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Abstract

Since the introduction of menopausal hormone therapy (MHT) in the 1940s, randomized clinical 

trials and observational studies have been performed to determine the benefits and risks of MHT. 

However, MHT therapeutic impact remains under debate as multiple factors including genetic 

biomarkers and medical history contribute to inter-individual variations in neurodegenerative 

diseases. Herein, we review the characteristics of women who participated in clinical studies 

and methodological approaches for study analyses to assess the critical variables influencing 

an association between MHT and risk of neurodegenerative diseases. Outcomes of the review 

indicated that: (1) observational studies assessed outcomes of MHT in symptomatic women 

whereas MHT clinical trials were conducted in asymptomatic postmenopausal women not treated 

for menopausal symptoms, (2) in asymptomatic postmenopausal women, late MHT intervention 

was of no benefit, (3) different MHT treatments and regimens between observational studies and 

clinical trials may impact outcomes, and (4) observational studies may provide greater predictive 

validity for long-term neurological health outcomes as MHT was introduced in symptomatic 

women and administered over a long period of time. Going forward, achieving precision hormone 

therapy will require a priori identification of symptomatic women appropriate for MHT and the 

type and dose of MHT appropriate for their genetic profile and health risks.
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Introduction

Women are at a higher risk of developing Alzheimer’s disease (AD) than men1 and this risk 

can be associated with decreased estrogen levels after menopause2. Multiple studies provide 

evidence that menopausal hormone therapy (MHT) may reduce risks of cognitive/memory 

decline and AD after the onset of menopause3–10. The National Health and Nutrition 

Examination Survey indicated that 10.9 million US women aged 45–74 years used a form of 
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MHT in 1999–200011. However, the number of MHT users decreased to 6 million in 2003–

200411 after the release of reports from the Women’s Health Initiative (WHI) studies12,13.

The initial WHI reports12,13 served as a basis for substantial analyses of multiple types 

of MHT that included randomized clinical trials and their ancillary studies, observational 

studies, and meta-analyses of the benefits and risks of MHT14–26. Ancillary studies were 

designed to investigate the effect of MHT on cognition, memory, and/or dementia16,18,27,28 

while observational studies addressed the impact of MHT on AD risk3,9 (Table 1). Although 

outcomes from clinical trials failed to support a protective effect of estrogen therapy against 

cognitive and memory decline20,27,29, some observational studies including the Cache 

County Study and the Multi-Institutional Research in Alzheimer Genetic Epidemiology 

(MIRAGE) study reported a potential benefit of MHT to prevent AD, depending on the 

timing and duration of therapy3,9. Variations in study outcomes could be associated with 

different characteristics of study participants and design. Thus far, randomized clinical 

trials (intervention) have consisted of postmenopausal women without severe menopausal 

symptoms and the study participants were treated with a single dose, duration, and type 

of estrogen and/or progestin15,17,30. In contrast, observational studies utilized data obtained 

from women who were treated with more personalized MHT based on clinician advice at 

the time of the perimenopause to menopause transition3,4,6,7. Thus, the health and medical 

conditions of study participants could be reflected in treatment outcomes.

Multiple factors can influence the association between MHT and risks of cognitive decline, 

dementia, and AD, which include the patient’s baseline health condition (e.g. body mass 

index, comorbidities, and family history of neurodegenerative diseases), age, race, genetic 

factors (e.g. apolipoprotein E [APOE]), and life condition (e.g. smoking, alcohol, and 

exercise)31. It is critical to adjust for these factors when interpreting results, particularly 

from observational studies since non-adjustment of differences in variables between non-

users and MHT users may lead to heterogeneity of study outcomes regardless of a treatment 

effect by different doses, durations, and types of estrogen and/or progestin32.

The disparity of outcomes between randomized clinical trials and observational studies 

suggests a substantial difference in study populations and design that could serve as a 

foundation on which to explore a precision medicine (personalized) approach to MHT to 

provide optimal and safe therapy to women. Because MHT is broadly used worldwide, has 

extensive safety and efficacy data, and can be investigated through public health data and 

electronic medical records, MHT offers a unique opportunity to capitalize on the current 

personalized approach to advance precision MHT.

Herein, we consider the characteristics of women who participated in clinical studies and the 

varied study design to identify critical variables relevant to an association between MHT and 

risks of cognitive decline, dementia, and AD.

Timing of menopausal hormone therapy

Analysis of discovery mechanistic and clinical science led to the proposition of a healthy 

cell bias of estrogen action which posits that women will benefit from estrogen therapy 
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when treated at the time of perimenopause to menopause transition, before neurological 

health is compromised33.

Varied outcomes from clinical trials and observational studies stress the importance of 

estrogen therapy within the ‘critical window’ of the perimenopause to menopause transition. 

To date, no clinical trials have included perimenopausal symptomatic women to determine 

the benefits of MHT on preventing or delaying age-associated neurodegeneration. Critically, 

clinical trials included asymptomatic postmenopausal women who would have not generally 

required MHT (Table 2). Women experiencing severe menopausal symptoms who could 

not tolerate the wash-out period or randomization to placebo were excluded from the 

WHI and the Kronos Early Estrogen Prevention Study (KEEPS) trials17,30. In the Early 

vs. Late Intervention Trial with Estradiol (ELITE), women receiving MHT within 1 

month of screening were also excluded15. Thus, participants in the clinical trials did not 

represent women at perimenopause to menopause who require MHT to tolerate menopausal 

symptoms.

The WHI Memory Study (WHIMS) reported that conjugated equine estrogen (CEE) 

treatment was associated with greater brain atrophy in women aged 65 years and older34. 

In particular, the CEE-associated reductions in hippocampal volume were most apparent 

in women with lower cognitive function prior to initiating MHT34, which is consistent 

with the healthy cell bias hypothesis, a potential benefit of estrogen therapy initiated when 

neurological health is not compromised. However, findings from the WHIMS of Younger 

Women (WHIMS-Y) indicated that there was neither a beneficial nor a harmful effect of 

MHT on long-term cognitive function in postmenopausal women when receiving CEE at 

earlier ages of 50–55 years29.

In contrast to randomized clinical trials, several observational studies imply a positive 

association between MHT and reduced risk of AD and cognitive/memory decline3,4,7,9,10. 

These studies used data collected from women who initiated MHT during the menopausal 

transition to treat menopausal symptoms that occurred prior to study enrollment. Data from 

the Cache County Study indicated that the AD risk was reduced in former MHT users, but 

not in current users unless the therapy had been used for more than 10 years3. A study by 

Tang et al. reported a significantly reduced risk of AD in estrogen users compared with 

non-users and the risk reduction was greater if the therapy was continued for longer than 1 

year4. Consistently, the MIRAGE study indicated that a protective effect of MHT on reduced 

AD risk was significant in younger women, implying the beneficial effect of MHT initiated 

in the early phase of menopause9.

On the other hand, there are observational studies indicating no effect or an adverse effect of 

MHT on cognitive decline or AD risk35–37. A case–control study reported an increased risk 

of AD for those using systemic MHT, even with long-term use (10 years and more), which 

differed from the results in observational studies already described35. Further, the Nurses’ 

Health Study reported that neither current nor long-term MHT users showed better cognitive 

performance or verbal memory than never users, although current MHT users showed better 

verbal fluency than never users36. However, as discussed in the report, all study participants 

were relatively healthy and educated women, which might be a potential reason for no 
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difference in cognitive function among never and MHT users36. In addition, a prospective 

cohort study presented no significant association between MHT and cognitive functions37. 

In particular, an increased risk of cognitive decline was high in women who initiated MHT 

at older ages compared with never users37, which is consistent with no benefit of MHT if 

initiated after passing the ‘critical window’. In this study, there was no significant change 

in results after adjustment for a wide range of potential confounding factors associated with 

cognitive decline and hormone use37. However, the follow-up time for testing cognitive 

functions was short (2 years), potentially contributing to the lack of significant association 

between MHT and cognitive function37.

Collectively, the results from randomized clinical trials and observational studies indicate 

that MHT initiated after menopause or if neurological health is impaired exerts no benefit on 

cognitive function or reduction in AD risk.

Genetic biomarkers

The APOE genotype, specifically APOE4, is widely recognized as a critical biomarker 

of higher risk of AD in women38–42. The role of APOE in cholesterol transport is key 

to maintenance of myelin and neuronal membranes in the central and peripheral nervous 

systems38,43. The impaired cholesterol transport in APOE4 carriers is associated with 

increased blood cholesterol, low-density lipoprotein, triglyceride levels, and risk of heart 

disease42,44. An observational multimodality brain imaging analysis indicated that amyloid-

β (Aβ) deposition was exacerbated in APOE4-positive postmenopausal women compared 

to premenopausal or perimenopausal women and men45. Further, APOE4 carriers have 

lower brain glucose uptake and more rapid decline in brain glucose metabolism than non-

carriers46,47.

However, the impact of APOE4 status on an association between MHT and cognitive 

function remains uncertain in clinical studies21,37,48–50. On average, approximately 30% 

of participants in the Cache County Study and 66% of AD patients among MIRAGE 

participants were identified with APOE4 (Table 2)7,9. However, the association between 

APOE4 status and MHT on risk of AD was not determined. In contrast to the Cache 

County Study and the MIRAGE study, an observational study indicated that APOE4-positive 

women had a greater hazard ratio of cognitive impairment compared with APOE4-negative 

women48. Further, current estrogen use reduced the risk of cognitive impairment in APOE4-

negative women, but not in APOE4-positive women, compared with never users48. This 

study specifically excluded women who received progestins (both alone and combination 

with estrogens), which might result in different outcomes, as women with an intact 

uterus in the KEEPS, ELITE, Cache County Study, and MIRAGE study were treated 

with progesterone combined with an estrogen. It is known that estrogen modulates APOE 

expression51,52, but further studies are required to determine whether an interaction between 

combination therapy and APOE genotype exists.

The importance of the APOE4 genotype and metabolic health was investigated using 

nine metabolic biomarkers derived from ELITE baseline data (glucose, the homeostatic 

model assessment score, ketones, high-density and low-density lipoprotein cholesterol, 
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triglycerides, HbA1c, and systolic and diastolic blood pressures)53. Outcomes of these 

analyses indicated that women with a poor metabolic phenotype had significantly lower 

performance on executive functions, global weighted cognition, and verbal memory 

compared with healthy metabolic phenotypes among APOE4 carriers53. These data 

indicated the importance of metabolic health on the impact of the APOE4 genotype and 

the risk of cognitive/memory decline and AD pathogenesis.

In addition to the APOE genotype, polymorphism in genes relevant to estrogen synthesis 

and metabolism may increase the AD risk54 and may contribute to an unpredictable impact 

of MHT. An illustrative case is women with Down syndrome as they are at higher risk for 

early-onset AD55. A prospective community-based cohort study including 235 women with 

Down syndrome aged 31–67 years showed that variants in CYP17 and CYP19, two key 

genes relevant to peripheral synthesis of estrogens, increased the risk of AD56.

Type and duration of menopausal hormone therapy

Type of hormone therapy

The effect of MHT can vary by treatment regimens including the dose, duration, and type 

of estrogens/progestins57. To date, there are 39 MHT products approved by regulatory 

agencies in the USA (US Food and Drug Administration), Canada (Health Products and 

Food Branch of Health Canada), and Europe (European Medicines Agency) composed of 

13 different estrogen or progestogen types of steroids, 12 different dosage forms, and four 

different routes of administration31. Randomized clinical trials were intervention studies in 

which all participants were treated with the same dose (0.625, 0.45, and 1 mg/day for the 

WHI, KEEPS, and ELITE), duration, and type of estrogen (CEE for the WHI and KEEPS, 

and 17β-estradiol for the ELITE) regardless of the individual’s age, status of menopausal 

symptoms, and health conditions15,17,30. In contrast, women in observational studies were 

prescribed MHT based on physician’s advice to treat menopausal symptoms. Thus, the dose, 

type, and duration of MHT were likely to be more personalized and provided at the time of 

the menopause transition. Treatment during this ‘critical window’ is hypothesized to result 

in increased benefits against AD pathogenesis.

Further, women with an intact uterus in these clinical trials were prescribed combination 

therapy of an estrogen and progestin. There are two different treatment regimens for 

progestin administration, cyclic and continuous. In the WHI trials, women with an intact 

uterus were treated with continuous medroxyprogesterone acetate, but the KEEPS and 

ELITE used cyclic progesterone for 12 days/month (Table 2)15,30,58. The benefit of cyclic 

over continuous progesterone has been demonstrated in preclinical studies59. 17β-Estradiol 

combined with cyclic progesterone is nearly identical to natural female hormone secretion 

patterns and induced gene expression profiles consistent with the ovary-intact rat brain59.

In the WHIMS, CEE combined with continuous medroxyprogesterone acetate increased the 

risk of probable dementia and did not prevent mild cognitive impairment in postmenopausal 

women27. The KEEPS – cognitive trial reported no effect of 17β-estradiol combined with 

cyclic progesterone on cognitive or mood status20. Because multiple variables influenced 

study outcomes and the baseline characteristics of study participants varied among the 
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randomized clinical trials, it was difficult to evaluate a sole effect of progesterone treatment 

regimen on cognitive status.

The KEEPS was the first randomized clinical trial addressing a comparison between two 

different routes of administration, oral and transdermal, for estrogen therapy58. In APOE ε4 

carriers, transdermal 17β-estradiol was associated with reduced Aβ plaque load compared 

with either placebo or oral CEE-treated women60. A mechanistic pathway underlying 

estrogenic reduction in Aβ load in brain is via estrogen-induced insulin degrading enzyme, 

a protease involved in Aβ degradation61. The MHT-associated reduction in Aβ burden was 

most evident in APOE ε4 carriers, not in non-carriers60. Reduced Aβ deposition was not 

associated with cognitive function60. Further, the age of women who received transdermal 

estradiol was 52–65 years when participating in the positron emission tomography scan60. 

The protective effect of reduced Aβ deposition on cognitive function may become apparent 

in older age60. Other analyses of the KEEPS data also indicated no difference in cognitive 

function among women who received placebo and MHT20,62. Follow-up time was limited to 

4 years and the sample size was small60,62, which might be other potential reasons for no 

difference in cognitive function.

Duration of hormone therapy

An association between duration of MHT and risks of cognitive/memory decline and AD has 

been widely discussed, although its impact on the risks is still under debate4,5,10,21,35,63,64. 

Optimal duration of MHT should be achieved by personalizing a prescription because 

individuals have different previous contraceptive or MHT records and medical histories 

including hysterectomy/oophorectomy, diabetes, hypertension, and cardiovascular disease 

that may influence the effect of estrogen-based therapy65–69.

Compared with randomized clinical trials, observational studies may be a more relevant 

assessment of the effect of MHT duration, because analyses were mostly performed using 

records of women who received MHT for menopausal symptoms and continued for varying 

duration. Findings from the Cache County Study indicated that women who initiated MHT 

within 5 years after menopause had reduced AD risk and the reduction was greater if therapy 

was sustained for 10 years or more7. Interestingly, the sex-specific increase in AD risk in 

women was attenuated with MHT for more than 10 years3.

In contrast, study outcomes in randomized clinical trials were derived based on the duration 

of intervention treatment after randomization without taking previous MHT records into the 

analysis. Durations of treatment were 4 years in the KEEPS and 2–5 years with an additional 

2.5 years in the ELITE15,17,70, which might not be sufficient to determine the impact of 

MHT on cognitive function. Moreover, some proportion of participants had previous MHT 

records prior to their enrollment and wash-out period (21.2% in the KEEPS, and 50.9% 

and 86.3% in the early and late ELITE groups, respectively; Table 2)16,17, which were not 

accounted for in the study analysis. As presented in randomized clinical trials, there might 

be no benefits of MHT for intervention treatment. However, the lack of beneficial or adverse 

effects of MHT on cognitive function observed in the randomized clinical trials might be 

related to short follow-up time to examine a difference in cognitive function and a potential 

risk of estrogen exposure at older age.
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Younger women with a history of hysterectomy or oophorectomy

Unlike the WHI and ELITE, the KEEPS excluded women who underwent hysterectomy 

(Table 2)70. Thus, the KEEPS could not evaluate MHT effects on cognitive function 

for women with hysterectomy. In the WHI and ELITE, women who had undergone 

hysterectomy received estrogen-alone therapy15,30. WHI participants were treated with 

oral CEE at 0.625 mg/day, but the ELITE used 17β-estradiol at 1 mg/ day15,30. Based 

on previous clinical studies, 17β-estradiol compared better than CEE on verbal memory 

performance71,72. Results from the WHI and WHIMS indicated no significant impact of 

CEE on cognitive function in women with prior hysterectomy73. These reports indicated 

that different type of estrogens may distinctly impact cognitive function or risks of AD 

and dementia in women who receive estrogen-alone therapy. In addition, optimization of 

estrogen therapy may be more critical for women who need the therapy due to surgical 

menopause at earlier age, prior to the onset of natural menopause.

Previous cohort studies have reported that oophorectomy before the onset of natural 

menopause increased risks of age-associated neurodegeneration including cognitive 

impairment, dementia, and AD66,74,75, whereas MHT initiated within a 5-year 

perimenopausal window and continued for at least 10 years was associated with less 

global cognitive decline in those who underwent surgical menopause74. A case–control 

study indicated that oophorectomy with or without hysterectomy after the onset of natural 

menopause was not associated with AD risk in older women76. These findings imply that 

risks of cognitive impairment, dementia, and AD increase when the surgery occurs before 

the onset of menopause; however, the risks may be reduced when estrogen therapy is 

initiated within the ‘critical window’ and continued for an extended period of time.

Women with comorbidities

Comorbidities including type 2 diabetes and hypertension may adversely influence the effect 

of MHT on cognitive decline, dementia, and AD in postmenopausal women. Data from the 

WHIMS indicated that the combination of diabetes and higher estrogen levels increased 

risks of dementia and cognitive impairment in postmenopausal women77. The use of MHT 

was associated with lower gray matter volumes in women with type 2 diabetes aged 65 

years or older78. Although there was no statistical significance due to the small number of 

women in subgroups, risk of dementia in estrogen-alone users was greater in women with a 

history of hypertension than those without a history of hypertension in the WHIMS79. These 

findings indicate that a woman’s baseline medical condition can distinctly influence MHT 

effects on risks of cognitive decline, dementia, and AD. Risk factors associated with MHT 

may differ between women with and without a history of the comorbidities.

Distinct analytical methodology and variations in study outcomes

Variations in outcomes from clinical studies might be associated with diverse analytical 

methods when adjusting for differences in life and health conditions for the comparison of 

MHT effects between control and treatment groups (Table 3). There are multiple conditions 

associated with MHT effects on risks of cognitive/memory decline, dementia, and AD31. 
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These include age, body mass index, alcohol, smoking, education, socioeconomic status, 

number of births, type of menopause, cancer, cardiovascular disease, hypertension, diabetes, 

hypercholesterolemia, and family history of neurodegenerative diseases. These variables 

were not uniformly adjusted when comparing MHT effects between control and treatment 

groups in clinical studies, which might confound study outcomes (protective, harmful, or no 

effect). Adjusting for or not adjusting for variables will impact outcomes of observational 

studies moderately or significantly32. Illustrative cases are two case–control studies that 

reported no benefit of MHT on AD risk35,64. One case–control study investigated the 

effect of MHT use, age at MHT initiation, and type and duration of MHT on AD risk 

in postmenopausal women35. The outcomes of this study indicated that long-term use of 

systemic MHT might be associated with increased risk of AD35. In this study, women with 

and without a diagnosis of AD were matched in terms of age and hospital district; however, 

other medical and health conditions that potentially influence AD risk were not matched in 

data analyses between the case and control groups35. Another case–control study indicated 

increased risk of AD when using MHT less than 10 years both prior to and after adjusting 

for participant socioeconomic status, comorbidities, surgery, and gynecological cancer in 

study analyses64. Although they could not account for previous MHT records prescribed 

prior to the first year of their data period, participant’s age at first estrogen use in this study 

was between 58 and 69 years, indicating that the results might be derived from women 

who started estrogen therapy in late postmenopause64. Moreover, they could not account for 

APOE status or family history of AD, which are potential factors influencing AD risk64. 

In contrast to the case–control studies described, results from the Cache County Study 

indicated a reduced risk of AD in women who received MHT within 5 years of menopause, 

especially for long-term use (10 or more years)7. In the analysis, potential confounders that 

might be associated with AD risk or MHT use including age at baseline, APOE status, years 

of education, and propensity to MHT use did not change their outcomes7. However, there 

might be other confounders potentially influencing the outcomes.

In addition, non-intervention observational studies enable analysis of the impact of diverse 

types and durations of MHT. However, in general, women who receive MHT may be 

healthy, well-educated, and of higher socioeconomic status compared to never users80,81, 

which may cause unexpected bias during analyses and variations in study outcomes.

Conclusion

Data from randomized clinical trials have been utilized to advance our understanding of 

the effect of MHT on cognitive function and AD pathogenesis. However, existing clinical 

trials were late intervention studies that included asymptomatic postmenopausal women 

or those who did not have severe menopausal symptoms15,17,30. These women did not 

represent those who need MHT in the real world. Lessons from randomized clinical trials 

include the following: (1) intervention treatment of asymptomatic women who have passed 

the ‘critical window’ may provide no benefit for cognitive improvement and prevention 

of dementia and AD; (2) the beneficial effect of MHT initiated at perimenopause was 

not determined; (3) benefits of MHT may be underestimated due to other covariables 

relevant to an individual’s health conditions, including obesity, diabetes, hypertension, and 

cardiovascular disease, which can affect risks of cognitive decline, dementia, and AD; and 
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(4) the effects of various doses, durations, and types of MHT were not addressed because 

all participants were treated with a single dose, duration, and type of estrogen therapy. 

In contrast, some observational studies (non-intervention) indicate a potential positive 

association between MHT and reduced AD risk3,4,7,9. In observational data sets, women 

have been treated with MHT based on symptoms, with the potential of clinically based 

personalized MHT. Symptom-based MHT during the ‘critical window’ of symptomatic 

perimenopause to menopause potentially identifies positive responders to MHT (Table 3). 

However, variables associated with MHT effects should be cautiously taken into account 

when interpreting results from observational studies. Gaps between positive estrogen action 

in the brain demonstrated in preclinical studies and varied outcomes in clinical studies imply 

that precision MHT is key to provide the most optimal and safe therapy to women and to 

advance women’s health.
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