J.E. Manson, V.M. Miller, C.S. Atwood,
E.A. Brinton, M.I. Cedars, R.A. Lobo, G.R. Merriam, G. Neal-Perry, N.F. Santoro,
H.S. Taylor, D.M. Black, M.J. Budoff, H.N. Hodis, F. Naftolin, S.M. Harman,
S. Asthana, Effects of hormone therapy on cognition and mood in recently post-
menopausal women: findings from the randomized, controlled KEEPS-cognitive
and affective study, PLoS Med. 12 (6) (2015).

[157] V.W. Henderson, J.A. John St, H.N. Hodis, C.A. McCleary, F.Z. Stanczyk,
D. Shoupe, N. Kono, L. Dustin, H. Allayee, W.J. Mack, Cognitive effects of estradiol
after menopause: a randomized trial of the timing hypothesis, Neurology 87 (7)
(2016) 699–708.

N. Schupf et al. Free Radical Biology and Medicine 114 (2018) 62–68

68

http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref137
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref137
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref138
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref138
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref138
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref139
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref139
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref139
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref140
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref140
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref140
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref141
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref141
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref141
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref141
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref142
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref142
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref143
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref143
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref143
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref143
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref144
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref144
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref145
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref145
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref145
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref146
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref146
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref146
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref147
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref147
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref148
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref148
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref149
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref149
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref149
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref149
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref149
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref149
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref150
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref150
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref150
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref150
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref150
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref151
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref151
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref151
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref151
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref151
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref152
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref152
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref152
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref152
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref153
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref153
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref153
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref154
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref154
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref155
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref155
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref156
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref156
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref156
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref156
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref156
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref156
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref157
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref157
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref157
http://refhub.elsevier.com/S0891-5849(17)30735-9/sbref157

	Epidemiology of estrogen and dementia in women with Down syndrome
	Introduction
	Neuroprotective effects of estrogen
	Menopause and risk for dementia in women with DS
	Endogenous estrogen and risk for AD in women with DS
	Genetic variants in estrogen: estrogen receptors
	ESR1
	ESR2

	Polymorphisms associated with estrogen biosynthesis
	CYP17/CYP19
	HSD17B1

	Estrogen or hormone replacement therapy
	Disclosure
	Acknowledgements
	References




