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SUMMARY

Alzheimer’s disease (AD) and themechanisms underlying its etiology and progression are complex andmulti-
factorial. The higher AD risk in women may serve as a clue to better understand these complicated pro-
cesses. In this review, we examine aspects of AD that demonstrate sex-dependent effects and delve into
the potential biological mechanisms responsible, compiling findings from advanced technologies such as
single-cell RNA sequencing, metabolomics, and multi-omics analyses. We review evidence that sex hor-
mones and sex chromosomes interact with various disease mechanisms during aging, encompassing
inflammation, metabolism, and autophagy, leading to unique characteristics in disease progression between
men and women.
INTRODUCTION

First described in a female patient in 1901, Alzheimer’s disease

(AD) is characterized pathologically by amyloid-b (Ab) plaques

and fibrillar tau tangles. It is the most common form of dementia,

and its prevalence continues to rise at an alarming pace.1 Two-

thirds of AD patients are women,2 and women have a greater life-

time risk of developing AD (1 in 5) compared with men (1 in 10).1

Although there has been debate over whether this difference is

due to the longer lifespan inwomen, sexhasbeenshown tomodu-

late risk factors and potential disease-causing mechanisms.3 In

addition to biological factors (e.g., chromosomal, epigenetic, or

hormonal differences), there are also psychosocial and cultural

factors (e.g., access to education, gender differences) potentially

contributing to disease risk. In this review, we focus on biological

factors to examine sex differences in fundamental disease mech-

anisms that contribute to neurodegeneration.

Clinical trials are historically biased toward males. Women are

frequently excluded for safety reasons due to possible preg-

nancy, hormonal fluctuations, and contraceptive use.4,5 Preclin-

ical studies have perpetuated this bias by primarily using male

mice only or mixed sex with insufficient power in either sex, often

due to increased costs. Exclusion of either sex drastically nar-

rows the applicability of findings to half of the population and

hinders the field by making sex-based analyses impossible.

Male-biased research has led to inadequate risk calculations

and treatment guidelines for women, as seen in drugs for cardio-

vascular disease.6 To yield meaningful data and develop effica-

cious drugs, it is crucial to design experiments with sufficient

sample sizes for each sex. This is especially true for mixed sex

datasets, which must include a similar representation of male

and female samples, with enough power in both sexes indepen-
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dently. Even then, in phenotypes with strong sex differences,

one sex can still skew results, reiterating the need for conducting

sex-split analyses. Because male-biased research is exceed-

ingly common, the study of sex differences suffers from a relative

paucity of available data, especially in complex disease models.

This review summarizes sex-stratified findings in AD and related

dementias. We believe that understanding the mechanisms un-

derlying sex differences in AD is a crucial step in precision med-

icine that will lead to more accurate diagnoses and effective

treatments for both men and women.

Despite the advancements and growing recognition of sex dif-

ferences, it is also vital to acknowledge the methodological chal-

lenges within the field. For instance, genome-wide association

studies (GWAS) have significantly advanced our understanding

of genetic anomalies linked to AD. Although numerous X-linked

variants are present in the genotyping chips used in GWAS, it

is common for studies to discard X chromosome data during

the quality control phase. Additionally, when including sex chro-

mosomes in the analysis, the standard autosomal techniques

are frequently employed, neglecting the distinct inheritance pat-

terns of the X chromosome.7 This approach, coupled with the

diminished statistical power arising from sex-based stratification

in studies with limited sample sizes, makes the identification of

sex chromosome single-nucleotide polymorphisms (SNPs) chal-

lenging. Consequently, correlations between X chromosome

SNPs and AD established in a given GWAS can be difficult to

verify in subsequent studies.8,9 The recently developed software

tool, XWAS, provides statistical tests to detect the sex-biased ef-

fects of SNPs and higher trait variance due to X inactivation.10

Embracing tools like XWAS and enhancing sample sizes for

greater statistical robustness will significantly aid in detecting

X-linked genetic associations in AD.
lsevier Inc.
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Tremendous strides have been made in understanding the in-

tersecting mechanisms that underpin neurodegenerative dis-

eases, including AD.11 As highlighted in this review, many of

these mechanisms exhibit variations based on sex. We begin

by discussing aging, the primary risk factor for AD. Men and

women undergo distinct aging processes, marked by different

hormonal changes, cellular activities, and age-associated health

conditions. Recognizing how these variations in aging influence

AD’s progression and susceptibility can guide us toward more

nuanced interventions. Second, GWAS studies have robustly

pinpointed the vital role of innate immunity, especially microglial

responses, in AD’s development. Consequently, sex-specific

immune reactions can shape the way neuroinflammatory actions

contribute to AD. Third, the sexes exhibit noted metabolic differ-

ences, which have implications for cerebral health. Given the as-

sociation between metabolic dysfunctions and AD, examining it

from a sex-conscious perspective can reveal distinct risk factors

and points of intervention. Fourth, proteostasis disturbances,

manifested as amyloid b deposition and hyperphosphorylated

tau tangles, are central pathological features in AD. Notably, fe-

males reportedly show a higher tau burden. We then delve into

how sex disparities in protein degradation pathways, especially

autophagy, can lead to distinctive disease progression patterns

in males and females. Lastly, emerging studies suggest a signif-

icant role for the gut-brain axis in neurodegenerative disorders.

As the gut microbiome composition varies between males and

females, understanding these differences is crucial for unravel-

ing the intricacies of AD’s etiology and evolution.

Although this review focuses on AD, it should be noted that sex

biases in disease prevalence and progression are seen in many

neurodegenerative diseases. As with AD, females are at higher

risk of multiple sclerosis,12,13 although males progress faster

through the disease.14 In contrast, Parkinson’s disease is more

common in men (relative risk is 1.5 times greater).15 Women

show later onset and milder motor impairment and striatal

degeneration than men.16 Similarly, in sporadic amyotrophic

lateral sclerosis, men are more likely to develop the disease,

although prognosis and survival time does not differ between

sexes.17 Thus, understanding mechanistic underpinnings of

sex differences will be informative beyond the context of AD.

Sex chromosomes and sex hormones
The canonical framework for investigating biological sex differ-

ences involves two primary sources of sex differences: gonadal

hormones and sex chromosomes. Gonadal hormones are pri-

marily produced by ovaries or testes and, as a result, are acces-

sible to manipulation by techniques such as gonadectomy and

exogeneous hormone application. The most commonly studied

gonadal hormones include estrogen, testosterone, and proges-

terone. Studying sex chromosomes generally involves comp-

aring XX and XY genotypes. The four core genotype model,18,19

which generates four genotypes with varying gonad-sex chro-

mosome combinations (i.e. XX with testes, XY with ovaries, XX

with ovaries, XY with testes), has been used to disentangle ef-

fects of sex chromosomes from gonadal effects. In this model,

an effect persisting in ovaries/testes regardless of sex chromo-

some background represents a gonad effect whereas persis-

tence in XX/XY genotypes regardless of gonadal background
is a sex chromosome effect. Trisomy models, which contain

three sex chromosomes, enable study of the effects of X versus

Y chromosomal dominance. Application of thesemodels thus far

has provided insight into the fundamental functions of sex chro-

mosomes and gonadal hormones, as well as how these func-

tions are perturbed in disease-associated processes.

SEX HORMONES

During aging, women uniquely undergo menopause, a process

that occurs over approximately 14 years. During perimeno-

pause, the 1–4 years immediately before menopause, estrogen

levels become highly variable. This fluctuation initiates estro-

gen-related dysfunction in metabolic, inflammatory, and

sensory-processing-related molecular pathways.20,21 Mounting

evidence suggests that loss of ovarian hormones during peri-

menopause contributes to female vulnerability to AD.22,23 In

contrast, men do not appear to undergo a perimenopause equiv-

alent, and instead undergo an overall lesser and more gradual

age-dependent decline in the primary male gonadal hormone

testosterone.24 This slower transition may mitigate age-related

dysfunction in male hormonal pathways compared with those

of females. Luteinizing hormone (LH) and follicle-stimulating hor-

mone (FSH) are other gonadal hormones affected by the meno-

pausal process in women. Post-menopausal women have up to

10-fold more LH than men.25,26 LH and FSH both trigger

androgen/estrogen production and are often regulated in the

same direction. FSH has been shown to contribute to AD patho-

logical burden and downstream cognitive impairment.27

Estrogen receptors (ERs) are found throughout the brain and

regulate various physiological processes. In cell-based and ani-

mal models, estrogen appears to be protective against AD pa-

thology. Specifically, studies suggest that estrogen may reduce

levels of Ab by stimulating the generation of amyloid precursor

protein (APP)-containing vesicles from the Golgi-network,

thereby promoting APP delivery to cell surfaces.28,29 In rodent

tau models, administering estradiol decreases tau hyperphos-

phorylation and increases dephosphorylated tau.30 Hormone

replacement therapy (HRT) during menopause and post-meno-

pause has long been considered as a strategy to combat cogni-

tive decline. Early studies suggested that oral estrogen could

reduce dementia risk by 34%.31,32 However, clinical trial results

have been inconsistent, with some HRT combinations even

increasing dementia risk.33 Meta analyses have revealed that

the negative impact of HRT on global cognition was mainly

observed in those over 60 years old, whereas the fewer studies

involving younger participants had more mixed results.34,35

This indicates that a ‘‘window of opportunity’’ may play a role

in the efficacy of HRT on AD progression. One theory holds

that a ‘‘healthy cell bias’’ in younger patients closer to meno-

pause may enable HRT to be beneficial compared with cells

already impaired by neurodegeneration.36 In terms of interven-

tion to remove hormones rather than replace them, excision of

both ovaries and fallopian tubes before menopause worsened

age-related atrophy of the entorhinal cortex and amygdala along

with increasing dementia risk and risk of other diseases.37–39

Encouragingly, a recent study using data from the European

Prevention of Alzheimer’s Dementia cohort showed that, in
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patients carrying apolipoprotein E4 (APOE4), HRT improved de-

layed memory and was associated with higher entorhinal and

amygdala volumes than non-users and non-APOE4 carriers.40

Earlier HRT introduction in APOE4 carriers was also associated

with larger hippocampal volumes. This study supports the hy-

pothesis that estrogen modifies AD progression in females in

an APOE4-specific manner.

SEX AND NON-SEX CHROMOSOMES

Females typically carry two X chromosomes, one of which un-

dergoes inactivation. However, at least 23% of X-linked genes

on the silenced chromosome escape X inactivation in women,

resulting in elevated female-specific expression.41 Of the

escapee genes, female:male expression spans 0.50–2.25 but

typically falls at �1.33, indicating 33% higher female gene

expression compared with males.41 This sex-biased expres-

sion is especially important because the functions of the

>1,000 genes on the X chromosome span many functions,

including immunity and development.42 The Y chromosome

appears to contain relatively few genes and primarily consists

of pseudogenes.43 Approximately 54 genes are homologous

between the X and Y chromosomes, including IL9R,

TMSB4X/Y, and CSF2RA.42 Males also have biological mech-

anisms to enhance expression of X-linked genes, known as

dosage compensation. For example, the epigenetic MSL3

complex increases expression of genes on the male X chro-

mosome.44 A study using the four core genotype (FCG) model

showed that, regardless of gonad, T lymphocytes with XY

chromosomes express higher levels of the X-linked genes

Msl3, Prps2, Hccs, Tmsb4x, and Tlr7 than XX cells.45 It is

worth noting that a recent study of the current FCG model re-

vealed an aberrant translocation of 9 X-linked genes (i.e. Hccs,

Amelx, Arhgap6, Msl3, Frmpd4, Prps2, Tlr7, Tlr8, Tmsb4x) in

the X chromosome of XY mice, resulting in an artificially higher

expression in XY than in XX genotypes.46 Expression of auto-

somal genes does not appear to be affected. The elevated

expression appeared to be cell-type dependent, and neither

expression in brain cell types nor translation to protein level

was examined. Nevertheless, appropriate controls would be

needed when reporting the chromosomal effects using the

current FCG model.

X-linked genes have both protective and detrimental roles in

neurodegenerative diseases. The X-linked gene Kdm6a is asso-

ciated with reduced mortality and protection against cognitive

deficits in a human APPmousemodel.47 Several X-linked genes,

including IL2RG, RAB9A, and EMD, are also associated with fe-

male-specific cognitive decline or tau pathology in human AD

and aging.48 The X-linked escapee gene Usp11 may contribute

to increased female vulnerability to tau by increasing levels of

tau acetylation, which impedes tau degradation.49,50 Interest-

ingly, global knockout of Usp11 reduced acetylated tau to a

lesser extent in male tau mice than in female equivalents.49

Usp11 is also engaged in a feedback loop with estrogen,51 and

age modifies its extent of X inactivation.52

Aging markedly affects the prevalence of mosaic loss of the Y

chromosome, which has been linked to AD and other age-

related disorders.53–56 AD brain and plasma transcriptomics
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indicate that downregulation of the Y chromosome across brain

regions is associated with higher age-related risk of developing

AD.57 The specific cell types exhibiting loss of Y can influence

downstream disease phenotypes, as AD is associated with

more frequent loss of Y in natural killer cells.53

The expression and splicing of genes on non-sex chromo-

somes also exhibit sex differences.58 Bulk transcriptomic

profiling of 59 human brains showed that autosomal genes

exhibit sex-biased exon usage. Using exon-specific probes,

145 genes were identified with sex differences in exon usage,

including TREM2 receptors TYROBP, KDM5C, and CD44.59

Baseline sex differences in autosomal gene expression also

occur in specific cell types, such as microglia.60

Epigenetic mechanisms contribute to sex differences in auto-

somal and sex chromosome expression. Estrogen acts as an

epigenetic factor by directly altering histone methylation and

deacetylation, as well as altering expression by recruiting ERa

to gene promoters.61 In mice, estradiol appears to maintain

active chromatin states in both male and female neurons,

whereas testosterone primarily promotes chromatin activation

and repression in male neurons only.62 However, the top

expression quantitative trait loci in sex-biased autosomal

gene transcripts reside in enhancer regions, not in estrogen

nor androgen receptor binding motifs.63 In terms of sex chro-

mosomes, X inactivation is governed by the long non-coding

RNA, Xist. However, other lncRNAs, such as Tsix, regulate

Xist in mice, although it is unclear whether this function is

shared in humans.64 MicroRNAs (miRNAs) were also recently

identified as regulators of sex-specific responses in a mouse

model of tau pathology.65 At baseline, male microglia exhibit

higher expression of 61 miRNAs, and removing the miRNA

assembler Dicer exacerbates tau pathology and reactive micro-

glia in males but not females.65 Thus, sex differences in neuro-

degeneration result in part from interactions of sex hormones

as well as sex-biased gene expression from autosomes and

sex chromosomes.

Sex differences in aging
Aging is the predominant risk factor for AD and other neurode-

generative diseases. Men and women age differently, and sex

differences in aging occur across tissues and are not restricted

to the brain.41,66 Although women live longer than men in gen-

eral, women often perform worse in physical function examina-

tions at the end of life.66,67 Men and women’s aging differences

are often attributed to sex chromosomal and hormonal-driven

differences in biology.

Aging is a complex biological process characterized by pro-

gressive deterioration of an organism’s physiological functions

over time, including mitochondrial dysfunction, genomic insta-

bility/telomere attrition, epigenetic alterations, cellular senes-

cence, loss of proteostasis, and immune aging. Two intercon-

nected schools of thought seek to explain molecular aging:

senescent and programmed theories66 (Figure 1). Senescent

theories focus on damage accumulation, including disposable

somas, reactive oxidative species (ROS), and mutation accumu-

lation. Over time, these cells experience wear and tear, ultimately

reaching a state of senescence in which they can no longer

divide, contributing to the aging process. On the other hand,



Figure 1. Sex differences in senescent and
programmed theories of aging
(A) Senescent aging is characterized by accumula-
tion of cellular damage. Higher levels of estrogen in
women protect against genomic instability and
correspond to highermitochondrial gene expression
and activity.
(B) Programmed aging implicates a predetermined
process controlled by genetics and epigenetics.
Men and women have sex-dependent differences in
DNA methylation across the genome. Epigenetic
clocks show a higher ‘‘epigenetic age’’ in men;
however, menopause in women speeds up the
epigenetic clock, but that action appears to be
reduced with HRT. Telomere shortening contributes
to both of these theories as cells may only undergo a
set number of divisions; thus, telomere length acts
as another biological clock.
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the programmed aging theory posits that aging is a predeter-

mined process controlled by our genetic makeup. This theory

implies that both mitotic and post-mitotic cells are programmed

to function for a certain period of time before they start to dete-

riorate.

Cellular senescence is a state of irreversible cell-cycle arrest

that occurs as a response to various stressors, such as genomic

instability/DNA damage, oncogene activation, telomere short-

ening, and mitochondrial dysfunction (Figure 1). Genomic

instability is a hallmarkof biological aging andDNAdamageaccu-

mulates throughout life as repair mechanisms become less effi-

cient.68 Hormonal differences, such as the elevated presence of

estrogen in females, protect against cellular senescence via

reduction of oxidative stress and ROS.69 Moreover, the Tert

gene,which programs telomerase, contains an estrogen receptor

element, enabling estradiol to protect against telomere short-

ening.70,71 Intriguingly, the expression of senescence markers,

such as p16Ink4a and p21Cip1, appears to accelerate in male

mice during aging, but the rate of senescence in female mice is

greater near the end of life.72 Additional studies are needed to

explain how sex-biased senescence at specific stages of aging

contributes to differences in disease onset, progression, and

severity in various neurodegenerative diseases between male

and femalemiceaswell ashow this translates tomenandwomen.

Cellular senescence is often associated with mitochondrial

dysfunction, and sex differences in mitochondrial function

have been observed, with women generally showing greater

mitochondrial gene expression and activity,73 in part due tomito-
chondrial estrogen receptors.74,75 Estro-

gens influence mitochondrial functions,

such as reserve capacity and glycolysis,

in a protective manner, which may explain

whywomen experience delayedmitochon-

drial aging compared with men.76,77 Sex

chromosomes have been shown to regu-

late mitochondrial genes, such as Pdk4

and Hk2, and regulate metabolic pheno-

types associated with aging, such as

weight gain.78 Sex differences in meta-

bolism likely affect mitochondrial dysfunc-

tion-dependent senescence, indicating
the importance of better understanding sex-specific metabolic

contribution to senescence.

In support of programmed theories in aging, several epige-

netic clocks have been described based on patterns of DNA

methylation, which plays a crucial role in gene regulation. The

epigenetic age inmales often exhibits higher predicted biological

age than in females (Figure 1), and this difference is seen across

various tissues and contributes to the mortality risk disparity be-

tween the sexes.79 In women, earlier menopause is linked to

increased epigenetic age, whereas HRT is associated with lower

epigenetic age80,81 (Figure 1). Genome-wide DNA methylation

differences between sexes show significant disparities, particu-

larly on the X chromosome.82,83 Using the AD neuroimaging

initiative database, a study examined the association between

epigenetic age acceleration, cognitive impairment, sex, and bio-

markers of AD risk. Although sex, cognitive impairment diag-

nosis, and APOE ε4 alleles were not associated with epigenetic

age acceleration, females exhibit a slightly more accelerated

epigenetic aging using the skin and blood clock in the transition

from normal cognition to cognitive impairment than males.84 A

recent meta-analysis study found age-related sex differences

in DNA methylation patterns, with differentially methylated sites

being enriched in imprinted genes but not in sex-hormone-

related genes.85 Thus, it is important to consider sex differences

when using epigenetic aging clocks for research or clinical pur-

poses, as they can impact the accuracy of age predictions and

the identification of individuals at higher risk for age-related

diseases.
Neuron 112, April 17, 2024 1211



Figure 2. Sex differences in mechanisms associated with neurodegeneration
(A) Sex differences in microglia number, response, and phagocytosis.
(B) Sex differences in metabolism during aging. Estrogen protects mitochondrial health in females; reduced estrogen during menopause may lead to metabolic
dysregulation and increase female vulnerability to cellular stress and disease.
(C) Basal autophagy is lower in women than men throughout life and may contribute to more tau and amyloid accumulation. Chromosomal and hormonal factors
may also contribute to this.
(D) Men and women have distinct alpha and beta gut microbiome diversities. The gut microbiome and neuroinflammation, metabolism, and autophagy are all
linked to each other, increasing the complexity of sex differences in neurodegeneration.
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Telomere shortening is important in both the senescence and

programmed aging theories. In the senescence theory, after a

number of divisions, cells hit the so-called Hayflick limit, mainly

due to telomere shortening, and this leads to aging. On the other

hand, the programmed aging theory considers telomere length

as a biological clock that determines cell lifespan and, thus, influ-

ences aging. Women generally have longer telomeres than men

do, a distinction noticeable from birth86 and also evident in

mice87 (Figure 1). This variance aligns with the observed differ-

ence in average lifespan between the sexes. Notably, the

DKC1 gene, encoding dyskerin, affects telomerase activity in

embryonic stem cells and is expressed from both X alleles in fe-

male embryonic cells, potentially leading to elongated telomeres

prior to embryo implantation.88 This phenomenon could be

instrumental in establishing sex disparities in telomere length

and lifespan. Further studies are warranted to clarify the relation-

ship between embryonic telomerase levels and sex-based differ-

ences in telomere length and longevity.
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As the largest risk factor for multiple neurodegenerative

diseases, including AD, aging significantly affects several phys-

iological and molecular processes, such as inflammation, auto-

phagy, metabolism, and the microbiome. These age-related

changes can contribute to the onset and progression of AD.

Interestingly, sex differences modulate these processes, which

may explain the observed sex disparities in AD. The upcoming

sections will delve into each of these mechanisms to explore

how they are affected by aging and sex, and the resulting impli-

cations for AD (Figure 2).

Sex differences in maladaptive innate immune
responses
Large-scale human genetic and transcriptomic studies, com-

bined with experimental evidence from animal models, suggest

that innate immune mechanisms are a driving force in the path-

ogenesis of neurodegenerative diseases. In AD, large-scale

GWAS revealed that many risk genes are specifically expressed
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or enriched in microglia and myeloid cells in the periphery.89

Whole-genome sequencing studies led to the discovery of rare

variants of TREM2, a transmembrane receptor highly expressed

in microglia and myeloid cells, that increase AD risk 2- to

3-fold.90,91 In a co-expression network analysis, the immune

and microglia module—of which TREM2’s adaptor TYROBP is

a key component—was most relevant for late-onset sporadic

AD pathology.

Microglia exhibit sex differences in several innate immune re-

sponses at baseline. Sex differences in microglial number are

both age- and region-dependent, with a male increase in micro-

glial number across the cortex, hippocampus, and amygdala by

13 weeks of age.92 Male microglia had higher MHC-I gene

expression, potentially indicating a favorability for antigen pre-

sentation compared with females.92 When presented with

fluorescent beads, male and female microglia display similar

phagocytic ability; however, this is likely context-dependent,

as female microglia exhibit greater phagocytic ability than male

equivalents when incubated with palmitic acid.93 Whether sex

differences in phagocytosis emerge in the presence of endoge-

nous stimuli seen in neurodegeneration, such asmyelin debris or

Ab plaques, remains unknown.

Importantly, microglial sex differences also persist in neuroin-

flammatory phenotypes. Young male and female microglia

display sex-specific transcriptomic profiles in which male micro-

glia upregulate pro-inflammatory genes, including NF-kB60

(Figure 2). Aging may induce a switch in directionality of sex dif-

ferences in inflammation, as microglia from aged females

demonstrate stronger activation of inflammatory processes

than those from aged males.94 Notably, several immune genes

linked to inflammation are present on the X chromosome, such

as Il1rapl1, Il2rg, Tlr7, and Ikbkg. However, these genes are sub-

ject to complex relationships with estrogen95 and aging96 and

thus do not necessarily translate to higher global inflammation

in women. Furthermore, macrophages with an intact Y chromo-

some exhibited higher expression of pro-inflammatory Il1b and

Ccr2.97 The male skew toward inflammatory responses has

been evidenced by higher numbers of activated microglia.

Male and female microglia also respond differently to acute in-

flammatory stimuli.98 Administration of lipopolysaccharide

in vitro affects the microglia transcriptomes of neonate males

and females differently: male microglia upregulate pro-inflam-

matory IL-1B and TLR4. In vivo, administering estradiol with

lipopolysaccharides worsened microglial IL-1B upregulation in

female hippocampi but not male equivalents, reiterating the

divergent responses elicited by estrogen depending on sex.99

Sex differences also occur in AD rodent models. In AppNL-G-

F knockin mice, where the APP gene harbors the Swedish (NL),

Beyreuther/Iberian (G), and Arctic (F) familial AD mutations, am-

yloid deposition accelerated the transformation of homeostatic

microglia to activated response microglia (ARMs). Compared

with male mice, microglia in female AppNL-G-F mice progress

faster into ARMs.100 In another AD mouse model, which used

APP/presenilin 1 (PS1) mice hemizygous for the APP Swedish

mutations (KM670/671N1) and PS1 DE9 mutation, females had

a greater plaque load thanmales, accompanied by worse spatial

learning impairment.101,102 Female mice had greater levels of

Trem2, Tyrobp, Clsd, and Ccl6 than genotype-matched males,
mirrored by increases in activated microglial morphology.103

Interestingly, theR47Hmutation of the prominent innate immune

risk gene TREM2 only exacerbated tauopathy-induced spatial

memory deficits associated with pro-inflammatory transcrip-

tomic changes in female mice, not in male mice.104 Further

exploration of the nuances of sex-specific neuroinflammation

is required to determine whether such inflammation plays a

formative role in downstream neurodegeneration and the under-

lying mechanisms.

Microglial ApoE may play a critical role in tau-mediated neuro-

degeneration.105 Women are more susceptible to APOE4-asso-

ciated risk, but the driving mechanism underlying this effect is

currently unclear. In a transgenic amyloid model (5XFAD) on

either a humanized APOE3 or APOE4 background, microglial

plaque coverage, or ability of microglia to surround a plaque,

was highest in male APOE3 mice, with reductions in plaque

coverage induced by both APOE4 genotype and female sex.

Similarly, increased microglial Trem2 expression was also asso-

ciated with higher plaque coverage. Interestingly, the pattern of

amyloid burden was inversely related to microglial plaque

coverage, with APOE4 genotype and female sex showing the

highest amyloid levels. These results suggest sex-biased effi-

ciency in plaque coverage as a possible contributor to the

increased AD risk associated with the APOE4 genotype and fe-

male sex.106

Human AD studies investigating sex differences remain

sparse. In post-mortem tissue from AD patients, microglia ap-

peared uniformly ramified in male brains, whereas female brains

exhibited highly diverse microglial morphology.103 Men also dis-

played increased microglial density compared to women. In the

parietal cortex, the plaque area was greater in women than men

but, interestingly, men demonstrated greater amyloid staining in

their vasculature.103 In human AD brains, single-nuclei RNA

sequencing (RNA-seq) analyses revealed striking sex-specific

transcriptomic alterations associated with the R47H TREM2mu-

tation, especially in microglia.104 However, due to variabilities in

human disease conditions and in disease-modifying SNPs,

much larger datasets are needed to provide a more comprehen-

sive understanding of sex-specific microglial responses in AD.

Sex differences in metabolism
Metabolic dysregulation is a key converging process in aging

and neurodegeneration, and differs between agingmales and fe-

males. Alterations in metabolism are detectable at early stages

of AD, and impaired energy metabolism precedes cognitive

impairment, indicating mitochondrial dysfunction may be a

causal factor in the disease.107,108 AD patients display abnor-

mally low positron emission tomography (PET) measurements

of glucose metabolism in several brain regions correlating with

disease severity,109–111 and glucose hypometabolism can be

used to predict conversion of mild cognitive impairment to

AD.112 Women appear to have early protection against meta-

bolic dysfunction. Using advanced machine-learning tech-

niques, a study evaluated a comprehensive dataset of brain

PET images collected from a wide age range (20–82 years) of

cognitively healthy men and women. Aged female brains pro-

duced a younger metabolic brain age than male counterparts,

according to an algorithm based on regional glucose levels,
Neuron 112, April 17, 2024 1213
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oxygen consumption, and cerebral blood flow.113 Intriguingly,

higher female brain metabolism may confer early disease resis-

tance. Women with mild-to-moderate AD appear to exhibit

cognitive advantages, which disappear when adjusted for meta-

bolic rate or as disease pathology becomes more severe.114

Similarly, sex differences are observed in oxidative stress.115

Women of reproductive age generate higher levels of antioxidant

enzymes and lower levels of hydrogen peroxide, NADPH oxi-

dase, and homocysteine than men, showing a protective effect

of female sex onmetabolic processes.116,117 The decrease in es-

trogen levels after menopause removes this sex difference,

reducing antioxidant capabilities and increasing ROS production

and homocysteine to levels similar to those of men.117

These early protective effects of the female sex on brain meta-

bolism may arise from sex differences in the mitochondria. In

healthy individuals, peripheral mononuclear blood cells from

adult women show significantly higher mitochondrial complexes

I, I+II, and IV, as well as increased uncoupled respiration, elec-

tron transport chain (ETC) capacity, citrate synthase activity,

and ATP levels, compared with men.73 Similarly, mitochondria

isolated from female rodent brains show greater ETC activity,

ATP production, and NADPH-linked respiration than males,118

supporting higher mitochondrial function in females.

Alterations in metabolism are detected at early stages of AD,

and impaired energy metabolism precedes cognitive impair-

ment, indicating that mitochondrial dysfunction may be a

formative factor in the disease.107,108 Patients with AD display

abnormally low glucose metabolism in the brain that correlates

with disease severity,109–111 and glucose hypometabolism can

be used to predict conversion of mild cognitive impairment to

AD.112,119 In animal models of AD, age-induced metabolic re-

modeling appears to occur earlier in females than in males.120

In one study of wild-type mice, expression of 44% of genes

changed in female mice between 6 and 9 months of age in

contrast to only 5% of genes in equivalent males. Of the 44%

altered in females, most genes were downregulated, and half

of the downregulated genes were involved in energy meta-

bolism. Network analysis of the differential genes in females

identified the apolipoprotein clusterin (Clu), an AD risk factor,

as a central node, connecting decreased bioenergetic meta-

bolism with increased amyloid dyshomeostasis. The decline in

energy metabolism in females included functional domains,

such as glycolysis, pyruvate dehydrogenase/tricarboxylic acid

cycle, and electron transport chain/oxidative phosphoryla-

tion.120 Microglia likely play a key role in enforcing sex differ-

ences in metabolic activity in the context of AD, as female micro-

glia from APP/PS1 mice shift to glycolysis in the presence of

amyloid plaques, whereas male microglia do not.103 Although

comparisons between wild-type males and females were not

the main focus of this study, there also appear to be baseline

sex differences in glycolysis in the absence of Ab plaques.

Unsurprisingly, sex differences in mitochondrial function are

regulated by estrogen. Estrogen induces mitochondrial biogen-

esis and increases mitochondrial respiration in neurons and

glia,121,122 likely due to estrogen-induced increases in PGC1a

expression, a transcription factor controlling energy metabolism

and mitochondrial dynamics.118 In the 3xTg mouse model of AD

that exhibits both amyloid deposition and tau inclusions, ovari-
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ectomy resulted in decreased mitochondrial respiration and

increasedmitochondrial Ab levels. Thesemitochondrial Ab levels

are reversed with estrogen treatment,123 illustrating the protec-

tive role of estrogen on mitochondrial function. Estrogen may

exert protective effects through other mechanisms, including

increased transcription of mitofusins123 and mtDNA.118 Ovariec-

tomy reduces mitofusin levels in rats and increases mitochon-

drial fission in both wild-type and 3xTg AD mouse brains.123

Pre-menopausal women have increased mtDNA abundance

with age, but after menopause, female mtDNA decreases at a

similar rate as in aging men, implicating estrogen in the regula-

tion of mtDNA abundance.124 Overall, women had more mtDNA

in their blood thanmales at any age.124 The specificmechanisms

by which estrogen affects mitochondrial dynamics through the

transcription of PGC1a, mitofusins, and mtDNA should be

further explored in the future. Additionally, while ample research

connects estrogen regulation to metabolism, there is limited in-

formation on the regulatory contribution of sex chromosomes,

a critical area to examine in future studies.

Overall, evidence indicates that estrogen exerts beneficial ef-

fects on mitochondrial function and oxidative stress, which may

provide women with early resilience against disease. Reduction

in estrogen levels during menopause may counter these protec-

tive benefits, leading to metabolic dysregulation and rendering

women more vulnerable to dysfunction. A neuroimaging study

found that post-menopausal women show glucose hypome-

tabolism in parieto-temporal cortices reminiscent of early AD

pathology,125 supporting the idea that reduced estrogen contrib-

utes to metabolic dysregulation. However, cerebral blood flow

and ATP production are also increased in post-menopausal

women, and this ATP production positively correlated with

global cognitive performance,125 suggesting a potential comp-

ensatory mechanism to adapt to post-menopausal metabolic

changes. Future studies should investigate metabolic remodel-

ing in the female brain during menopause to better understand

how the brain compensates for loss of estrogenic regulation

and to highlight areas of female metabolic vulnerability during

the aging process.

Autophagy
Autophagy dysregulation has been implicated in multiple age-

related disorders, including neurodegeneration.126 The three

major types of autophagy are macroautophagy, microauto-

phagy, and chaperone-mediated autophagy (CMA).127 Macro-

autophagy involves the formation of a double-membraned

phagophore, which turns into an autophagosome and eventually

fuses with a lysosome, whereas in microautophagy, cargo is

directly taken up through invagination of the lysosomal mem-

brane. In CMA, chaperones transport individual unfolded pro-

teins to the lysosomal membrane, where HSC70 recognizes

these substrates and binds LAMP2A for translocation into the

lysosome.127 Both macroautophagy and CMA decline with

age, facilitating the buildup of toxic protein aggregates,127 and

the expression of autophagy-related proteins is decreased in

the AD brain.128

Sex differences in autophagy may contribute to early protein

aggregation and disease vulnerability in women. Females have

lower basal autophagy than males do throughout their
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lifetimes,126,128 whichmay allow for higher protein aggregation in

women (Figure 2). Reduced autophagic induction or flux results

in a failure to clear Ab and tau protein aggregates, and this aggre-

gation further inhibits autophagy, resulting in self-sustaining

pathology.128 Accordingly, women have higher levels of patho-

logical tau than men do, particularly in individuals with high Ab

pathology or the APOE4 allele.129

Studiespoint to sexhormonesasmajor regulators of autophagy

(Figure 2). Both androgenandestrogen receptors transcriptionally

regulate autophagic genes involved in the induction, expansion,

and maturation of phagophores.126 In fact, potential androgen or

estrogen receptor binding sites have been identified in the pro-

moter regions of two-thirds of autophagy proteins, and 84% of

core autophagy proteins can be transcriptionally regulated by

sex hormone receptors.130 Unlike its effect on mitochondrial reg-

ulators, estrogen acts to reduce autophagic gene expression. The

presence of estrogen or ERs is associated with suppression of

autophagy, and ovariectomized animals or animals lacking ERs

have higher basal autophagy in several cell types.128

Sex chromosomes may influence autophagic regulation as

well. Many genes regulating autophagy are found on the X chro-

mosome, includingATP6AP2 involved in lysosomal acidification,

CMA regulator LAMP2, and members of the Rab protein family

involved in macroautophagy.126,127 LAMP2 protein levels are a

rate-limiting factor for CMA, and reduction of CMA with aging

is attributed to reduced LAMP2A stability on the lysosomalmem-

brane.127 Thus, sex differences in LAMP2 expression and func-

tion should be further investigated to determine whether they

have a role in the described sexual dimorphisms in autophagy.

A recent study exploring the genetic regulation of autophagy,

based on sex, demonstrated that phosphatase and tensin ho-

molog (PTEN), which enhances autophagy by inhibiting the pro-

tein kinase B (AKT) pathway, is primarily expressed in female

mice cortices, whereas Klotho, serving a similar function, is prev-

alent in male mice cortices.131 Despite these differences, levels

of phosphorylated AKT remained consistent across both sexes,

suggesting complementary roles of PTEN and Klotho. Given the

association of diminished PTEN and Klotho levels with age-

related diseases, analyzing how their balances shift due to aging,

pathology, and menopause could yield insights into sex-specific

autophagy alterations in disease states.

In sum, lower basal autophagy in females may contribute to

early accumulation of protein aggregates, such as the increased

tau burden in women,129,132 creating disease vulnerability. After

menopause, loss of estrogen may disrupt the protective estro-

genic effects on mitochondrial metabolism, thereby increasing

female susceptibility to cognitive decline.

Gut microbiome
Investigation of the interaction between the gut microbiome and

the brain is a relatively new field. On amolecular level, the micro-

biome is necessary for sex-specific rhythms of gene expression

as well as metabolic functions and fat distribution.133,134 The mi-

crobiome also appears to affect processes that have exhibited

sex biases and are central to neurodegenerative disease, such

as inflammation and phagocytosis135 (Figure 2). In a mouse

model of AD, striking sex differences were observed in the ef-

fects of microbiome dysregulation on amyloid plaques.136
Administering antibiotics acutely during early-life mitigates Ab

pathology and reactive microglial morphology in male but not fe-

male APP/PS1 mice.136 In both baseline and antibiotic-treated

states, males and females show sex-specificmicrobiota profiles.

However, antibiotic treatment alters expression of 940 genes in

male APP mice but only one gene in equivalent females. Genes

with lowered expression from baseline to antibiotic-treated in

maleswere concentrated in immune ontologies, includingmicro-

glial response pathways. Importantly, Ab pathology is not

ameliorated in microglia-depleted male mice treated with antibi-

otics, supporting cross-talk between microglia and microbiome

in modifying plaque pathology.136

Progress has been made in identifying specific microorgan-

isms affected during AD. One study applied machine learning

to unveil 19 predictive microbes correlated with levels of Ab

and p-tau in the cerebrospinal fluid (CSF) of humans.137 Mi-

crobes are often clustered based on genomic similarity, called

operational taxonomic units (OTUs). In AD patients, richness of

the microbiome was reduced via estimates of OTU coverage

and number of species compared with controls.138 Alpha diver-

sity, indicating the richness and abundance of OTUs, was also

decreased in AD patients. Beta diversity, the comparison of

microorganism composition between samples, was significantly

different between AD patients and controls. When monitoring

microrganisms by genera and families, 13 genera were signifi-

cantly different between AD and control along with nine families;

7/13 genera were correlated with Ab, and 6/13 with p-tau in

CSF.138 Of note, this cohort was 72% female, so some of the

observed differences may be sex specific. Few studies have

been performed monitoring the microbiome in the simultaneous

contexts of AD and sex.

Whether the influence of sex on the microbiome is primarily

hormonal, sex chromosomal, or comprises interactions of the

two has not yet been defined. Themicrobiome can influence pro-

cessing of sex hormones, such as androgen reuptake and excre-

tion.135 Moreover, gonadectomy and supplementation with

the androgen dihydrotestosterone affect microbiota composi-

tion.139 The influence of gonadal hormones on the gut micro-

biome and peripheral diseases has been reviewed.140 However,

the effect of sex chromosomes on the gut microbiome has yet to

be fully explored. Knocking out Fmr1, the gene with a causal

variant for fragile X syndrome, has been shown to alter several

bacterial species.141 However, a limiting step in exploring the

gut-brain axis remains methods to analyze microbiota data in

the context of genetic variations. A method was recently devel-

oped to analyze X chromosomal associations with microbiome

data and applied to a human dataset to uncover multiple

X-linked associations.142 Expansion of GWAS to include the X

chromosome here would also be immensely helpful, as auto-

somal GWAS have been used to elucidate genetic variants asso-

ciated with microbiome phenotypes.143 Although much remains

to be understood, dysregulation of the microbiome appears to

exhibit sex bias and may ultimately contribute to the larger sex

differences seen in AD risk and progression.

Limitations and future directions
AD drug studies thus far have lacked adequate data regarding

sex-specific effects. Notably, the recently approved anti-Ab
Neuron 112, April 17, 2024 1215
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treatment for AD, lecanemab, demonstrated much less clinical

benefit to women compared with men,144 an alarming result

that has been largely ignored.145 Moreover, this result was also

found in the Emergency vs Delayed Coronary Angiogram in

Survivors of Out-of-Hospital Cardiac Arrest (EMERGE) trial for

aducanemab,146 highlighting the prevalence of this concern. A

significant number of AD therapeutic studies do not present

sex-segregated outcomes.147 Systematic reviews of cholines-

terase and memantine treatments reveal scant reporting on

differences in tolerability and efficacy between men and

women.148,149 Studies examining the impact of lifestyle on AD

indicate that both sexes seem to respond similarly to lifestyle

intervention.150 However, results from the larger, international

World Wide Finnish Geriatric Intervention Study to Prevent

Cognitive Impairment and Disability (WW-FINGER) study have

not yet been shown.151 In contrast, multi-domain interventions

in the comparative effectiveness dementia & Alzheimer’s registry

(CEDAR) study suggest that women may experience greater

benefits than men in terms of cardiovascular and lipid risk met-

rics, though not in cognitive measures.152 Going forward, clinical

studies should more thoroughly evaluate potential sex-related

variations in efficacy and side effects to enhance treatment out-

comes for both women and men.

Much is still unknown about the underlying causes of sex differ-

ences in disease, andmany technical limitations contribute to this

problem. Menopause studies in mice have remained difficult

because female mice do not experience the typical peri- and

post-menopausal stages resulting in lowestrogen levels.153Ovari-

ectomies and hormone replacement have been used to study the

influenceof lossof circulating estrogen, but ovariectomies lack the

fluctuatingestrogen levelsseenduringperimenopause. Theaccel-

erated ovarian failure model utilizes the toxin 4-vinylcyclohexene

diepoxide to mimic the estrous acyclicity and fluctuation and low

estrogen levels after menopause (reviewed inMarongiu154). Appli-

cationof thismodel in thecontext ofADpathologymayyield fruitful

mechanistic indicators of whether HRT can be beneficial against

AD if administeredwithin a specific window. One epigenetic study

generated a lifetime estrogen exposuremodel, which identified an

epigenetic signature for breast cancer risk.155 Such models could

providecrucial information if applied toAD,not just fordiseasepro-

gression but also for the timing of HRT.

The combination of models probing sex-based effects with

models of disease, such as the FCG model crossed with tau

transgenic models, would greatly advance the field. Although

such studies often require large sample sizes, such a design

could potentially uncover innate sex biases in processes such

as aging156 and demyelination. In studies in which this combina-

tion is not used, investigating both sexes within a disease model

is necessary. We have seen that when these analyses are per-

formed, striking sex differences arise in the effects of AD risk var-

iants such as R47H,104 APOE4,157 andBIN1.158 For full transpar-

ency of potential sources of sex differences, it is important to

acknowledge when a disease model contains an inherent sex-

biased construct such as the Thy1 promoter, which contains

an estrogen receptor element and contributes to higher amyloid

beta pathology in female 5XFAD mice.159

This review primarily focuses on molecular contributors to sex

differences in AD-related processes. However, sex differences
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in circuitry may also affect AD pathological accumulation and

spread. Women with AD demonstrate more global AD pathology,

primarily driven by tau tangles, thanmen with AD. Heightened tau

pathology in women was highly significant across ten brain re-

gions, including the entorhinal cortex and hippocampus, whereas

amyloid pathology was elevated in women within six brain re-

gions.160 However, sex differences do not occur in Lewy bodies

or TDP-43 load.160 Tau has been shown to disrupt neuronal cir-

cuits, but it is unknown whether this effect is sex-biased.161

Sex-biased factors can shape neuronal circuitry, such as expres-

sion of Estrogen receptor 1, which can regulate aversion by excit-

atory projections in hypothalamus.162 Even so, sex-based projec-

tions in response to AD pathology remain largely unknown. Sex

differences in brain atrophy and cognitive decline during AD

have been reviewed elsewhere107,163 andmay serve as indicators

of underlying sex differences in neuronal circuitry.

We acknowledge that this review is limited in scope as we only

address sex as a biological and physiological factor. Gender (i.e.,

self-identification with a specific sex or other identity and result-

ing environmental, societal, and cultural influences) should also

be studied to better understand AD.164 Further, we address

sex differences associated specifically with AD; however, co-

morbid disorders (e.g., diabetes, cardiovascular disease) and

psychiatric disorders (e.g., depression) also present with sex-dif-

ferences165 and likely interact in a complex manner to influence

AD development and progression.

Conclusions
From the current literature reviewed here, sex differences are a

result of both separate and interacting contributions of gonadal

hormones and sex chromosomes on neuroinflammation, epige-

netics, metabolism, autophagy, and other molecular areas,

including the microbiome. Microglia have become apparent as

a common denominator in AD risk and progression across

many of these fields, suggesting that microglia serve as a crucial

modulator in disease risk and progression. Forthcoming studies

will further elucidate the role of microglia in AD, and potentially

AD’s sex bias in risk toward women.

Given the coverage of several fields here, it is difficult to come

away with one conclusion regarding sex differences. Rather, sex

differences are highly context dependent. Thus far it does not

appear that either sex chromosomeor gonadal influencepredom-

inates over the other, but the current evidence investigating these

relationships is limited. We recognize that there are many gaps in

the current knowledge of sex differences for the AD mechanisms

we have discussed, and there are many other important mecha-

nisms underlying AD that currently lack sex-specific research

altogether. However, one fact holds true: further elucidation of

the role of sex in disease-associated processes is required to

design effective treatments. Given the multi-faceted sex biases

in prevalence, pathology, and progression observed in AD pa-

tients, it remains highly likely that sex will need to be considered

to develop a therapeutic that is effective in AD for both sexes.

Much of the current research assessing sex differences in neu-

rodegeneration is either descriptive or attributes sex differences

solely to an association with sex steroid hormones, such as es-

trogen. However, we believe that careful dissection of these re-

lationships via rodent FCG or 4-vinylcyclohexene diepoxide
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models can establish a more concrete understanding of effects

related to gonadal hormones versus chromosomes, as well as

determining causal relationships. Although the inclusion of sex

forces researchers to expand studies and bolster sample sizes,

we advocate for the planning of well-powered groups when split

by sex to expand our understanding of sex in AD. Better under-

standing of these differences can only enhance our understand-

ing of disease etiology and lead to more effective disease

therapies.

ACKNOWLEDGMENTS

We would like to thank Gan lab members for their discussion and input.
C.L.L. is supported by the Gilliam Fellowship (HHMI); G.C. is supported
by F31AG079560 (NIA); L.G. is supported by R01AG072758 (NIH),
R01AG074541 (NIH), the Tau Consortium, and the JPB Foundation.

DECLARATION OF INTERESTS

The authors declare no competing interests.

REFERENCES

1. Editorial (2021). 2021 Alzheimer’s disease facts and figures. Alzheimers
Dement. 17, 327–406.

2. Rajan, K.B., Weuve, J., Barnes, L.L., McAninch, E.A., Wilson, R.S., and
Evans, D.A. (2021). Population estimate of people with clinical Alz-
heimer’s disease and mild cognitive impairment in the United States
(2020–2060). Alzheimers Dement. 17, 1966–1975.

3. Snyder, H.M., Asthana, S., Bain, L., Brinton, R., Craft, S., Dubal, D.B., Es-
peland, M.A., Gatz, M., Mielke, M.M., Raber, J., et al. (2016). Sex biology
contributions to vulnerability to Alzheimer’s disease: A think tank
convened by the Women’s Alzheimer’s Research Initiative. Alzheimers
Dement. 12, 1186–1196.

4. Smith, K. (2023). Women’s health research lacks funding - in a series of
charts. Nature 617, 28–29.

5. Feldman, S., Ammar,W., Lo, K., Trepman, E., van Zuylen,M., and Etzioni,
O. (2019). Quantifying Sex Bias in Clinical Studies at Scale With Auto-
mated Data Extraction. JAMA Netw. Open 2, e196700.

6. Gauci, S., Cartledge, S., Redfern, J., Gallagher, R., Huxley, R., Lee,
C.M.Y., Vassallo, A., and O’Neil, A. (2022). Biology, Bias, or Both? The
Contribution of Sex and Gender to the Disparity in Cardiovascular Out-
comes Between Women and Men. Curr. Atheroscler. Rep. 24, 701–708.

7. Wise, A.L., Gyi, L., and Manolio, T.A. (2013). eXclusion: toward inte-
grating the X chromosome in genome-wide association analyses. Am.
J. Hum. Genet. 92, 643–647.

8. Carrasquillo, M.M., Zou, F., Pankratz, V.S., Wilcox, S.L., Ma, L., Walker,
L.P., Younkin, S.G., Younkin, C.S., Younkin, L.H., Bisceglio, G.D., et al.
(2009). Genetic variation in PCDH11X is associated with susceptibility
to late-onset Alzheimer’s disease. Nat. Genet. 41, 192–198.

9. Bajic, V.P., Essack, M., Zivkovic, L., Stewart, A., Zafirovic, S., Bajic, V.B.,
Gojobori, T., Isenovic, E., and Spremo-Potparevic, B. (2019). The X Files:
‘‘The Mystery of X Chromosome Instability in Alzheimer’s Disease. Front.
Genet. 10, 1368.

10. Gao, F., Chang, D., Biddanda, A., Ma, L., Guo, Y., Zhou, Z., and Keinan,
A. (2015). XWAS: A Software Toolset for Genetic Data Analysis and Asso-
ciation Studies of the X Chromosome. J. Hered. 106, 666–671.

11. Gan, L., Cookson, M.R., Petrucelli, L., and La Spada, A.R. (2018).
Converging pathways in neurodegeneration, from genetics to mecha-
nisms. Nat. Neurosci. 21, 1300–1309.

12. Koch-Henriksen, N., and Sørensen, P.S. (2010). The changing demo-
graphic pattern of multiple sclerosis epidemiology. Lancet Neurol. 9,
520–532.
13. Trojano, M., Lucchese, G., Graziano, G., Taylor, B.V., Simpson, S., Jr.,
Lepore, V., Grand’Maison, F., Duquette, P., Izquierdo, G., Grammond,
P., et al. (2012). Geographical Variations in Sex Ratio Trends over Time
in Multiple Sclerosis. PLoS One 7, e48078.

14. Voskuhl, R.R., andGold, S.M. (2012). Sex-related factors in multiple scle-
rosis susceptibility and progression. Nat. Rev. Neurol. 8, 255–263.

15. Baldereschi, M., Di Carlo, A., Rocca, W.A., Vanni, P., Maggi, S., Perissi-
notto, E., Grigoletto, F., Amaducci, L., and Inzitari, D. (2000). Parkinson’s
disease and parkinsonism in a longitudinal study: two-fold higher inci-
dence in men. ILSA Working Group. Italian Longitudinal Study on Aging.
Neurology 55, 1358–1363.

16. Haaxma, C.A., Bloem, B.R., Borm, G.F., Oyen, W.J.G., Leenders, K.L.,
Eshuis, S., Booij, J., Dluzen, D.E., and Horstink, M.W.I.M. (2007). Gender
differences in Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 78,
819–824.

17. McCombe, P.A., and Henderson, R.D. (2010). Effects of gender in amyo-
trophic lateral sclerosis. Gend. Med. 7, 557–570.

18. Arnold, A.P. (2020). Four Core Genotypes and XY* mouse models: Up-
date on impact on SABV research. Neurosci. Biobehav. Rev. 119, 1–8.

19. De Vries, G.J., Rissman, E.F., Simerly, R.B., Yang, L.Y., Scordalakes,
E.M., Auger, C.J., Swain, A., Lovell-Badge, R., Burgoyne, P.S., and Ar-
nold, A.P. (2002). A model system for study of sex chromosome effects
on sexually dimorphic neural and behavioral traits. J. Neurosci. 22,
9005–9014.

20. Brinton, R.D., Yao, J., Yin, F., Mack, W.J., and Cadenas, E. (2015). Peri-
menopause as a neurological transition state. Nat. Rev. Endocrinol. 11,
393–405.

21. McCarthy, M., and Raval, A.P. (2020). The peri-menopause in a woman’s
life: a systemic inflammatory phase that enables later neurodegenerative
disease. J. Neuroinflammation 17, 317.

22. Zhao, L., Mao, Z., and Brinton, R.D. (2009). A select combination of clin-
ically relevant phytoestrogens enhances estrogen receptor beta-binding
selectivity and neuroprotective activities in vitro and in vivo. Endocri-
nology 150, 770–783.

23. Burger, H.G., Dudley, E.C., Robertson, D.M., and Dennerstein, L. (2002).
Hormonal changes in the menopause transition. Recent Prog. Horm.
Res. 57, 257–275.

24. Horstman, A.M., Dillon, E.L., Urban, R.J., and Sheffield-Moore, M. (2012).
The role of androgens and estrogens on healthy aging and longevity.
J. Gerontol. A Biol. Sci. Med. Sci. 67, 1140–1152.

25. Burger, H.G., Hale, G.E., Robertson, D.M., and Dennerstein, L. (2007). A
review of hormonal changes during the menopausal transition: focus on
findings from the Melbourne Women’s Midlife Health Project. Hum. Re-
prod. Update 13, 559–565.

26. Wiacek, M., Hagner, W., and Zubrzycki, I.Z. (2011). Measures of meno-
pause driven differences in levels of blood lipids, follicle-stimulating hor-
mone, and luteinizing hormone in women aged 35 to 60 years: National
Health and Nutrition Examination Survey III and National Health and
Nutrition Examination Survey 1999–2002 study. Menopause 18, 60–66.

27. Xiong, J., Kang, S.S., Wang, Z., Liu, X., Kuo, T.C., Korkmaz, F., Padilla,
A., Miyashita, S., Chan, P., Zhang, Z., et al. (2022). FSH blockade im-
proves cognition in mice with Alzheimer’s disease. Nature 603, 470–476.

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

29. Xu, H., Gouras, G.K., Greenfield, J.P., Vincent, B., Naslund, J., Mazzar-
elli, L., Fried, G., Jovanovic, J.N., Seeger, M., Relkin, N.R., et al. (1998).
Estrogen reduces neuronal generation of Alzheimer beta-amyloid pep-
tides. Nat. Med. 4, 447–451.

30. Pinto-Almazán, R., Calzada-Mendoza, C.C., Campos-Lara, M.G., and
Guerra-Araiza, C. (2012). Effect of chronic administration of estradiol,
progesterone, and tibolone on the expression and phosphorylation of
glycogen synthase kinase-3beta and themicrotubule-associated protein
Neuron 112, April 17, 2024 1217

http://refhub.elsevier.com/S0896-6273(24)00050-3/sref1
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref1
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref2
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref2
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref2
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref2
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref3
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref3
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref3
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref3
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref3
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref4
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref4
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref5
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref5
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref5
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref6
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref6
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref6
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref6
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref7
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref7
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref7
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref8
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref8
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref8
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref8
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref9
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref9
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref9
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref9
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref9
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref10
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref10
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref10
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref11
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref11
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref11
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref12
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref12
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref12
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref13
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref13
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref13
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref13
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref14
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref14
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref15
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref15
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref15
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref15
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref15
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref16
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref16
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref16
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref16
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref17
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref17
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref18
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref18
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref18
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref18
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref19
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref19
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref19
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref19
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref19
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref20
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref20
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref20
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref21
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref21
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref21
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref22
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref22
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref22
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref22
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref23
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref23
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref23
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref24
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref24
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref24
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref25
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref25
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref25
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref25
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref26
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref26
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref26
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref26
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref26
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref27
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref27
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref27
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref28
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref28
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref28
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref28
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref29
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref29
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref29
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref29
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref30
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref30
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref30
http://refhub.elsevier.com/S0896-6273(24)00050-3/sref30


ll
OPEN ACCESS Review
tau in the hippocampus and cerebellum of female rat. J. Neurosci. Res.
90, 878–886.

31. Nelson, H.D., Humphrey, L.L., Nygren, P., Teutsch, S.M., and Allan, J.D.
(2002). Postmenopausal hormone replacement therapy: scientific re-
view. JAMA 288, 872–881.

32. Zandi, P.P., Carlson, M.C., Plassman, B.L., Welsh-Bohmer, K.A., Mayer,
L.S., Steffens, D.C., and Breitner, J.C.; Cache County Memory Study In-
vestigators (2002). Hormone replacement therapy and incidence of Alz-
heimer disease in older women: the Cache County Study. JAMA 288,
2123–2129.

33. Shumaker, S.A., Legault, C., Rapp, S.R., Thal, L., Wallace, R.B., Ockene,
J.K., Hendrix, S.L., Jones, B.N., 3rd, Assaf, A.R., Jackson, R.D., et al.
(2003). Estrogen plus progestin and the incidence of dementia and
mild cognitive impairment in postmenopausal women: the Women’s
Health Initiative Memory Study: a randomized controlled trial. JAMA
289, 2651–2662.

34. Whitmer, R.A., Quesenberry, C.P., Zhou, J., and Yaffe, K. (2011). Timing
of hormone therapy and dementia: the critical window theory revisited.
Ann. Neurol. 69, 163–169.

35. Coughlan, G.T., Betthauser, T.J., Boyle, R., Koscik, R.L., Klinger, H.M.,
Chibnik, L.B., Jonaitis, E.M., Yau, W.W., Wenzel, A., Christian, B.T.,
et al. (2023). Association of Age at Menopause and Hormone Therapy
Use With Tau and beta-Amyloid Positron Emission Tomography. JAMA
Neurol. 80, 462–473.

36. Brinton, R.D. (2005). Investigative models for determining hormone ther-
apy-induced outcomes in brain: evidence in support of a healthy cell bias
of estrogen action. Ann. N. Y. Acad. Sci. 1052, 57–74.

37. Zeydan, B., Tosakulwong, N., Schwarz, C.G., Senjem, M.L., Gunter, J.L.,
Reid, R.I., Gazzuola Rocca, L., Lesnick, T.G., Smith, C.Y., Bailey, K.R.,
et al. (2019). Association of Bilateral Salpingo-Oophorectomy Before
Menopause Onset With Medial Temporal Lobe Neurodegeneration.
JAMA Neurol. 76, 95–100.

38. Rocca, W.A., Bower, J.H., Maraganore, D.M., Ahlskog, J.E., Grossardt,
B.R., de Andrade, M., and Melton, L.J., 3rd (2007). Increased risk of
cognitive impairment or dementia in women who underwent oophorec-
tomy before menopause. Neurology 69, 1074–1083.

39. Rocca, W.A., Gazzuola-Rocca, L., Smith, C.Y., Grossardt, B.R., Faubion,
S.S., Shuster, L.T., Kirkland, J.L., Stewart, E.A., and Miller, V.M. (2016).
Accelerated Accumulation of Multimorbidity After Bilateral Oophorec-
tomy: A Population-Based Cohort Study. Mayo Clin. Proc. 91,
1577–1589.

40. Saleh, R.N.M., Hornberger, M., Ritchie, C.W., and Minihane, A.M. (2023).
Hormone replacement therapy is associated with improved cognition
and larger brain volumes in at-risk APOE4 women: results from the Euro-
pean Prevention of Alzheimer’s Disease (EPAD) cohort. Alzheimers Res.
Ther. 15, 10.

41. Tukiainen, T., Villani, A.C., Yen, A., Rivas, M.A., Marshall, J.L., Satija, R.,
Aguirre, M., Gauthier, L., Fleharty, M., Kirby, A., et al. (2017). Landscape
of X chromosome inactivation across human tissues. Nature 550,
244–248.

42. Ross, M.T., Grafham, D.V., Coffey, A.J., Scherer, S., McLay, K., Muzny,
D., Platzer, M., Howell, G.R., Burrows, C., Bird, C.P., et al. (2005). The
DNA sequence of the human X chromosome. Nature 434, 325–337.

43. Skaletsky, H., Kuroda-Kawaguchi, T., Minx, P.J., Cordum, H.S., Hillier,
L., Brown, L.G., Repping, S., Pyntikova, T., Ali, J., Bieri, T., et al.
(2003). Themale-specific region of the human Y chromosome is amosaic
of discrete sequence classes. Nature 423, 825–837.

44. Sural, T.H., Peng, S., Li, B., Workman, J.L., Park, P.J., and Kuroda, M.I.
(2008). The MSL3 chromodomain directs a key targeting step for dosage
compensation of the Drosophila melanogaster X chromosome. Nat.
Struct. Mol. Biol. 15, 1318–1325.

45. Golden, L.C., Itoh, Y., Itoh, N., Iyengar, S., Coit, P., Salama, Y., Arnold,
A.P., Sawalha, A.H., and Voskuhl, R.R. (2019). Parent-of-origin differ-
ences in DNA methylation of X chromosome genes in T lymphocytes.
Proc. Natl. Acad. Sci. USA 116, 26779–26787.
1218 Neuron 112, April 17, 2024
46. Panten, J., Prete, S.D., Cleland, J.P., Saunders, L.M., Riet, J.v.,
Schneider, A., Ginno, P.A., Schneider, N., Koch, M.-L., Gerstung, M.,
et al. (2024). Four-Core Genotypes mice harbour a 3.2MB X-Y transloca-
tion that perturbs Tlr7 dosage. bioRxiv. https://doi.org/10.1101/2023.12.
04.569933.

47. Davis, E.J., Broestl, L., Abdulai-Saiku, S., Worden, K., Bonham, L.W.,
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