Sex-based Disparities in Alzheimer’s Disease
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Abstract

Sex-based disparities in Alzheimer’s disease are increasingly recognized as a factor in understanding
the prevalence, progression, and treatment outcomes of the disease. Women account for nearly two-
thirds of Alzheimer’s cases in the U.S., a disparity long attributed to their longer lifespans. However,
recent research reveals deeper biological and sociocultural contributors. Hormonal changes during
menopause, particularly the decline in estrogen, appear to increase vulnerability to neuroinflammation
and stroke—both of which accelerate cognitive decline. Genetic factors, such as the APOE €4 variant
and differences in X chromosome expression, may also play a role. Women often experience faster
disease progression and face longer, more complex diagnostic pathways than men. Recognizing sex
as a variable in neurodegenerative diseases is foundational for advancing Alzheimer’s disease

research and improving patient care.

Some men spend a lifetime in an attempt to
comprehend the complexities of women. Others
preoccupy themselves with somewhat simpler tasks,
such as understanding the theory of relativity!

~Albert Einstein

Globally, Alzheimer's disease (AD) is the most common
form of dementia with a new diagnosis occurring every 3.2
seconds.' AD typically affects individuals over age 65 and
is characterized by a progressive decline in cognitive
functioning, including memory, reasoning, and activities of
daily living (ADL). Currently, more than 57 million
individuals worldwide are living with AD and other
dementias, and this number is expected to triple as the
global population ages over the next few decades.? A
major hurdle to successful treatment AD is the failure to
diagnose it in its early stages.® Understanding the risk
factors for AD can support strategies aimed at reducing
risk or delaying onset, thereby improving opportunities for
early intervention.

Who develops AD, And Why Are Some People More
Susceptible Than Others?

AD primarily affects individuals over age 65, but it's not a
normal part of aging. Factors such as genetics, family

history, education, and lifestyle choices (e.g., high blood
pressure, obesity, excessive alcohol consumption) can
increase susceptibility, but advancing age remains the
strongest non-modifiable risk factor for AD. Interestingly,
women are twice as likely to be unpaid caregivers* and
twice as likely to develop AD.5

Age, APOE ¢4 genetic status, and being female (XX)* are
recognized as the primary risk factors for AD, often referred
to collectively as the risk triad.® Most individuals diagnosed
with AD are over 65 years old, and those who carry at least
one ¢4 allele of the apolipoprotein E (APOE) gene face a
significantly elevated risk. Interestingly, women are
disproportionately affected, representing nearly two-thirds
of all AD cases, a difference partly explained by longevity
but also by biological and sociocultural factors. %7 And
while women do tend to live longer than men—on average,
5 years longer®—this time difference alone is insufficient to
account for a disease that takes decades to fully develop.®
Over the course of their lives, women are more likely than
men to develop AD, and this imbalance also appears in
how the disease physically alters the brain, particularly in
pattemns of brain atrophy across the AD spectrum.

Recent studies suggest that MRI analyses of amyloid-
positive individuals with AD show distinct brain atrophy
trajectories influenced by sex, '° though more replication is
needed. Women exhibited more rapid atrophy in brain
regions typically affected by AD, such as the hippocampus,
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compared with men at the same disease stage, though
cognitive decline trajectories vary by study.

A meta-analysis conducted by Ferreira et al."!
systematically reviewed and categorized biological
subtypes of AD, which were identified using structural MRI
data collected at a single time point. They found four
recurring subtypes, each presenting a specific brain
atrophy profile and associated clinical symptoms.
However, a major challenge with this approach is that
using only cross-sectional data may lead to
misinterpretation of disease progression as separate
subtypes. To mitigate this, Poulakis et al.'?> developed a
method that incorporates longitudinal imaging data,
allowing for more accurate tracking of how atrophy
evolves from the point of clinical diagnosis. This
technique, applied across multiple international datasets,
revealed five distinct atrophy progression pathways,
characterized by mediotemporal or cortical degeneration
patterns.

Notably, Poulakis et al.’s study also revealed that the
distribution of men and women varied across the identified
subtypes. Women were more likely to fall into the limbic-
predominant subtype, which involves greater atrophy in
medial temporal areas, whereas men were more
frequently associated with the hippocampal-sparing
subtype, marked by broader cortical involvement. These
findings suggest that sex assigned at birth significantly
influences the biological diversity of AD, shaping both the
trajectory of brain degeneration and clinical manifestations
throughout the disease course.

Hua et al.'® significantly contributed to the understanding of
sex-specific differences in AD progression by showing that
women exhibited brain atrophy at a rate substantially faster,
varying by brain region and cohort—sometimes up to 50%
faster than their male counterparts in medial temporal areas.
Despite this accelerated structural decline, other studies
have noted that women tend to experience a more gradual
decline in cognitive function during the early phases of AD.™
More recently, Emrani and Sundermann noted that men and
women often perform differently on neuropsychological tests
used to detect early AD, indicating that sex may influence
not only the disease trajectory but also how it is assessed
clinically."

How Do Men and Women Differ in AD Presentation?

The reasons behind sex-specific trends in AD aren’t
completely understood. While a woman’s longer lifespan
is a part of the puzzle, other potential factors being
investigated include hormones, genetics, protein

accumulation in the brain, and extemal factors.

A recent study by Lusk et al.'® based on almost 6 million
Medicare patients showed that men had “higher mortality
and hospitalization rates than women after a dementia
diagnosis.”"” So, while more women develop dementia,
men progress faster and die sooner.

Women Are Not an Anomaly

About half of the world’s population is women, yet women
have historically been excluded from medical research. For
many diseases, women’s symptoms may be different from
men’s, and differences in presentation for women across
disease states may portend worse clinical outcomes. For
example, women are considered to have “atypical”’ heart
attack symptoms, simply meaning that their symptoms are
different from those seen in men.'® And as a result, a heart
attack diagnosis is missed more frequently in women than
in men.'® Similarly, even though women are more likely to
have strokes than men, their sex-specific symptoms
(including migraine, nausea, and confusion) are not
considered “normal” symptoms, making them less likely to
be registered.?0!

Similarly, understanding sex and gender differences in AD
is important for identifying specific risk factors and
mechanisms helpful for treatment and prevention that may
differ between men and women—for example, hormonal
changes that may influence the onset and progression of
AD. Recognizing differences can lead to more personalized
and effective treatment strategies tailored to the patient and
ultimately improve outcomes and quality of life.?2

As with heart disease and stroke, the symptoms of AD in
women may be different from those in men, particularly in
the early stages of disease progression. While early
symptoms of AD, such as memory loss, may appear similar
in both men and women, the progression and specific
behavioral and affective symptoms may differ. For example,
women tend to experience faster decline in some domains
(e.g., memory and independence) compared with men after
a diagnosis.?®> Women may also experience more difficulties
with language and communication® aggravating social
interactions and decision-making. Emerging evidence
suggests that women experience a faster rate of cognitive
decline as they progress from mild cognitive impairment
(MCI) to AD. However, women generally have a stronger
verbal memory than men,?* which may mask underlying
brain pathology and confound the early diagnosis of
dementia.?*2°
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Mental Health

Women are twice as likely to have depression compared
with men.”?® Women with AD have a higher prevalence
and greater severity of depressive symptoms, aberrant
motor behavior, and psychotic symptoms than their male
counterparts, but males are more likely to be
apathetic.?”-?8 Interestingly, there is a strong link between
depression and memory. Depression can impair memory,
and in some cases, memory loss can be a symptom of
depression. Depression has also been shown to
exacerbate memory decline in older adults.?8-32

While many neuropsychiatric symptoms of AD are similar
between men and women in later-stage disease (loss of
inhibitions, rude behaviors, socially inappropriate
comments, hallucinations, sexual disinhibition, etc.),?8 in
mild-AD patients, women experience more
neuropsychiatric symptoms such as hallucinations,
depression, anxiety, apathy, and aberrant motor
behaviors than men.®1727.33 Men, on the other hand, may
display more aggressive and combative behaviors as the
disease progresses, making them more challenging to
care for in the home.?":333 In more advanced disease,
female AD patients showed higher rates of euphoria in
some cohorts, though this is inconsistently reported.

Hormones

Hormones, particularly estrogen, play a significant role in
AD, with declining estrogen levels during menopause
potentially increasing the risk for women.

Estrogen's neuroprotective effects include promoting brain
cell growth and synaptogenesis, reducing
neuroinflammation, and improving memory functions like
working memory and verbal learning.3® Estrogen may
improve cognitive function, including memory, by
enhancing communication between brain cells and
promoting the formation of longer-lasting memories. It
may help reduce amyloid-B (AB) toxicity—buildup of AB in
the brain during AD. Hormone therapy (HT) has been
studied as a possible maodifier of AD risk, but the findings
are inconsistent. The menstrual cycle, pregnancy, and
menopause all involve intricate hormonal fluctuations
that can affect various aspects of a woman’s physical
and mental health. These shifts can affect mood, energy,
sleep, and possibly AD risk, though mechanisms remain
unclear.532

The age at which a woman experiences her first
menstrual period (menarche) and the age at menopause
have also been shown to influence her risk of developing
AD. Research indicates that women who begin

menstruating at age 12 or younger have a decreased risk of
dementia, including AD; conversely, those who start their
periods at age 15 or later have a higher risk.%® This is
thought to primarily be due to the neuroprotective effects of
estrogen, which play a crucial role in brain health. Evidence
is mixed; some studies show associations between
reproductive span and AD risk, but causality is uncertain.

17B-estradiol (E2), the primary female sex hormone and a
potent estrogen, influences the way neurotransmitters like
serotonin, acetylcholine, and dopamine are used to send
signals throughout the brain, impacting various brain
functions and behaviors.?” It promotes serotonin and
dopamine synthesis and decreases their degradation and
reuptake—suggesting a role in mood regulation, memory
systems, and motivation in both sexes.”¥’

Childbearing also seems to play a significant role in the risk
of developing AD in women. Women who have children
tend to have a lower risk of Alzheimer's compared with
those who do not.3¢* The protective effects may be due to
increases in estrogen during pregnancy or modifications in
the immune system leading to lower levels of
inflammation.3® However, findings conflict regarding parity:
some studies suggest more pregnancies increase risk,
while others suggest cumulative months of pregnancy
reduce risk. Park et al. suggest that having more than three
children may actually increase the risk of dementia,*® while
Fox et al. suggest that “women with more cumulative
months pregnant” have a lower risk of developing AD. %
Later age at first birth may also decrease risk of dementia,
although the results are not conclusive and may be
associated with external factors including education and
income.® Pregnancy complications may also factor into
dementia risk. For example, hypertensive disorders of
pregnancy (HDP) have been shown to involve an
exaggerated inflammatory response, which may predispose
women to other chronic conditions and may be involved
with an increase in brain atrophy and cognitive decline
many years after the pregnancy.”404!

Estrogen plays a complex role in AD, with its decline after
menopause potentially contributing to increased
neuroinflammation and higher risk in women. Estrogen
modulates neuroinflammation by inhibiting activation of
microglia and reducing production of free radicals and pro-
inflammatory cytokines.*>#* It also protects the blood-
brain barrier from inflammation-induced disruption and
enhances neuronal survival*>4%

The interaction between age at menopause and synaptic
health can influence cognitive decline and AD pathology.
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Women who experience menopause at an older age tend
to have a lower risk of developing AD.%¢ This is because a
longer reproductive period means prolonged exposure to
estrogen. Due to the earlier depletion of estrogen and
concomitant rise in gonadotropin hormones such as
follicle-stimulating hormone (FSH), which may have
neurotoxic effects, early menopause is associated with a
higher risk of AD.46:35

One study by Park et al. suggests that because a longer
reproductive span means more years of estrogen
exposure, it is linked to a reduced risk of AD.3®
Conversely, a shorter reproductive span, resulting from
either late menarche or early menopause, increases the
risk.36:47

While HT has shown some promise in potentially reducing
the risk of AD in some women, research also suggests
that the timing of HT initiation is crucial, with older women
potentially experiencing harmful effects.*® HT can be a
beneficial option to help decrease symptoms of
menopause and osteoporosis. However, long-term use of
these artificial hormones comes with potential risks,
including increased risk of breast cancer, blood clots, and
stroke. And the relationship between HT and AD is
complex.

Verghese et al. and Jacobs et al. showed verbal memory
improved in post-menopausal women (surgically and age-
related, respectively) receiving HRT.4%5° However, the
Women'’s Health Initiative Memory Study determined that
HRT (in the form of conjugated equine estrogens) “does
not protect against dementia or cognitive decline, but
substantially increases the risk of dementia of any cause
and cognitive decline” in a study of ~7,500 women over
the age of 65.%" Similarly, Kang et al. showed a
“significant yet modest adverse association between HT
use and decline over 4 years in general cognitive
performance”®?—including verbal memory and attention.

A recent study suggests that it's not HT itself, but the
formulation and timing of the therapy that’s important.4’
For example, Song et al. reported that estrogen HRT
alone may have a protective effect, but a combination of
estrogen and progesterone (needed to decrease the risk
of uterine cancer) or tibolone (a synthetic steroid used to
both treat symptoms of menopause and prevent
osteoporosis) may actually increase the risk of AD.4”

More research is needed to fully understand the role of
estrogen in preventing AD, including the best formulations
and dosages of therapy and the specific mechanisms by
which it exerts its protective or deleterious effects.

Genetics and APOE €4

The apolipoprotein E (APOE) €4 allele is the strongest
genetic risk factor for late-onset AD for both males and
females, with those carrying two copies of the allele having
an ~8—12-fold increased risk in population-based studies;
higher ranges of disease incidence (up to ~20-fold) have
been reported in clinic-based cohorts but vary by ancestry
and methodology. There are three main genetic alleles for
APOE—«¢2, €3, and €4. Unlike APOE €4, APOE €2 provides
some protection against AD. APOE €3, the most common
variant, neither protects nor makes one more susceptible to
developing AD. (There are other variants, such as the
Christchurch mutation, a rare mutation of APOE €3, that
may also provide protection against AD.)

The risk of developing AD as an APOE €4 carrier differs
between males and females. Heterozygous APOE €4
females are at a higher risk of AD than heterozygous APOE
€4 males, perhaps because of the impact of cardiovascular
changes on cortical tau deposition,®*54 changes in brain
metabolism and atrophy,>® or lipid handing (see below).

APOE is primarily expressed by astrocytes and microglia in
the brain; some peripheral immune involvement has been
reported, but neutrophil expression remains debated.%%5” A
2024 study by Rosenzweig et al. identified a new subset of
neutrophils that exhibit increased levels of interleukin
(IL)-17 and IL-1, inflammatory cytokines linked to cognitive
decline.%® These neutrophils may be modulated by APOE
genotype in sex-dependent ways, infiltrating the brain,
interacting with the microglia, and exacerbating cognitive
decline.%® Their findings underscore the importance of
considering sex-specific mechanisms in AD research and
treatment.

Tau Levels

Higher levels of tau biomarkers are more strongly
associated with clinical Alzheimer's, cognitive decline, and
neurodegeneration. Compared with their male counterparts,
women carry a greater tau burden at an equivalent level of
AB, and they experience faster cognitive decline at similar
levels of AR and tau.*® Studies indicate that women
accumulate tau aggregates faster, particularly in the
temporal lobe.®

Tau is involved in the normal function of neurons—
maintaining structural integrity of nerve cells, stabilizing
microtubules, and regulating axonal transport for neuronal
communication. In a healthy neuron, excess tau is marked
for degradation by ubiquitinases, prompting degradation of
tau by proteasomes or autophagy pathways.%% Other

proteins, called deubiquitinases, remove the ubiquitin tag,
4
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stopping recycling. One deubiquitinase, USP11, has been
shown to remove the degradation tags from tau and
enhance tau acetylation and aggregation.®®

Individuals with AD have higher USP11 levels than
controls, though quantification varies by study. How does
this relate to females? USP11 is encoded on the X
chromosome, meaning that females have two copies.
Usually, one of the two X chromosomes is inactivated,
which ensures that X-linked genes are expressed at
similar levels in both males and females. However,
USP11 escapes X-chromosome inactivation, giving a
double dose of USP11 to females and potentially
contributing to sex differences in tau pathology.%° Studies
targeting USP11 to increase tau ubiquitination are
underway.%®

A recent meta-analysis suggested that, while there were
no or only minor differences in biofluid concentrations of
various biomarkers between biological sexes, there are
sex-specific associations that may influence the
interpretation of specific biomarkers in CSF and plasma.®’
These results suggest that sex-specific guidelines may be
needed for AD biomarkers.

Matrix Metalloproteinase-9

Matrix metalloproteinase-9 (MMP-9), a proinflammatory,?
zinc-dependent metalloproteinase, plays a role in
degradation of the extracellular matrix, tissue remodeling,
inflammation, cell migration, and regulation of various
physiological and pathological processes.%3%* There is
some evidence that in addition to its role in degrading A
peptides (contributing to the breakdown of amyloid
plaques),®® and MMP-9 has been shown to increase the
rate of tau oligomerization and breakdown of the blood-
brain barrier.®? It may also be involved with faster
cognitive decline and hippocampal volume loss in those
with mild cognitive impairment (MCI) and AD.%¢%7 In AD,
elevated levels of MMP-9 are associated with the APOE
€4 allele, and this association may be more pronounced in
women. In female APOE ¢4 carriers, MMP-9 activity may
be more detrimental to AD-related pathology, particularly
concerning tau protein levels.

Proteins and Lipids

A recent study by Coughlan et al. suggests that women
tend to accumulate tau protein faster than men in specific
brain regions that are vulnerable to AD—the inferior
temporal, temporal fusiform, and lateral occipital
regions—and that female APOE ¢4 carriers have faster
inferior temporal tau accumulation.®® Similarly, women
show more tau pathology than men with a comparable

amyloid burden, and female APOE ¢4 carriers with MCI
showed higher levels of CSF tau than male carriers.%%7°
However, in men, NfL levels are consistently higher—both
in those with dementia and those without.”

Similarly, abnormal lipid handling may also contribute to AD
in a sex-specific manner. As mentioned above, women are
more susceptible than men to the impact of APOE €4.
APOE is abundant in the brain. It is involved in maintaining
lipid homeostasis and neuronal health and aids in the
transport of cholesterol and other lipids. It acts as a ligand
for various cell surface receptors, including the low-density
lipoprotein receptor, facilitating delivery of lipids like
cholesterols and triglycerides to cells.”! Dysregulated lipid
metabolism and aberrant lipid accumulation have been
noted in the post-mortem brains of individuals with late-
onset dementias,”" with the buildup contributing to the
characteristic plaques and tangles of AD.

A recent study™ comparing the lipid profiles of women with
and without AD, reported lower unsaturated and higher
saturated lipid levels in women with AD compared with
controls. This difference was not seen in men.” However,
both men and women can benefit from cholesterol-lowering
diets rich in omega fatty acids and fruits and vegetables.”

Cultural and Societal Factors

Poverty is strongly linked to an increased risk of dementia,
regardless of genetic factors,”® and those experiencing
socioeconomic deprivation are significantly more likely to
develop dementia compared with those with higher
socioeconomic status. Interestingly, this connection is seen
across several dimensions of poverty, including education,
health, and finances. And women are far more likely to be
poor than men, with lower wages, lack of access to decent
work, unpaid care work, and longer workdays.””

Over the past 100 years, it was more unusual for women to
have higher education and jobs outside the home.”
“Women who participated in the paid labor force between
early adulthood and middle age experienced slower
memory decline in late life, building on previous research
that associates work and education with higher levels of
cognitive engagement.”’®

Clearly, biological factors are involved in the increased
prevalence of AD in women, but socioeconomic risk factors,
including lower income, lower education, and higher stress
and caregiving burden are all associated with an increased
risk of AD.587°
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Conclusions

Sex differences in AD may help to identify preclinical
factors and diagnostic biomarkers to aid in lowering
disease risk and improving disease identification,
progression, and treatment response. Emerging research
continues to show that biological sex influences not only
prevalence but also resilience mechanisms (including
genetics, lifestyle, and environmental factors) and
responses to therapy. Nuanced patterns—such as faster
progression in women with mild AD—highlight the
importance of sex-aware clinical assessment, care
planning, and medication, and studying these differences
can enhance our understanding of the disease's
underlying biology.

For clinicians, these findings underscore the need to
integrate sex-specific risk profiles into diagnostic and
therapeutic strategies. Hormonal transitions, particularly
menopause, may accelerate neurodegenerative
processes in women, while men may present with distinct
comorbidities such as vascular disease or sleep apnea
that influence disease trajectory. These insights highlight
the importance of developing personalized treatment
plans that account for sex as a biological variable.

For researchers, the path forward involves refining
methodologies to better capture sex-based differences,
such as disaggregated data by sex, investigations of
genetic and epigenetic factors involved in disease
progression, explorations of hormone involvement in
disease progression, and responses to treatment.
Precision medicine in AD must account for sex as a
biological variable. As research continues to uncover the
complex interplay between genetics, hormones, and
environmental factors, a more equitable and effective
approach to Alzheimer’s care becomes possible—one
that recognizes and responds to the unique vulnerabilities
and strengths of both women and men.

Addressing sex disparities in AD research can help
promote equity in healthcare. Medical research has often
overlooked these differences, leading to gaps in
knowledge and treatment efficacy. By prioritizing sex and
gender in AD studies, researchers can ensure that
findings apply able to diverse populations, improving
healthcare outcomes. Ultimately, advancing sex-aware
research and clinical practice will improve diagnostic
accuracy, therapeutic efficacy, and patient outcomes. By
embracing sex as a fundamental variable in AD, clinicians
and researchers can move toward a more precise,
equitable, and effective model of care.
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