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Alzheimer’s Disease (AD) is a prevalent neurodegenerative disorder that affects millions of patients worldwide. AD risk and the
disease itself vary for patients on the basis of their biological sex. This divergence is partially attributed to differing microglial gene
expression, chromosomal variance, and alternate risk factors, which result in variance in AD risk and resilience. The pathological
accumulation of notable AD hallmarks, including A3 plaques, tau tangles, and iron accumulation in the brain, also varies with sex
and contributes to disease severity. AD patients exhibit sex-specific differences in neuropsychiatric and behavioral symptoms as
well, warranting sex-specific preclinical and clinical research on AD onset, progression, and treatment.

Introduction

As the most widespread type of dementia, Alzheimer’s Disease
(AD) is expected to have impacted approximately 13.8 million
people in the United States by 2050, with almost 1 million
people expected to newly develop the disease every yearl. In
2021, AD represented the seventh in leading causes for all deaths
in the U.S., and, while deaths resulting from stroke, HIV, and
heart disease all decreased between 2000 and 2021, the number
of reported AD deaths increased by more than 140%2. Given
that AD marks a global health threat and that there have been
countless failures in clinical trials to mitigate the disease, it is
critical to recognize the complexities of treating AD.

Sex differences in AD risk, onset, and progression have be-
come increasingly apparent. AD seems to impact men and
women differently, with women having greater lifetime risk for
AD than men®. AD has additionally shown greater incidence
and prevalence in women than men, exemplifying a key sexual
dimorphism in AD that has been and must continue to be ex-
plored>*1Y Sex-specific differences in AD could emerge due
to a variety of factors, including sex-specific genetic and chro-
mosome effects on disease progression. Sex hormones, such as
estrogen, may affect the accumulation of tau as well as that of
beta amyloid (Af), two major hallmarks of AD, contributing
to divergent disease severity and AD progression timelines for
men and women. Furthermore, certain symptoms of AD may be
associated with a specific sex, while being uncommon for the
other.

While AD preclinical studies and clinical trials have histori-
cally been largely limited to male populations, recent compar-
isons of AD onset and progression between sexes affirm the
existence of sex-specific variances in AD that are critical to
incorporate into clinical practice. Given such biological dis-
tinctions, it is imperative to address the sex of a patient in eval-
uating and treating their AD. Harmful misrepresentations of

the general AD population and overgeneralizations drawn from
male-dominant data lead to patients being unable to receive the
most effective and safe treatments for their circumstances and
hinder the entire field from further developments.

Sex-Based Genetic, Chromosomal, Hormonal, and
Risk Variance in AD

Sex Differences in Microglial Gene and Function Regulation

In the brain, microglia are key immune cells, activated to re-
act to neuronal damage, infection, and other critical stimuli
in order to preserve brain homeostasis. Upon chronic activa-
tion, they contribute to the neuroinflammation that is a hallmark
of neurodegenerative diseases, becoming hyper-reactive and
hypersensitive and releasing molecules associated with neuro-
toxicity LY. Ultimately, this inflammatory nature factors into the
role microglia are implicated to have in AD pathogenesis.
There are several microglial gene expression differences be-
tween female and male AD mice. One study of gene expression,
executed with microglia isolated from male and female APP/PS1
mice brains, performed analysis on genotype-related differences,
finding that genes characteristic of disease-associated microglia
(DAMs) and activated response microglia (ARMSs) were upregu-
lated to a greater extent in microglia from female APP/PS1 mice
than male APP/PS1 mice. These upregulated genes included
genes such as H2-D1, Cd74, Cd9, and Csfl, to name a few,
along with Apoe, Trem2, Binl and Cd33, which are associated
with altered risks of AD. Genes known to become upregulated
in inflammatory conditions followed a similar trend: genes like
Mertk, Tgfbl, Ccr5, Cybb, and I11b increased more in aged
female mice than in APP male mice, perhaps indicating pre-
paredness. A downregulation of P2ry12, a gene that identifies
homeostatic microglia, and an upregulation of genes that typi-
cally increase in disease models, such as Fthl and Lyz2, also
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stood out in APP female mice. Additional recorded sex- and
genotype- associated changes in protein-encoding genes related
to inflammation, oxidative stress, antigen presentation, and mi-
croglial motility and were often greater in female APP/PS1 mice
as well. Upregulation of Gapdh, Pgkl, and Pgam1, genes cod-
ing glycolytic enzymes, was also significantly greater in female
APP/PS1 mice. Such upregulation, specifically occurring in
females, of genes relating to increased activation of microglia
may indicate the microglia of females to be more prepared for
change compared to the microglia of males. Potentially, this
greater activation could also suggest microglia of females to
be more dysfunctional or impaired in their ability to provide
neuroprotection, which could be explanatory of AD severity in
women'2,

Another study observed sex-related downregulation of the
microglial genes that support mitochondrial function and en-
code mitochondrial enzymes, transporters, and proteins crucial
to the architecture of the mitochondrial membrane, suggesting
a greater disruption of mitochondrial functions in female mi-
croglia that perturbs microglial duties and may contribute to a
sex-dependent distinction in risk':3.

These microglial differences are key to understanding the link
between sex and immune modulation in AD, particularly as cel-
lular and signaling mechanisms specific to males or females in
immune modulation remain unclear. Because the activation of
reactive glial cells is involved neuroinflammation, these findings
are of significant relevance, but other factors, such as viral infec-
tion, obesity, Ca>*/Mg”* dyshomeostasis, may also contribute

to inflammation'.

Sex-Specific Gene Variants and AD Risk

For late-onset AD, the most prominent genetic risk factor is
recognized to be the €4 allele of the apolipoprotein E (APOE),
a main cholesterol transporter assisting lipid transfer and brain
injury repair’®. A study investigating the correlation between
APOE alleles, sex, and AD, showed the risk of developing AD
that is posed by the apolipoprotein E €4 allele to female and
male carriers. The study results showed females aged 65-75
years old with the genotype APOE £3/¢4 had a 1.5-fold greater
risk of AD than males in the same age group, while another
study found increased AD risk in APOE €3/¢4 carriers across
all ages'®. For the APOE £2/e3 genotype, sex-based effects
on AD risk have been unclear, but it is suggested to be more
protective for women than for men. The sex-dependent risk may
be exacerbated by tau, supported by evidence that €4 females
with mild cognitive impairment (MCI) have greater tau loads
than MCI males. A reasoning for increased AD risk in females
with €4 alleles has been theorized to be estrogen, which may
suppress ketone bodies that the brain relies on as bioenergetic
fuel. This theory is supported by evidence that estrogen leads

to worse cognitive performance for APOE €4 women'%.

Differential Expression of Chromosome-Related Genes

The X and Y chromosomes play critical roles in expressing
hundreds of genes. The X chromosome composes 5% of the
genome, carrying an immense number of genes expressed in the
brain and implicated in several intellectual disabilities. While
men have only 1 X chromosome, of the 2 X-chromosomes in
each of a woman’s cells, 1 experiences random X chromosome
inactivation (XCI); however, 30% of X chromosome genes ap-
pear to escape XCI. An X-chromosome wide association study
performed in AD investigated the genes escaping XCI, finding 4
low-impact X-chromosome loci that seemingly escaped XCI and
that exhibited genetic associations between nearby regulation of
gene expression and AD risk: NLGN4X, MID1, ZNF280C, and
ARGRGH4. Particularly, MID1, which demonstrated a signifi-
cant female association, has been linked to androgen receptor
levels, implying a possible influence of hormonal factors. These
findings could explain lesser-distinct sex differences, such as
increased AD incidence for older women, elevated tau burden
in women, or female resilience to AD"?. Such female resilience
was explored through a similarly driven study to uncover the
impact of the possession of a second X chromosome on AD
risk. For gonadectomized male mice and hAPP female mice,
the presence of a second X chromosome was correlated with
lower mortality and brain dysfunction. Partially, this durability
was endowed by the second X chromosome through KDM6A, a
gene escaping XCI and associated with slower cognitive decline.
Meanwhile, UTY, the Y paralog of KDM6A, failed to similarly
reduce AD-related toxicity=. Other factors could affect these X
chromosome-linked impacts, such as the difference between fe-
male and male mice models in the expression of a few X-linked

genes2Y.

Sex-Specific Epigenetic Attributes and AD

In addition to chromosomes, epigenetics has also been under-
stood by multiple researchers to contribute to sex-based vari-
ances in disease vulnerability and functions of the brain*l"24,
Particularly, DNA methylation profiles notably vary with sex at
several loci of adult brains, and several neurological disorders
such as AD are tied to adjustments of DNA methylation quanti-
ties>>"2Z, Sex-specific analysis exposed methylation differences
between sexes: a large portion of significant loci, while being
still the same direction, showed in the other sex a decreased
effect magnitude for the association between methylation and
AD Braak stage. Additionally, the analysis found distinct methy-
lation differences unidentified by sex-combined analyses at 84
CpGs and 42 DMRs as they were significant in one sex while
not in the other. Most relevantly, a locus at cg22632947 that is
mapped to the PRKCA gene, which encodes a protein (kinase
Ca) pertinent to the synaptic loss due to the accumulation of
AP in AD, is highly significant in female samples while not
in male samples. On the other hand, methylation-Braak stage
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association was highly significant in male samples, while not
in female samples, at the locus cg18942110, which is in the
promoter of the CRTC3 gene that coactivates the transcription
factor CREB. Importantly, CREB plays several roles includ-
ing maintaining synaptic plasticity, easing short- to long-term
memory, and mediating AD-induced synapse loss<®. Epige-
netic aging clocks refer to reliable estimators of biological age
based on DNA methylation in CpG islands?”. Interestingly, in
some instances, the slower rates of DNA methylation aging in
women explain their superior cognitive performances relative
to men; particularly, women’s slower GrimAgeAccel rates than
men’s explained their faster processing speeds. Such findings al-
low medical assessments to better distinguish cognitive decline
driven by disease, such as AD, from natural cognitive decline

due to age in a sex-specific manner=C.

Androgens and Other Sex Hormones in AD

Outside of explicit genetics, sex hormones contribute to risk
factors for AD. Notably, numerous studies have identified an
increased risk of AD after individuals undergo androgen de-
privation therapy (ADT), while studies that did not can be at-
tributed to issues with study samples and insufficient clinical
variables>1"3®_ This elevated risk of AD may be due to the neu-
roprotective effect of testosterone in AD, as it has been shown to
minimize accumulation of Af and neuronal death and improve
synaptic plasticity®®. Testosterone, along with estradiol and
progesterone (a female sex hormone), has also been found to
regulate estrogen receptor 1 (ESR1), which has been implicated
in cognitive impairment, thus demonstrating a possible capa-
bility of steroid hormones to improve impairment. In addition,
these hormones regulated notable miRNAs and transcription
factors, such as the NF-xB protein family, that have been im-
plicated in cognitive impairment, revealing anti-inflammatory
effects=’.

Alternate Risk Factors in AD

Outside of explicit hormonal differences, sources behind risk
factors from AD can also appear from elements such as brain
structure and psychosocial stress responses’®. As such, it be-
comes critical to evaluate these areas as origins of the dimor-
phism in AD. Men’s typically greater cerebral brain volume
may dispose them to greater resistance to AD pathology and
brain reserve=2. In fact, studies have shown less or slower atro-
phy in males compared to females, reflected also in MCI and
AD patients 39741 On the other hand, in women, research has
found greater, possibly protective cortical thickness, as well
as the unique display of dangerous alterations in white matter
and mitochondria proteomes 442, These alterations suggest
faster neurodegeneration and greater pathology sensitivity in

women 14.

Changes in the structure and the function of the brain may
also source neuropsychiatric disorders, including post-traumatic
stress disorder and depression, and psychosocial stress re-
sponses, which can be independent AD risk factors. With de-
pression being a risk factor for AD and being more prevalent
in women, it is critical to explore the association between de-
pression and AD for sex-specific connections’®. While mod-
erate/severe depressive symptoms have been correlated with
a twofold increase in risk of MCI in women, several studies
have conversely found such a correlation to be unique to men“>.
More research must be done to clarify these inconsistencies.

Like depression, women are also generally more prone to
sleep disorders and issues, particularly in menopause, although
do men experience sleep apnea at earlier ages. Ultimately, in-
creased problems of sleep in women may convey risk for AD,
with A production primarily occurring during hours awake
and Af clearance occurring in sleep. Similarly, stress has been
correlated with AD and cognitive impairment, as corticotrophin
releasing factor 1 has been tied to AD. In regards to stress,
women also exhibit more vulnerability, and women with mild-
to-moderate AD show higher cortisol levels. Thus, stress may

also convey increased AD risk for women“4,

Sex-Dependent Pathology in Alzheimer’s Disease

Amyloid Beta (Af) Accumulation and Plaque Load

As mentioned above, genetics and other risk factors result in
AD by manifesting in AD pathology, such as Af. Amyloid
beta (Figure 1), a proteolytic product common to several neu-
rodegenerative diseases, is a driving force of AD>. AP, as
well as tau, can incite neuroinflammation as well as gliosis, and
cyclically, neuroinflammation, characterized by the activation
of microglia and astrocytes, results in increases in Af} accu-
mulation and inflammatory cytokines in AD progression'#, In
particular, astrocytes, the most abundant cell type in the brain,
further AS load by secreting notable amounts of Af; in fact,
reactive astrocytes exhibit greater quantities of amyloid precur-
sor protein, y-secretase, and 3-secretase—the three necessary
elements for the creation of A%,

In transgenic mice with mutations in APP and PSEN1, Af
deposits form in the CNS around 8 to 10 months of age. In
studies characterizing these mice, elevated levels of AB40 and
APB42, as well as senile plaque loads, were significantly greater
in female mice as compared to male mice aged at 15 months
and 19 months. In mice aged 15 months, the area taken by
plaques in females represented nearly triple of that in male
Tg2576 mice*’. Similarly, cerebral A was greater in female
mice when compared to male mice®. In the subiculum of the
hippocampal complex of 3xTg-AD mice, comparable findings
of greater and faster Af} accumulation in female mice aged
11-14 months have been established /0.
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Alzheimer's Disease

Microtubules

Microtubule with Tau Protein Tangles

Fig. 1 AD Pathology. Af plaques accumulate extracellularly to inhibit
proper synaptic connectivity and neuronal signaling in AD patients,
while the microtubule-stabilizing tau protein forms tangles.

The sex hormone estrogen has been implicated in the A lev-
els in female APP/PS1 mice, as shown by ovariectomy studies
and estradiol replacement>!. Studies of cell-based and animal
models reveal that estrogen seems preventative to AD pathology,
proposing that estrogen can lessen Af levels by stimulating the
production of vesicles with amyloid precursor protein from the
trans-Golgi Network”#>?, In a mitochondrial study of 3xTg
AD mice, ovariectomy produced greater accumulation of mito-
chondrial A, while estrogen treatment reversed these levels.
Further research must be done to establish mechanisms of this
particular protective effect; however, explanations of this protec-
tive role may be that it occurs through transcription of PGCla,
mitofusins, and mtDNA®?. As mentioned in the previous topic,
testosterone has similarly been implicated in Af levels as well.

Importantly, these findings in mice models display transla-
tional limitations to humans, likely due to an inability of mice
models to truly mimic human processes and sex-specific func-
tions, such as menopause, in a fully representative manner. Stud-
ies have either established no association or a minimal increase
of AB burden in human women®#. However, while sex has not
been correlated with global A burden in humans, even in those
with APOEe4, sex-specific effects still may occur at earlier ages
of menopause for women or A accumulation may occur at a
faster rate within women. In fact, for those with parental history
of AD, data has indicated that women, as they near the age of
their parents’ AD symptom onset, usually see A} accumulation
at a greater pace than men>>. In individuals with a low CSF Aj-
42 level, being female was additionally associated with greater
left hippocampal atrophy and an accelerated decline in memory

and performance of executive function>®.

Tau Hyperphosphorylation and Tangle Formation

Tau (Figure 1), another significant factor in the neuropathol-
ogy of AD, is a phosphoprotein prevalent in axons that, in

microtubules, promotes polymerization and stabilization>. In
a study demonstrating spatial patterns of tau burden as possi-
ble biomarkers of AD, women possessed more tau than men
in tempero-parietal as well as anterior frontal regions of the
brain®Z. Within a sample of clinically normal older adults and
AD adults, greater concentrations of plasma p-taul81 in the
cerebrospinal fluid (CSF) were found in women as opposed to
men, and high quantities of plasma p-taul81 were associated
in greater strength with more cortical AB deposition in women
than men®. In addition, women have been shown to have higher
levels of CSF t-tau than men®?. In clinically normal individuals
with high Af burden, women demonstrated greater temporal EC
tau. Additionally, a stronger association has been established in
females between tau retention and APOE &4, as compared to
males>#2,

Considerable differences between males and females have
also been observed by a multi-omics study in effects of 15
metabolites. In fact, while smaller sex-specific associations
were discovered between metabolites and CSF Af levels, the
most notable differences were those in associations between
metabolites and CSF p-tau levels: higher CSF p-tau was asso-
ciated with greater levels of medium-chain acylcarnitine C10
in specifically females. Considering that late-onset AD is par-
tially considered a metabolic disorder, the study’s findings are
particularly remarkable, implying that women, as compared
to men, encounter more impairment of mitochondrial energy
production®?,

Menopause has been implicated in the sex-based differences
of tau burden. In post-menopausal women, significantly greater
tau-PET signal has been observed in parieto-occipital regions
as compared to men of the same age group. Meanwhile, no
such difference was observed between women that were pre-
menopausal and men. In the rostral middle frontal and the infe-
rior parietal and lateral occipital regions, the status of menopause
moderated association between sex and tau-PET signal. These
findings suggest an interval of tau vulnerability in women at the
time of menopause that may be independent of APOEe&4 and
A burden®!,

Sex-based differences in autophagy, which is a process that en-
ables the clearance of A and tau aggregates and that is majorly
regulated by sex hormones including androgen and estrogen,
have additionally been associated with the increased tau aggre-
gation in females. Women, who throughout their lifetimes have
lower basal autophagy than men, may have greater vulnerability
to AD due to this decreased ability to clear aggregates that could
result in continually sustaining pathology=>-.

In addition, quantities of regional neurofibrillary tangles have
been found to differ between men and women. While the num-
ber of neurofibrillary tangles in the neocortex of men has been
demonstrated to undergo a more than twofold decline in the 8th
decade, women experience a twofold decreased severity later in
their 9th century. Although men experienced a similar decrease
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in severity of hippocampal neurofibrillary tangles, women con-
trastingly were observed to have increased neurofibrillary tangle
amounts in hippocampal regions with age®?. Interestingly, X-
Chromosome gene expression has been associated with NFT

burden in men, while it has not been in women',

Iron Accumulation and Cellular Senescence

Alongside the implication of amyloid and tau in AD pathogene-
sis, iron accumulation has increasingly been recognized to affect
neurodegeneration, demonstrating key patterns in AD indepen-
dent of amyloid and tau®*. Sex-dependent iron accumulation has
also been identified with AD, as significantly more iron+Ibal+
cells have been demonstrated in the tissue of female AD patients
when compared to that of male AD patients, a result consistent in
female and male APP/PS1 mice. Iron accumulation has specifi-
cally been linked to dystrophic microglia, which are microglia
demonstrating spheroids, removed branches, beaded processes,
and rod-shaped cell bodies, as well as glycolysis. These links
further signal that iron drives increased neuroinflammation in
AD; for instance, the accumulation of iron triggers microglial
production of inflammatory cytokines'?'®Y, This indicates a
greater burden of neuroinflammation in females.

Cellular senescence, a cell cycle arrest in aged and damaged
cells, can lead to chronic inflammation and the dysfunction of
tissue, and senescent cells have been shown to promote the
development of AD (Figure 2). Particularly, the accumula-
tion of p16 has been demonstrated to be characteristic of late
senescence. Cells undergoing senescence additionally amass
lipofuscin, which is a substance that holds lipids and is created
through lysosomal digestion®. Lipofuscin and p16, similar to
iron, also point to dystrophic microglia. For both female mice
as well as female AD patients, they have been reported to ex-
perience greater accumulation of both p16 and lipofuscin when
compared to their male counterparts, specifically demonstrated
in the microglia of female mice. These results have indicated
greater amounts of cellular senescence in the tissue, particu-
larly in the microglia, of female AD patients compared to male
patients, contributing to a notion of increased damaging and

self-reinforcing neuroinflammation in women''%.,

Vasculature in AD Pathology

In addition to the aforementioned burdens in the progression of
AD, cardiovascular risk factors contribute critically to the patho-
genesis of AD, with a majority of vascular cognitive impairment
(VCI) patients developing dementia®®. These factors, such as
diabetes, obesity, atherosclerosis, and hypertension, result in
weakened clearance of Af, greater oxidative stress, hypoxia,
decreased cerebral blood flow, and interference to the blood
brain barrier, all eventually leading to dementia with a possible
cyclical effect 4,
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Fig. 2 The cycle of cellular senescence in AD. Pathological changes in
AD reinforce cellular senescence. This senescence incites
senescence-associated secretory phenotype (SASP), which decreases
the clearance of senescent cells in AD, leading to accumulation of
these cells. This accumulation then further perpetuates the pathology
of AD, reinforcing the cycle©Z,

Interestingly, the incidence of coronary artery disease, a vas-
cular risk factor tied to cognitive decline through brain microvas-
cular lesions, is much greater in men than women across all age
categories. This too may be due to the protective nature of es-
trogen in females against atherosclerosis, oxidative stress, and
inflammation. Meanwhile, other vascular risk factors are unique
to women, specifically hypertensive pregnancy disorders that
are associated with cognitive impairment and brain lesions#.
In fact, in women around the age of 60, brain atrophies, as
well as lower processing speeds, have occurred more in those
with a history of hypertensive pregnancy disorders compared
with those without®?. Differences between sexes have also been
reported in cerebral small vessel diseases, which lead to inhib-
ited perfusion of brain regions and, as such, are suggested to
play a role in AD, In these diseases, an association has been
proposed between the female sex and disease progress, and, in
only women, apolipoprotein A-I and high-density lipoprotein
cholesterol were negatively associated with white matter lesion
severity #/U, Thus, sex differences in vasculature are inextrica-
bly linked to a complete assessment of the sex-specific nature of
AD, and this, as well as all sex-dependent pathological progres-
sions in AD, is a critical understanding necessary to evaluate
symptoms.

Transcriptional Response to AD Pathology

Single-cell transcriptomic analysis of AD additionally found
sex-specific differential responses including several cell-types.
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Most significant were in oligodendrocyte and neuronal cells.
In males, greater pathology was uniquely associated with a
global transcriptional activation in oligodendrocytes, while in-
creased pathology in females was associated with a global down-
regulation of gene activity in inhibitory neuronal cells as well as
excitatory neuronal cells. These responses in female neuronal
cells were much more pronounced than those in males, with
male inhibitory neurons exhibiting no clear shift in response
to pathology (besides slightly to amyloid) and male excitatory
neurons displaying lesser responses. Furthermore, the observed
reduced female transcriptional response in oligodendrocytes is
accordant with findings that white matter lesion volume solely
correlates with lower cognition in females. Ultimately, while
stating the need for further explanation, the analysis suggests
these findings may imply either a larger burden of transcriptional
disease or more disease resilience in females'’L.

Sex-Dependent Symptoms of AD

Cognitive Symptoms

The neuronal dysfunction caused by AD pathology manifests
into cognitive, neuropsychological, and behavioral symptoms in
AD that may occur on a sex-specific basis. Several differences
in cognitive symptoms have been observed between female and
male AD patients. In AD, notable symptoms include a decline
in verbal and semantic capabilities. Multiple investigations have
found that women AD patients, when compared to men with
comparable AD severity, suffered intensified disablement of
their semantic memory, exemplified particularly through their
performance in confrontation naming task/%%3.

Visuospatial abilities include those involving spatial percep-
tion and memory, navigation abilities, and an individual’s capa-
bilities to rotate objects in their mind. Deficits in visuospatial
capacities are prevalent in AD patients, hindering their achieve-
ment of several tasks”?. Interestingly, after the onset of amy-
loid, men have revealed steeper rates of cognitive decline as
compared to women, specifically in visuospatial and executive
capabilities”®. Similar to semantic memory, an advantage in
visuospatial episodic memory has been observed in male AD pa-
tients compared to female; this is a sexual dimorphism unseen in
mild cognitive impairment (MCI) patients”>. In tasks that neces-
sitated the active manipulation of visuospatial intake, AD men
exhibited greater performance than women as well“®. However,
several studies contradictingly show no significant differences
between male and female AD patients in their visuospatial abili-
ties. Yet, these results still possibly illustrate sex-specific effects
on visuospatial abilities. Across typical elderly populations ab-
sent of AD, males have been established to have a visuospatial
advantage, one which we may expect to persevere in AD pa-
tients; therefore, sex-specific effects of AD could actually be

responsible for equalizing their performance’?.

This sexual dimorphism in cognitive symptoms could be
attributed to various sex-specific factors, including hormonal
impacts on decline through female estrogen loss or an increased
male cognitive reserve. Here it is also noteworthy that sex dis-
tinctions exist within the neuro-immune modulation of cognitive
performance and memory, such as cytokine activation, that may
be relevant to this dimorphism”Z. Ultimately, findings indicate a
more severe and widespread deterioration of cognitive function
of females with AD2,

Neuropsychiatric and Behavioral Symptoms

In AD patients, neuropsychiatric symptoms (NPS) are also very
prevalent, yet there exists considerable clinical variability in the
onset of these symptoms in AD patients. NPS have been con-
nected to multiple harms and negative impacts for AD patients,
including greater mortality, more severity in cognitive decline,
as well as burden on caregivers’®. Given the significance of
NPS, it is important to recognize the variances in NPS that exist
between females and males.

In a meta-analysis of sex differences in NPS within AD pa-
tients, the female sex was linked to a greater prevalence of
psychotic symptoms, depressive symptoms, the onset of delu-
sions, as well as aberrant motor behavior than males with ADZ2.
It has also been demonstrated that a greater number of women
with AD had a combination of such symptoms as compared to
men with AD. In women, agitation has been linked to a majority
of psychiatric issues, while, in males, it has solely been linked to
paranoia®’, Women were also demonstrated to be slightly more
prone to verbal and physical aggression as well as irritability
and reclusivity®L.

Meanwhile, male AD patients have shown increased severity
in apathy compared to females with AD”?. Additionally, men
with AD have exhibited increased behaviors demonstrative of
vegetative changes, including excess of sleeping and eating®!’,
Interestingly, in elderly individuals with probable AD, there
has also been a sex-based association found between depressed
moods and dependence, with depressed moods only predicting
an accelerated exacerbation of dependence on others in men
rather than women®2,

While these sex-based differences in NPS could be due to the
effects of sex hormones, such as those of estradiol on increased
risks of depression and AD, further research could provide other
possible explanations 22,

Discussion

The extent of sex differences in AD makes it essential to take sex
into consideration when treating AD. This imperative becomes
apparent when evaluating clinical trials, as recognition of sex in
the trial stages of drugs ensures that results are not harmfully
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represented as true for all. Here, it becomes particularly essen-
tial to recognize an inevitable disconnect between animal studies
and human studies, or that between preclinical studies and clini-
cal studies, in evaluating behavior and cognitive performance,
disease course, and prognosis in AD. Mouse models particularly
fail to demonstrate realistic effects of human menopause and
estrogen in AD, which is an issue exacerbated by AD’s unique-
ness in humanity!®, Even if mouse studies improve in female
representation, establishing clinical trials that are representative
of both sexes avoids translational issues to a true clinical setting.
As aresult, AD patients can receive the best and optimal care
for their unique circumstances. Several drugs and treatments
perform differently for males as compared to females, creating
unbalanced effects on AD women as compared to AD men that
could be due to many factors. As previously stated in the review,
the outcomes of a treatment could be affected by sex hormones,
including estrogen and its impact on the mechanistic level in AD,
and the impacts of menopause. Other influences on outcomes
could include genetic differences, as perpetuated by XCI, or
the variance in pathological accumulation of tau, neurofibrillary
tangles, and A between females and males. With this contra-
dictory progression of AD, the manifestation of symptoms also
differs between men and women, which can lead to contrasting
symptomatic effects when treatment is attempted.

Lecanemab, an FDA-approved amyloid antibody drug that
is meant to decrease cognitive and functional decline in AD
patients, has been shown to be more effective in its treatment
for men rather than women®3, While current research does
not have the capacity to explain this difference, the dimorphic
drug response may be due to a difference in amyloid clear-
ance, for example, which is linked to lecanemab’s mechanism
of action®. Similarly, davunetide, which is a tauopathy and
neurodegeneration inhibitor acting as replacement therapy when
activity-dependent neuroprotective protein (ADNP) is deficient,
also demonstrates sexual dimorphism. In a clinical trial of
davunetide, dose-dependent cognitive function improvements
were significantly observed in a test of visual matching in men
rather than women. Women, however, in a test of working
semantic memory and attention, significantly exhibited high-
dose improvement with davunetide. The sex-based dimorphism
here may be linked to estrous cycle’s modulation of ADNP or
ADNP’s greater expression in female hippocampi®. Another
clinical trial demonstrated that sodium benzonate, which offsets
oxidative stress and aids in neuroprotection, results in greater
catalase for women, while it does not for men, especially in
1000 mg doses. These increases in catalase were associated
with greater cognitive improvement in these women. On a
mechanistic level, such differences may originate from the sex-
specific neurodegeneration and cognitive modulation contrasts
in oxidative stress and NMDA receptor dysfunction, like testos-
terone’s role in oxidative stress®®. In AD, another drug sildenafil
has been associated with decreased incidence of AD. While a

clinical trial has yet to be performed with sildenafil, a recent
study found that sildenafil usage was associated with a greater
decreased risk of AD for males than women, although these
findings might be attributed to the fact that the data collected for
the study was skewed male-dominant. However, these results
also may be because of sexual dimorphism in AD biomarkers,
as sildenafil has a relationship with genes that are associated
with tau tangles and amyloid®”. In a recent EMERGE trial
as well, cognitive benefits of the intervention were specific to

en®. Unfortunately, because stratification by sex is currently
left unconsidered by large, there is a scarcity in publications that
show clinical and biomarker data of sex differences in AD trials,
as well as the mechanisms behind those differences. However,
such reports of varying outcomes in trials and studies on the
basis of sex contribute to evidence that the efficacy of drugs is
largely impacted by the sex of the patient®?.

It is crucial to note here that the observed sex-specific differ-
ences in AD discussed in this review may also differ across varia-
tions in other factors influential to AD, including brain structure,
ethnicity, age, education, and socioeconomic status. Addition-
ally, sex-specific differences may vary across AD subtypes. For
example, African-American females have been specifically as-
sociated with late-onset AD, though this may be due to larger
clinical manifestations in society®?. Although a large portion of
studies mention only late-onset AD, sex differences also appear
in early-onset AD. In early-onset AD, women demonstrated
greater atrophy burden and cognitive impairment than men in
comparison to healthy controls of the same sex, and women
with early-onset AD had higher CSF tau levels men, mirroring
findings in the general AD population®!. However, this existing
research on sex differences in early-onset AD pathology should
be expanded upon. Stages of AD should also be considered,
as women’s greater average lifespan may contribute to sexu-
ally dimorphic general AD statistics'#. For example, women
may demonstrate early disease resistance to AD, with an early
defense to metabolic dysfunction; additionally, women at re-
productive ages produce lower quantities of hydrogen peroxide,
homocysteine, and NADPH oxidase and greater quantities of
antioxidant enzymes than men®>. In fact, women with mild-to-
moderate AD, before adjusting for brain metabolism, showed
cognitive advantages compared to men®2. Importantly here,
when evaluating such sex differences in AD across age groups,
the decrease in estrogen levels that arrives with menopause also
becomes crucial to consider>>.

Historically, females have been underrepresented or com-
pletely excluded from clinical trials and research. As a result,
the scientific standard has been set by male in vitro and in vivo
models, catering to and disproportionately benefitting the male
population. In the modern-day, steps have been taken to limit
such undercoverage by studies, including requirements by publi-
cation guidelines and by government funding bodies to include
balanced representation in studies and sex-based analyses. This
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commitment to improve is exemplified by the Sex and Gen-
der Equity in Research Policy and the National Institutes of
Health®?,

However, while recent studies have improved in including a
balanced number of men and women, they continue to disregard
noteworthy findings of sex-based dissimilarities in effects. As
demonstrated by aforementioned trials, several drugs operate
on a sex-specific basis in mitigating AD; thus, it is likely that
many others have similar limitations that remain alarmingly un-
explored and unnoticed. In fact, a study reported that out of 118
identified dementia trials, only 8 described sexual dimorphism
in outcomes. A failure to specify mitigatory benefits in AD
progression to the sex that they are evident in could lead to exac-
erbated differences between the health of men and women when
prescribed the same drug. Such gaps manifest into structural
inequities in healthcare, which becomes particularly harmful
for the wellbeing of patients and inhibits further developments
in the field. In clinical practice, this could create the illusion
of prescribing the best treatments for AD symptoms, when, in
reality, they could be ineffective for those of a particular sex, and
those patients are left largely untreated®®. This is particularly
dangerous in AD, with its nature as a progressive and time-
sensitive disorder in which symptoms worsen. Furthermore, the
excessive AD load on females and the clear, vast distinctions
in AD mechanisms and progression between men and women,
as demonstrated by this review, exhibit the need to recognize
sex-dependent risk factors and therapeutic effects.

As we progress in our acknowledgement of sexual dimor-
phism in clinical trials going forward, it becomes possible to
expand knowledge that is particular to the impacts of certain
drugs. With specificity in trials, we can begin to establish with
confidence reasons for why a certain drug’s behavior is reliant
on sex as well as specific connections to one of many possible
factors in the timeline of the disease. In turn, we must use our
mechanistic understanding to create treatments tailored to each
sex. Ultimately, this will allow the field to target progression
in men and women more effectively and to improve current
drugs, expanding the scope of treatments and healing current
inequalities in healthcare.

Methods

For this paper, I used PubMed as a search engine to look through
relevant publications to my topic, with no custom filters. To
find papers relating to my subtopics, I initially used the key-
words “sex and Alzheimer’s Disease” to search for papers sorted
by “most recent,” choosing those with findings most pertinent
to my subtopics and disregarding irrelevant papers. After do-
ing so, I parsed through the references I had already cited for
more articles to review, again screening for relevance to my sub-
ject. When searching for more papers for a particular subtopic,
I searched the subtopic along with “and sex in Alzheimer’s,”

again with results only sorted by “most recent.” Regarding my
exclusion criteria, I attempted to primarily review peer-reviewed
publications from the past 15 years; however, when I did cite
papers published before that point, I made sure that the findings
I cited are still consistent with modern-day research and are still
actively being cited within the field. When confronted with con-
flicting findings, I mentioned them in this review and suggested
explanations as to why they may contradict other studies.
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