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Women are disproportionately a�ected by Alzheimer’s disease (AD), yet little

is known about sex-specific e�ects on the development of AD in the Down

syndrome (DS) population. DS is caused by a full or partial triplication of

chromosome 21, which harbors the amyloid precursor protein (APP) gene,

among others. The majority of people with DS in their early- to mid-

40s will accumulate su�cient amyloid-beta (Aβ) in their brains along with

neurofibrillary tangles (NFT) for a neuropathological diagnosis of AD, and the

triplication of the APP gene is regarded as the main cause. Studies addressing

sex di�erences with age and impact on dementia in people with DS are

inconsistent. However, women with DS experience earlier age of onset of

menopause, marked by a drop in estrogen, than women without DS. This

review focuses on key sex di�erences observed with age and AD in people with

DS and a discussion of possible underlying mechanisms that could be driving

or protecting from AD development in DS. Understanding how biological sex

influences the brain will lead to development of dedicated therapeutics and

interventions to improve the quality of life for people with DS and AD.

KEYWORDS
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Background

Down syndrome (DS) is the most common cause of intellectual disability in the

United States, caused by a partial or full triplication of chromosome 21 (Antonarakis

et al., 2020). Within the population, virtually all people with DS will develop Alzheimer’s

disease (AD) neuropathology, namely amyloid-beta (Aβ) plaques and neurofibrillary

tangles, by 40 years of age. This is likely due to the overexpression of the amyloid

precursor protein (APP) gene on chromosome 21 (Prasher et al., 1998; Doran et al., 2017;

Lott and Head, 2019). The formation of these key pathologies contribute to the onset of

AD dementia, which presents around the age of 53–55 years in people with DS (Strydom

et al., 2018; Lott and Head, 2019; Antonarakis et al., 2020; Fortea et al., 2021). As in

DS, AD in the general population is a progressive neurodegenerative disease associated
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with dementia and the accumulation of amyloid-beta plaques

and neurofibrillary tangles along with neuronal loss (Crews

and Masliah, 2010). The most common form of AD is late

onset AD (LOAD), which occurs in people over the age of 65

years (Koedam et al., 2010). The most significant risk factors

for LOAD include age and the presence of an ApoE4 allele

(Liu et al., 2013).

Research examining sex differences in the neurotypical

population suggests a general consensus that women are at

higher risk for developing LOAD (Fiest et al., 2016; Matthews

et al., 2016; Podcasy and Epperson, 2016). Although heightened

vulnerability to AD in women suggests a possible role for

hormones in AD pathogenesis, clinical trials with hormone

replacement therapy (HRT) to delay onset of dementia are

inconclusive or are associated with negative effects (Podcasy and

Epperson, 2016). In LOAD, women exhibit higher levels of AD

pathology than men at autopsy (Oveisgharan et al., 2018), and

tend to live longer with AD than their male counterparts (Tang

et al., 1996; Hebert et al., 2001). In addition, positron emission

tomography (PET) imaging shows that women often have

significantly greater tau burden thanmen (Buckley et al., 2019b).

One of the potential modifiers for the influence of biological

sex on AD could lie in the presence of the APOE4 allele.

Apolipoprotein (ApoE) is a protein involved in lipid metabolism

and trafficking, which has been linked to neurodegeneration

(Huang and Mahley, 2014). APOE, the gene responsible for

producing ApoE, can have multiple alleles predisposing the

carrier to dementia. The presence of one or two E4 alleles

substantially increases risk for developing dementia, specifically

AD-related dementia (Safieh et al., 2019). Female APOE4

carriers are also more likely to develop AD than are men with

this allele (Altmann et al., 2014), which may contribute to

differences observed in pathology between men and women.

It is also important to note that though we will refer to

human females and males as “women” and “men”, this is in

reference to biological sex only, and not gender. The element of

gender identity also contributes to health outcomes and should

be investigated to the same extent as molecular mechanisms;

however, at the current time, there is a significant lack of research

in gender identity and sexual orientation of people with DS. In

this review, we will characterize some of the main sex differences

that we propose may influence aging and AD development and

progression in DS.

Sex e�ects on the development of
dementia in DS

Whether a similar heightened vulnerability to AD dementia

in women holds true in the DS population is still under

investigation. In a literature overview provided in Table 1,

outcomes have been variable. Early studies included smaller

cohorts of people with DS where adults with DS were seen

in a clinical setting. In a study of 28 people with DS, ranging

in age from 10 to 74 years, women had an earlier age of

onset of dementia (Raghavan et al., 1994). This outcome was

subsequently confirmed in at least 2 other studies. In a clinical

cohort of 100 adults ranging in age from 35 to 79 years, women

were 1.77 times more likely to develop dementia (Lai et al.,

1999). Menopause occurs earlier in women with DS (Coppus

et al., 2010). When focusing on post-menopausal women with

DS, an increase in risk of AD was observed in a study of

85 women (over 45 years of age) and then confirmed in a

larger cohort of 249 women (31–70 years) (Coppus et al., 2010;

Zigman, 2013; Zhao et al., 2015). Indeed, the risk of AD in post-

menopausal women can be up to 2-fold higher (Zhao et al.,

2015) and may be related to lower levels of bioavailable estradiol

(Schupf et al., 2006). In one of the larger cohort studies, Startin

et al. also observed that women with DS had a higher rate of

dementia compared to men with DS.

In contrast, other studies report opposite sex effects or no

differences in risk of developing AD between men and women

with DS. Schupf et al. (1998) found that there was an earlier

age of onset of AD in a prospective study of men with DS who

carried the ApoE4 allele. Lai et al. (2020) showed that in a clinical

cohort of 246 adults with DS over the age of 40 years, there was

no link between sex and risk of AD although women with DS

appear to have a longer duration of dementia. Benejam et al.

(2020) reported no difference in cognitive scores between men

and women, suggesting similar cognitive changes with age.More

recently, Mhatre et al. (2021) showed that men with DS over 60

years of age have a six times higher probability of developing

dementia compared to women of the same age.

Hartley et al. (2020) reported no sex differences in rate

of cognitive decline, although there were some differences

observed in slightly better performance of males on tasks related

to attention and episodic memory. It is important to note

that Hartley, Lao, and others report on the transition from

cognitively stable to AD/dementia, while other studies report

differences after onset of AD. We know time is of particular

importance to women with DS as they experience menopause

earlier. Thus, biological sex could have a greater impact in later

stages of AD and its progression. This could also be a reason

as to why studies report such mixed results on male and female

vulnerability in DS.

People with DS also experience several co-occurring

illnesses/conditions that may also modify age of onset of

dementia and may interact with the effect of sex on dementia,

including hormone imbalances, vascular changes, and immune

disorders (Antonarakis et al., 2020). Interestingly, in the study

by Startin et al. (2020) where multiple comorbidities were also

examined, not only did women with DS show higher rates of

dementia but also autism, whilemenwithDS exhibit higher rates

of depression when compared to the neurotypical population.

This is in contrast to findings by Dekker et al. (2021) who
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TABLE 1 Clinical studies addressing sex di�erences in dementia in Down syndrome.

References Sample

(age in years)

(Female/Male)

Title Source Findings

Mhatre et al. (2021) 408 DS adults

(age cog. stable: 49.2± 6.5;

age dementia: 53.5± 5.2)

(267 F/141M)

The association between sex and risk of

Alzheimer’s disease in adults with Down

syndrome

Journal of Clinical

Medicine

Increased risk of AD observed in men

with DS over the age of 60

Lai et al. (2020) 246 DS adults

(age > 40)

(95 F/151M)

Sex differences in risk of Alzheimer’s

disease in adults with Down syndrome

Alzheimer’s and

dementia (Amst)

No link between sex and risk of AD;

women with DS had longer duration

of dementia

Landes et al. (2020) 9,870 DS adults

(age > 18)

(48.45% F)

Cause of death in adults with Down

syndrome in the United States

Disabil Health J Women with DS more likely to die

due to dementia/AD and congenital

heart defects

Startin et al. (2020) 602 DS adults

(age 3 months−73 years)

(288 F/314M)

Health comorbidities and cognitive

abilities across the lifespan in Down

syndrome

J Neurodev Disord Women with DS showed higher rates

of dementia and autism; men with DS

had higher rates of depression; both

compared to general population

Zhao et al. (2015) 249 DS women

(age 31–70)

Estrogen receptor-beta variants are

associated with increased risk of

Alzheimer’s disease in women with down

syndrome

Dementia and

geriatric cognitive

disorders

2-fold AD risk in post-menopausal

women with DS carrying specific

SNPs in ESR2

Coppus et al. (2010) 85 post-menopausal DS

women

(age > 45)

Early age at menopause is associated with

increased risk of dementia and mortality

in women with Down syndrome

Journal of

Alzheimer’s Disease

Women with DS experience

menopause early, which is associated

with increased risk of AD

Schupf et al. (2006) 119 post-menopausal

DS women

(age 42–59)

Bioavailable estradiol and age at onset of

Alzheimer’s disease in post-menopausal

women with Down syndrome

Neuroscience

Letters

Women with low levels of bioavailable

estradiol are more likely to develop

AD and to develop it earlier

Lai et al. (1999) 100 DS adults

(age 35–79)

APOE genotype and gender effects on

Alzheimer disease in 100 adults with

Down syndrome

American Academy

of Neurology

Women were 1.77 times more likely to

develop dementia; no association

between sex and APOE

Schupf et al. (1998) 111 DS adults

(age 34–71)

(50 F/61M)

Earlier onset of Alzheimer’s disease in

men with Down syndrome

Neurology Male carriers of APOE4 had earlier

onset of AD

Raghavan et al.

(1994)

28 DS adults

(age 10–74)

(11 F/17M)

Gender differences in the phenotypic

expression of Alzheimer’s disease in

Down’s syndrome (trisomy 21).

Neuroreport Women with DS had higher NFT

burden; No significant difference in

Aβ plaque burden

found no association between depression and sex in DS. There

is some evidence to suggest women with intellectual disabilities

may perform differently on cognitive tests when compared to

their male counterparts as well. Women with general intellectual

disability as well as women with DS performed better overall on

coding tests, which measure for visual memory, and parallels

what is seen in the general population (Kittler et al., 2004).

During the duration of the study, although scores fell over time,

the female advantage was preserved.

One aspect to note on sex differences is also that they may

be more nuanced than previous generalizations and that sex

differences may be task specific. In addition to discrepancies in

cognitive outcomes, a study using mortality records from 9,870

individuals showed a significant difference in cause of death in

women with DS compared to men with DS. Women with DS

were more likely to die from congenital heart defects or due to

AD and dementia than men (Landes et al., 2020). Additionally,

a study of 1,199 individuals with DS observed that women were

more likely to be considered overweight and physically inactive

(Stancliffe et al., 2012). Differential observations across these

studies may also be due to the type of cohort being followed

(clinical vs. research), the type of study (prospective vs. incident

dementia), how dementia is diagnosed and the smaller sample

sizes typical of studies of people with DS.
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Sex di�erences with age in people with
DS observed by neuroimaging
studies—MRI

Magnetic resonance imaging (MRI) provides insight into

brain structure, atrophy and neuronal density in vivo. In

neurotypical and sporadic AD populations, several studies

focused on sex differences using neuroimaging outcome

measures. Women show lower gray and white matter volumes

in a cohort of 121 cognitively normal individuals (85 women

and 36 men; age 40–65), compared to men (Rahman et al.,

2020). Loss in specific regions, namely the prefrontal cortex,

amygdala and hippocampus, also overlap with the brain’s

estrogen network. Key findings also suggest a critical window

of time during menopause when AD prevention may be

most efficacious, given an earlier age of menopause has been

associated with higher risk of dementia (Gilsanz et al., 2019).

MRI studies in AD cohorts show differences in hippocampal

volume in men and women, suggesting that women may be

more susceptible to cognitive decline (Burke et al., 2019).

However, it is important to consider that some structural

differences in men and women in the neurotypical population

do not reflect or suggest differences in cognitive abilities.

MRI is used to document changes in gray and white matter

volume as a function of age and cognitive status in DS for

several decades as it allows for a non-invasive method to

asses brain volumes by region (Emerson et al., 1995; Teipel

and Hampel, 2006). Previous MRI studies observe structural

differences in DS brains relative to neurotypical controls, namely

thicker frontal and occipitoparietal cortices and thinner motor

cortex, as well as smaller hippocampus, but enlarged putamen

(Annus et al., 2017). To date, there are no MRI studies in DS

that directly investigate sex differences in relation to structure

(Table 2). In addition to structure, MRIs can show white matter

hyperintensities (WMH), which are lesions within the white

matter. WMH are linked to AD as well as an increased risk of

cerebrovascular events (Graff-Radford et al., 2019; Tubi et al.,

2020). Interestingly, sex differences are observed in WMH, with

men with DS and the APOE4 allele showing higher WMH

volumes in the occipital lobe (Lao et al., 2020). This further

underscores may be some APOE4 effect that differs by sex,

as APOE4 has been revealed to be important to AD disease

progression in DS (Bejanin et al., 2021). GivenWMH indicates a

higher chance of cerebrovascular events, including stroke, there

could be a selective vulnerability for men with DS to develop

cerebrovascular pathology with age. Though, this is based on a

single study, and it is important to note other factors, such as

hormonal involvement, sex may contribute to cerebrovascular

differences, as we will examine in a later section. However,

aside from cerebrovascular differences, neuroimaging outcome

measures can provide insights into whether males or females

with DS show variable ages of onset or extent of AD pathology.

Sex di�erences in people with DS
observed by neuroimaging studies—PET

Positron emission topography (PET) imaging can reveal the

location of key pathologies in vivo across the lifespan. PET

studies identify differences in AD pathology using ligands that

bind to Aβ and tau. In LOAD, although most studies report

no sex differences seen through amyloid-PET burden, adjusting

for amyloid levels reveals greater tau burden in the entorhinal

cortex in women compared to men (Buckley et al., 2019b).

However, despite similar levels of amyloid by PET, women

perform better overall in cognitive testing exams (Sperling et al.,

2020). Buckley et al. (2021) found post-menopausal women had

higher tau-PET burden in the lateral occipital in comparison

to pre-menopausal women and age-matched men. Given these

observed sex differences in the neurotypical population, this

begs the question of whether the same is seen in DS.

In DS, amyloid and tau PET imaging reveal many key AD

signatures common to LOAD and to autosomal dominant AD

with other interesting differences though few have examined

sex differences directly (Head et al., 2018; Neale et al., 2018)

(Table 2). In a study focused on nine individuals with DS,

adults with DS over the age of 45 years had significant amyloid

deposition in regions associated with AD compared to controls

(Landt et al., 2011) including the inferior parietal, lateral

occipital, and superior frontal regions (Keator et al., 2020).

Interestingly, as more cohorts have been examined, the striatum

is consistently identified as an area that is affected early by

amyloid in DS (Handen et al., 2012; Cody et al., 2020) but

whether sex differences contribute to this unique signature in

DS has yet to be determined. In a cohort of 68 non-demented

adults with DS (30–53 years), a comparison of males and females

indicated no difference in the amount of amyloid by PET or

regions affected (Lao et al., 2016), as has been corroborated in

other studies (Cole et al., 2017).

We can hypothesize, however, that if aging in DS continues

to show similarities to the neurotypical population, it is likely

that sex differences would be seen in tau deposition relative

to levels of amyloid. There are fewer tau-PET studies in aging

cohorts of people with DS, but several studies now confirm

that tau binding does not occur until after amyloid is present

(Rafii et al., 2017; Tudorascu et al., 2020; Zammit et al., 2021).

Further, tau-PET demonstrates accumulation of tau consistent

with Braak staging used in neuropathology studies (Rafii et al.,

2017; Tudorascu et al., 2020; Zammit et al., 2021). To date,

no studies have examined tau sex differences in DS, which

will be important to observe in future studies and particularly

whether similar differences in tau levels in females as described

by (Buckley et al., 2019b, 2021) can be identified in DS.

Though a comparison of amyloid or tau-PET imaging data

in pre and post-menopausal women with DS has not been

described, it is likely there would be differences given that earlier
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TABLE 2 Literature on sex di�erences in neuroimaging in Down syndrome.

References Sample

(age in years)

(Female/Male)

Title Source Findings Tau/Aβ PET/MRI

Bejanin et al. (2021) 464 DS adults

(age 34–50)

(214 F/250M)

Association of apolipoprotein E

ε4 allele with clinical and

multimodal biomarker changes

of Alzheimer disease in adults

with Down syndrome

JAMA Neurol Adjusted for sex (covariate) Tau/Aβ PET/MRI

Lao et al. (2020) 138 DS adults

(age 50± 7)

(54 F/84M)

Alzheimer-Related

Cerebrovascular Disease in

Down Syndrome

Ann Neurol APOE4 carrier men showed

greater white matter

hyperintensity volume

compared to women; no

differences observed in striatal

amyloid

Aβ PET/MRI

Tudorascu et al.

(2020)

135 DS adults,

21 non-DS adults

(age 39.05± 8.4)

(80 F/76M)

Relationship of amyloid beta

and neurofibrillary tau

deposition in

Neurodegeneration in Aging

Down Syndrome (NiAD) study

at baseline

Alzheimer

Dement (NY)

Adjusted for sex (covariate) Tau/Aβ PET/MRI

Cody et al. (2020) 47 DS adults (age 26–56)

(24 F/23M)

Association of Sleep with

Cognition and β-Amyloid

Accumulation in Adults with

Down Syndrome

Neurobiol

Aging

No sex comparison performed Aβ PET/MRI

Keator et al. (2020) 79 DS adults

(age 40–64)

(26 F/53M)

Down syndrome: Distribution

of brain amyloid in mild

cognitive impairment

Alzheimers

Dement

(Amst)

Small sample size of females,

unable to evaluate sex

differences

Aβ PET/MRI

Hartley et al. (2020) 118 DS adults

(age 37.24± 7.70)

(61 F/57M)

Cognitive indicators of

transition to preclinical and

prodromal stages of Alzheimer’s

disease in Down syndrome

Alzheimers

Dement

(Amst)

Rate of cognitive decline did

not differ by biological sex

Aβ PET/MRI

Cole et al. (2017) 46 DS adults

(age 28–65)

(21 F/25M)

Brain-predicted age in Down

syndrome is associated with

beta amyloid deposition and

cognitive decline

Neurobiol

Aging

No association between sex

and PiB status

Aβ PET/MRI

Lao et al. (2016) 72 DS adults

(age 30–53)

(34 F/38M)

The effects of normal aging on

amyloid-β deposition in

non-demented adults with

Down syndrome as imaged by

[11C]PiB

Alzheimers

Dement

No significant differences in

Aβ deposition observed

between sexes

Aβ PET/MRI

Handen et al. (2012) 8 DS adults

(age 20–44)

(2 F/6M)

Imaging brain amyloid in

non-demented young adults

with Down syndrome using

Pittsburgh compound B

Alzheimers

Dement

Underpowered for sex

comparison

Aβ PET/MRI

Landt et al. (2011) 9 DS adults

(age 25–64)

(4 F/5M)

Using positron emission

tomography and carbon

11–labeled pittsburgh

compound B to image brain

fibrillar β-amyloid in adults

with Down syndrome

JAMA

Neurology

Underpowered for sex

comparison

Aβ PET/MRI
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age of onset in DS is associated with increased risk of AD, it is

likely there would be differences observed in PET imaging as

well. Sex differences in the general population highlight the need

for a similar focus when studying aging and AD pathogenesis

in people with DS using MRI/PET imaging outcomes in people

with DS. However, many PET studies in people with DS

adjust for sex as a covariate, rather than investigating it as a

biological variable, which opens many exciting opportunities for

future research.

Sex di�erences in DS observed in fluid
biomarker studies

While imaging techniques allow us a window into the brain,

fluid biomarkers provide additional non-invasive outcome

measures. In LOAD, common fluid biomarkers include levels

of tau, phosphorylated tau and Aβ, but also neurofilament light

(NfL), corticotrophin releasing factor (CRF), and many others

(Ferretti et al., 2018; Mielke, 2020). No significant sex differences

in levels of Aβ in cerebrospinal fluid (CSF) have been reported

in LOAD cohorts, which aligns with findings in amyloid-PET (Li

et al., 2017; Ferretti et al., 2018; Bouter et al., 2019; Buckley et al.,

2019a). Similarly in studies of plasma tau or phosphorylated tau

levels in CSF or plasma in the LOAD population suggest no

differences between males and females (Li et al., 2017; Ferretti

et al., 2018; Bouter et al., 2019; Mielke et al., 2019). However,

several studies report women who have lower Aβ in the CSF

may be at higher risk for accumulating phosphorylated tau in

comparison to men (Koran et al., 2017; Buckley et al., 2019a).

Neurofilament light (NfL) is a cytoplasmic protein found in

neurons which, if detected at the periphery, indicates axonal

damage in the brain (Gaetani et al., 2019). Several studies report

that men have higher NfL levels in CSF (Mattsson et al., 2016;

Bridel et al., 2019; Mielke et al., 2019), though plasma and serum

studies have reported no such differences (Mattsson et al., 2016;

Chatterjee et al., 2018).

Many key fluid biomarkers of AD are now being investigated

as biomarkers in DS, such as Aβ, tau, markers of inflammation

and neuronal damage (Table 3). Elevated levels of plasma Aβ40

and Aβ42 are documented in DS, and elevated levels are

correlated to development of dementia (Alhajraf et al., 2019).

In a study of 62 individuals with DS (37 females, 25 males),

plasma levels of total tau increased in women with DS (both AD

and mild cognitive impairment groups) compared to controls,

whereas this difference did not translate to men (Dang et al.,

2021). A possible mechanism for increased tau pathology in

females could be due to elevated levels of CRF, compared to

males, which is associated with elevated phosphorylated tau

levels (Bangasser et al., 2017). One study in 236 people with

DS observed a 14.8% difference in plasma NfL in men with DS

compared to women with DS (>35 years) at baseline (Carmona-

Iragui et al., 2021). Carmona-Iragui et al. (2021) also found a

3.8% increase in NfL plasma levels with each year from baseline,

though from this point on sex was investigated as a covariate and

not as a biological variable. The discrepancy between men and

women at baseline suggests women with DS may present with

neuronal damage earlier than their male counterparts. It would

be interesting to compare pre and post-menopausal women

with DS in relation to NfL levels to determine if NfL drops

with menopause.

Other emerging biomarkers in AD relate to the nerve

growth factor (NGF) pathway, which is responsible for

preserving cholinergic activity (Capsoni and Cattaneo, 2006).

An investigation into the NGF metabolism pathway reveals

several key differences between men and women with DS.

Notably, in a neurotypical control group and in people with DS

with AD groups, men had overall higher levels of neuroserpin,

a protein belonging to the serine protease inhibitor family and

elevated in AD (Subhadra et al., 2013; Pentz et al., 2021). In

DS without AD, women had elevated levels of neuroserpin in

CSF. In other markers MMP-3 and MMP-9, however, men had

higher levels compared to women across all status groups (Pentz

et al., 2021). Further, one of the goals of the fluid biomarkers

field is to develop predictive models with enough sensitivity

and accuracy to diagnose a person with early cognitive decline.

Multiple studies have found accuracy improves when sex is

included as a metric in these models (Petersen et al., 2020, 2021).

The study of extracellular vesicles or exosomes, from plasma

provides a unique window into possible protein changes in the

brain. One study examining exosomal biomarkers in DS found

that men with DS over the age of 35 had 34% higher levels of P-

T181-Tau compared to age-matched women with DS. Notably,

the exact opposite effect was observed in a control group of age-

matched participants, with the females having 34% higher levels

of P-T181-Tau compared to men (Hamlett et al., 2017, 2018).

These differences in ADmarkers, though sometimes subtle, may

be due in part to hormone involvement, which will be explored

in the next section.

Sex di�erences in AD
neuropathology in DS

Attempts to characterize sex differences in neuropathology

in LOAD are few in number, though some studies provide

consistent results highlighting women are affected at higher

rates than men (Oveisgharan et al., 2018). Oveisgharan et al.

(2018) found that among an autopsy cohort of 718 individuals,

women were 35% more likely to have AD by pathological

diagnosis. There is also likely an age-related interaction on

sex differences as one study observed women over the age of

80 were more likely to have AD pathology than men (Nelson

et al., 2010). Additionally, female APOE4 carriers exhibit higher
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TABLE 3 Literature on sex di�erences in Alzheimer’s disease biomarkers in Down syndrome.

References Sample

(age in years)

(female/male)

Title Source Findings

Pentz et al. (2021) 36 DS adults;

16 non-DS adults

(non-AD DS: 39.9± 2.9;

DSAD: 52.9± 2.9;

non-DS: 52.8± 1.1)

(25 F/27M)

Nerve growth factor (NGF) pathway

biomarkers in Down syndrome prior to

and after the onset of clinical Alzheimer’s

disease: a paired CSF and plasma study

Alzheimers Dement Males had higher levels of CSF

neuroserpin in non-trisomic and

DSAD, but females had higher levels

in AD-asymptomatic DS; males had

higher levels MMP-9 in plasma and

higher levels of MMP-3 in plasma and

CSF across all groups

Carmona-Iragui

et al. (2021)

236 DS adults

(age ≥ 18)

(75 F/90M)

Diagnostic and prognostic performance

and longitudinal changes in plasma

neurofilament light chain concentrations

in adults with Down syndrome: a cohort

study

Lancet Neurol Males with DS showed 14.8% lower

concentrations of plasma NfL than

females with DS

Petersen et al.

(2021)

305 DS adults

(age ≥ 25)

(113 F/135M)

Plasma total-tau and neurofilament light

chain as diagnostic biomarkers of

Alzheimer’s disease dementia and mild

cognitive impairment in adults with Down

syndrome

J Alzheimers Dis Addition of sex improved accuracy of

model

Dang et al. (2021) 275 DS adults

(169 F/106M)

Sex differences in levels of plasma

neurofilament light and total tau in adults

with Down syndrome

Alzheimers Dement Women with DS had higher levels of

total tau compared to controls;

difference not seen in men

Petersen et al.

(2020)

305 DS individuals

(age cog. stable: 42.4± 9.1;

MCI: 52.9± 6.9;

AD: 54.3± 6.2)

(153 F/183M)

Proteomic profiles for Alzheimer’s disease

and mild cognitive impairment among

adults with Down syndrome spanning

serum and plasma: an Alzheimer’s

Biomarker Consortium–Down Syndrome

(ABC–DS) study

Alzheimers Dement

(Amst)

Addition of sex improved accuracy of

model to aid in diagnosis of early

cognitive decline

Hamlett et al.

(2017)

47 DS individuals;

37 non-DS individuals

(age DS: 8–62;

non-DS: 8–77)

(41 F/43M)

Neuronal exosomes reveal Alzheimer’s

disease biomarkers in Down syndrome

Alzheimers Dement Men with DS (age > 35) had 34%

higher exosomal P-T181-Tau

compared to age-matched women

with DS; opposite effect seen in

non-trisomic group. No sex

differences observed in exosomal

Aβ1-42 and P-S396-Tau in both

trisomic and non-trisomic groups.

plaque density than male carriers, suggesting an interaction

between APOE status and sex (Corder et al., 2004).

Studies of sex effects on the extent of plaque or

neurofibrillary tangle pathology at autopsy in DS brain

doners are still limited primarily due to the lack of availability of

sufficient case numbers (Table 1). An early study by Raghavan

et al. (1994) examined neuropathology in the postmortem

brains of 28 individuals with DS. In their study, comprised

of 17 males and 11 females, women with DS had significantly

higher mean tau neurofibrillary tangle burden compared to

males. Of those with AD pathology present, all females had tau

neurofibrillary tangle counts above 10 per mm2, whereas nearly

half of the males had absent or low tau neurofibrillary tangle

burden. When assessing amyloid plaques (SP), however, they

found no significant differences between sexes (Raghavan et al.,

1994). Further, the same subset of men also presented with no

clinical dementia along with the lower tangle burden, despite

having high SP loads (Raghavan et al., 1994). These further

underscore tau as a key marker for sex interactions in DSAD,

which should be investigated in future studies.
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Potential mechanisms driving sex
di�erences in Alzheimer’s disease in
down syndrome

The influence of hormones and
menopause

Sex differences in biological aging may be driven through

changes in hormone levels and in women, linked to menopause.

Hormones exert many functions throughout the body and

brain. In determining secondary sex characteristics, estrogen

and testosterone are the two hormones most often implicated.

Estrogen can exist in multiple biologically active forms, the

main one being estradiol. However, aside from estrogen

and testosterone, there are several other hormones that are

dynamically and differentially regulated in men and women.

The correlation between brain function and hormones is not

a new concept, and cycles of cognitive patterns as a result of

sex hormone fluctuations in women vs. men were previously

reported (Kimura and Hampson, 1994).

Menopause, characterized by a large drop in estrogen levels,

is a significant hormonal event affecting many systems. Women

with DS experience menopause, on average, 5–7 years earlier

than the general population (Coppus et al., 2010; Zigman, 2013)

and as mentioned previously, women with less bioavailable

estrogen are at higher risk of dementia (Schupf et al., 2006).

Estrogens act on two main receptors: estrogen receptor alpha

(ERα) and estrogen receptor beta (ERβ) (Simpkins et al., 2012).

There is a third type, the G-protein coupled receptor (GPER),

which was more recently discovered (Simpkins et al., 2012). All

three estrogen receptors are expressed throughout the brain,

with higher levels present in the frontal cortex and hippocampus

(Almey et al., 2015). Whether the functions of ERα and ERβ

confer neuroprotection is still under investigation. Some studies

show ERα is more neuroprotective than ERβ, while others

have shown the opposite (Simpkins et al., 2012; Baumgartner

and Daniel, 2021; Ishunina, 2021). How these receptors change

throughout the life course in the brain in response to changing

hormone levels also remains to be elucidated.

Given estrogen’s many neuroprotective effects, it is likely

that menopause contributes to adverse effects on cognition and

an increased risk of AD in women (Brinton, 2001; Garcia-

Segura et al., 2001; Andrew and Tierney, 2018) (Figure 1).

In the general population, the neuroprotective properties of

estrogen are related to reduced Aβ toxicity in the brain

though exact mechanisms are unclear, growth and survival of

cholinergic neurons, and anti-inflammatory effects in the brain

have been suggested (Spampinato et al., 2012). Several studies

show estrogen promotes metabolism of toxic Aβ, while other

hormones, such as corticosterone, may exacerbate pathologic Aβ

deposition (Jaffe et al., 1994; Goodman et al., 1996; Xu et al.,

2006). Interestingly, estrogen can also have effects independent

of receptor activity as well and appear to act on mitochondria

by stabilizing membrane potentials and reducing depletion of

adenosine triphosphate (ATP) (McEwen, 2002). In AD, estrogen

promotes the metabolism of APP and protects against the

toxicity of Aβ accumulation, which we will discuss later in

this review.

Estrogen is also closely related to testosterone, with the

latter being converted to the former through enzymatic activity

of aromatase. Older men have higher levels of circulating

estrogen when compared to post-menopausal women (Baker

Frost et al., 2019). Given that men do not experience a similar

drop in testosterone as women do with estrogen, their levels

remain constant throughout their life. Similar to estrogen, lower

levels of testosterone in plasma are associated with higher risk

of sporadic AD in elderly men (Lv et al., 2016), suggesting

the neuroprotective role sex hormones possess. Additionally,

gonadotrophin releasing hormone (GnRH), which acts on the

pituitary gland to stimulate hormone release, is associated

with an increase in levels of estradiol in the hippocampus,

resulting in increased pyramidal neuron activity and improved

memory outcomes (Marbouti et al., 2020). This suggests a

potential cascade of hormones that may be involved in memory

preservation and could become less effective following hormonal

changes such as menopause. Hormones could contribute to the

oftentimes conflicting information on the risk of AD in women

with DS, and may represent an explanatory factor for often

contradictory outcomes from HRT trials for AD.

In women with DS, there is a strong association of lower

levels of bioavailable estrogen and higher risk of AD reported in

a longitudinal research cohort study (Schupf et al., 2006, 2018).

Interestingly, several sex differences in mouse models of DS have

been described. In a behavioral phenotype study, environmental

enrichment led to improved spatial memory and acquisition

scores in female Ts65Dn mice compared to males, suggesting

that sex may have a modulatory role in cognition (Martínez-Cué

et al., 2002). These differences may be due, to some extent, to

circulating hormones in response to stimulation. Another study

found that female Ts65Dn mice have lower adrenocorticotropic

hormone at rest compared to males, but elevated levels of

corticosterone under stress conditions (Martínez-Cué et al.,

2006). Whether there are other hormonal differences in the

Ts65Dn mouse model which may be related to aging remains

unstudied but could pose a potential route of investigation in

the future.

Sex di�erences in cerebrovascular
pathology

Sex differences may also impact the onset or extent of

cerebrovascular pathology. The brain is comprised of an

intricate network of vasculature supplying cells with oxygen
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FIGURE 1

Overview of sex di�erences in Down syndrome and Alzheimer’s disease. Hormones can contribute to cerebrovascular changes and

neuroinflammation in the brain, which can lead to increased Alzheimer’s disease pathology. These changes can be identified through

neuroimaging, biofluids, and autopsy studies, though only a handful have investigated sex di�erences directly. Hormones such as estrogen can

have a particularly beneficial e�ect, which is then withdrawn during hormonal events such as menopause. In the pre-menopausal state,

bioavailable estrogen (represented as E2) acts on estrogen receptors (ER) to promote an anti-inflammatory state in the brain while maintaining

neuronal health. In the post-menopausal state, lower levels of estrogen lead to increased pro-inflammatory states and loss of neuroprotection.

In addition to hormonal e�ects, the X chromosome may contribute to resilience in aging and improve cognitive outcomes, though this has not

been studied in the context of DS. Created with BioRender.com.

and other essential nutrients. The blood brain barrier (BBB)

separates the central nervous system, bathed in cerebral

spinal fluid (CSF), from circulatory blood. It is a complex

junction composed of several cells working in harmony to

filter necessary components into the brain, while keeping

harmful components out. The main components are comprised

of capillary endothelial cells, the basement membrane, and

astrocyte end feet (Dotiwala et al., 2021). Other cells, such as

pericytes, are also at work. In neurodegenerative conditions, the

BBB can weaken and allow the flow of neurotoxic substances

into the brain (Kalaria, 1999), and several studies have linked

BBB breakdown to cognitive decline (Bowman et al., 2018;

Nation et al., 2019; Montagne et al., 2020; Li et al., 2021).

Increasing levels of S100 calcium-binding protein (S100B),

secreted from astrocytes may indicate a breakdown of the BBB

(Griffin et al., 1989) and S100B is upregulated in females (Weis

et al., 2021).

There are several significant differences in both systemic

and central vascular function in people with DS. Differences

in cerebrovascular pathology in people with DS could be

driven by systemic congenital cardiac factors that are associated

with trisomy 21 (Mito et al., 1991; Wilcock et al., 2016).

For example, female infants with DS have an increased

rate of heart defects compared to males. Compared to

the general population, this difference in heart defects is

significant (Diogenes et al., 2017; Santoro et al., 2018),

begging many questions regarding what peripheral vascular

differences in DS could also impact the development of AD.

Interestingly, though the development of vascular pathology

is more likely, people with DS tend to have lower blood

pressure and less frequent atherosclerosis, which may aid

in preserving vascular function later in life (Wilcock et al.,

2016).

Cerebrovascular pathology is more extensive with increasing

age in people with DS compared to the neurotypical population.

People with DS accumulate cerebrovascular pathology at a

higher frequency compared to sporadic AD, typically in the

form of cerebral amyloid angiopathy (CAA) (Head et al., 2017).

This is likely due to increased expression of APP and associated

overproduction of Aβ. In addition to CAA, people with DS

may also develop microbleeds (MBs), which could indicate

breakdown of the blood brain barrier. One study published in

Frontiers inNeuroscience 09 frontiersin.org

https://doi.org/10.3389/fnins.2022.954999
https://BioRender.com
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Andrews et al. 10.3389/fnins.2022.954999

2019 found that there was an increase in MBs along with higher

levels of CAA and both increased with age (Helman et al., 2019).

Given the extensive CAA reported in the brains of people

with DS, it is likely that the BBB may play a role in age-

related cognitive decline in DS and may be differentially affected

by sex. S100 calcium-binding protein (S100B) associated with

astrocytes critical for BBB integrity is elevated in DS and

AD (Griffin et al., 1989) although this may be due, in part,

to the S100B gene being on chromosome 21. Estrogen may

protect the integrity of the BBB by improving tight junction

functionality in the endothelial cell layer (Maggioli et al., 2016).

One could speculate that if estrogen does exert protective effects

on the BBB, then post-menopausal women, who experience

a drastic drop in estrogen, would be at an even greater risk

for neurodegeneration due to BBB breakdown. How and when

cerebrovascular pathology and BBB integrity may be affected

differentially in men and women with DS will benefit frommore

research. As mentioned previously, evidence from MRI studies

suggest higher WMH burden in men with DS compared to

women, suggesting sex differences in cerebrovascular pathology

may be an important modifier of age of onset of dementia and

represents an opportunity for future research.

Immune system involvement and
neuroinflammation

Cerebrovascular pathology and loss of BBB integrity

with aging and AD both in the general population and in

DS can drive inflammation through the leakage of serum

proteins into the brain. The neuroimmune system changes

dynamically with age and it is one of the key drivers in the

progression of AD in the general population (Cao and Zheng,

2018; Newcombe et al., 2018). From a broader perspective,

neurotypical women show more robust immune responses and

greater resistance to infection (Gaillard and Spinedi, 1998).

Consequently, the instance of autoimmune diseases is greater

in women (Whitacre, 2001). These differences suggest varied

mechanistic underpinnings driving immune development in

men and women. In the brain, microglia, the innate immune

cells in the central nervous system (CNS), display their own

unique molecular sex differences in the neurotypical population

(Lenz and McCarthy, 2014). In addition to microglia, astrocytes

are a highly abundant non-neuronal cell type in the CNS.

They are critically involved in important processes such as

synapse formation, neurovascular coupling, communication

and support to neurons, and play a significant role in AD

development (for a complete review please see references Matias

et al., 2019; Han et al., 2021). However, sex differences in

astrocytes in DS have not been studied systematically in the

neurotypical population. As mentioned in the previous section,

ERs are associated with regulating inflammation, specifically in

terms of reducing amyloid-induced inflammation, and they are

expressed in astrocytes as well as microglia (Crespo-Castrillo

and Arevalo, 2020) (Figure 1).

Peripheral immune system dysfunction in people with

DS includes the frequent presentation of autoimmune

disorders (Guaraldi et al., 2017). Though to date no studies

have specifically investigated sex differences frequencies of

DS autoimmune disorders, hypothyroidism appears to be

equivalent in prevalence between men and women with DS

(Popova et al., 2008), which differs from the general population.

However, studies investigating sex differences in the immune

system of people with DS are few in number. Within the DS

population, a unique phenotype of inflammation is observed

(Rodrigues et al., 2014; Wilcock et al., 2015). Females with DS

also showed an increase in interleukin-6 and interleukin-8 levels

when compared to males (Flores-Aguilar et al., 2020).

Neuroinflammation is particularly important in the

development and progression of AD, which holds true in the

DS population as well. Understanding specific sex differences

that may be related mechanistically to neuroinflammation

in the DS population will help to better target future

therapeutic treatments.

Synapse proteins and function

Cerebrovascular pathology, neuroinflammation and the

accumulation of Aβ and tau neurofibrillary tangles lead to

synapse loss and neurodegeneration in AD. Under normal

conditions, synapses are dynamically regulated and responsible

for intact cognitive performance. LOAD is associated with

a significant loss of synapses and synapse proteins such as

synaptophysin, SNAP-25 and PSD-95 (DeKosky and Scheff,

1990; Terry et al., 1991; Rajendran and Paolicelli, 2018). SNAP-

25 is an important component of the SNARE complex, which

aids in vesicle trafficking. Synaptophysin, on the other hand, is a

protein found in synaptic vesicles (Cousin, 2021). In sporadic

AD, researchers have noted recently that one glutamatergic

receptor, the metabotropic glutamate receptor 5 (mGluR5),

may have different mechanisms of action in men and women.

The mGluR5 receptor forms a complex with cellular prion

protein (PrPc) and Aβ oligomers to promote pathologic amyloid

accumulation in men, whereas this complex does not form in

women (Abd-Elrahman et al., 2020).

In DS, synaptic development is significantly dysregulated,

which likely also contributes to the AD phenotype development

or enhanced vulnerability to AD pathology later in life

(Engidawork and Lubec, 2001; El Hajj et al., 2016). Studies using

human induced pluripotent stem cell (iPSC)-derived cortical

neurons from people with DS that are injected into the brains

of mice, leads to an overall lower network activity as well as

lower rate of dendritic spine turnover (Real et al., 2018). In

terms of sex differences in proteins associated with synaptic
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dysfunction, women across both DS and non-DS groups showed

elevated levels of SNAP-25 in comparison to men. In contrast,

synaptophysin protein levels are significantly increased in both

neurotypical men and men with DS in comparison to women

(Downes et al., 2008). The fact that there are opposing levels

of SNAP-25 and synaptophysin in DS could highlight different

mechanisms of synaptic dysfunction in males and females with

age and AD in DS.

The contribution of sex chromosomes

An emerging field of study suggests resilience in aging could

stem from activation of sex chromosomes. Sex chromosomes,

existing in pairs of XX or XY, can also be triplicated during

development resulting in abnormal development and cognition

such as in triple X syndrome. The impact of sex chromosomes in

the context of neurodegeneration and aging is a rapidly evolving

field (Snyder et al., 2016; Dubal, 2020), and available evidence

points to sex chromosomes having a critical impact on cognition

throughout the lifespan. Females have two X chromosomes in

their genome, one of which is silenced during development.

However, the pattern of silencing is not identical throughout

tissues, with both maternal and paternal X chromosomes having

an equal potential to be silenced (Deng et al., 2014). Females

are characterized by a mosaic of cells with contributions from

either their maternal or paternal X chromosome. Even after an

X chromosome is silenced, some genes can still be expressed,

known as gene escape, which can influence aging (Berletch

and Disteche, 2012). The impact of gene escape from sex

chromosomes on AD was investigated in a mouse model of

AD by varying sex chromosome dosage. In mice with only one

X chromosome (XY or XO), there is a higher mortality rate

than in those with two X chromosomes (XX). In addition, a

candidate gene, KDM6A, not silenced during X-inactivation, is

associated with improved cognitive outcomes in human studies

(Davis et al., 2020).

The X chromosome, is larger in size and contains more

protein-coding genes than the Y chromosome, making it a

prime target for genomic studies. According to a human

genomics study, females exhibit a higher diversity of immune

responses due to the random inactivation of one of the X-

chromosomes. As mentioned previously, not all of the X-

chromosome is silenced and varies across individuals. It is

possible that later in life more genes escape the silenced X-

chromosome, leading tomore extensive immune responses, and,

as a consequence, more neuroinflammation that contributes to

neurodegeneration. The X chromosome is of particular interest

to AD as it contains a few genes, such as MECP2, known to

contribute to neurodegenerative vulnerability (Bajic et al., 2020).

It is also important to note that although we refer to sex as a

binary here, there are individuals with other variations such as

XXY and XXX. Studies demonstrate some shared characteristics

in executive functions between people with DS and people with

trisomy of sex chromosomes (Lee et al., 2015).

Although there are fewer genes that encode for proteins on

the Y chromosome, a deletion could significantly contribute to

downstream effects. In addition, later in life, men can experience

the loss of a Y chromosome (LOY). One study has shown that

men with higher levels of LOY in blood cells also had greater

risk of AD development (Dumanski et al., 2016). Some regions

of the Y chromosome can be randomly deleted in men with DS,

though the mechanism by which this occurs is unknown (Yasin

et al., 2014). To date, sex chromosomes in DS have not been

studied in the context of neurodegeneration, but it is likely that

changes in these chromosomes could have significant impact in

this population as people with DS are more likely to develop AD.

Conclusions

Examining sex differences in DS research as to why these

differences occur mechanistically and how they impact AD

development and progression are opportunities for the future.

In this review, we highlighted studies of sex differences in

the current literature related to LOAD and when present,

studies that included people with DS. Although the research

is somewhat inconsistent in terms of outcomes, there are

intriguing suggestions that estrogen may be a key player and

that estrogen replacement therapy may be a consideration to

improve healthy brain aging in women with DS (Schupf et al.,

2003, 2006, 2018). However, to date, there are no clinical trials

involving people with DS and hormone therapy for the purpose

of improving cognition. In sporadic AD, clinical trials are

inconclusive in terms of whether these therapies are beneficial.

Some trials show modest cognitive improvement, whereas

others observed no change or even a decline in cognition in

women administered HRT (Whitmer et al., 2011).

If estrogen has neuroprotective properties, why would

clinical trials produce mixed results? The answer may not

be straightforward. During menopause, there are several

hormonal fluctuations that occur alongside a massive drop

in estrogen levels. Timing of HRT may be critical to its

benefit or adverse impact. Some studies also suggested that

the peri-menopausal (transitional) period could be a pro-

inflammatory state setting the stage for neurodegenerative-

related inflammation (McCarthy and Raval, 2020). This is

in agreement with findings in LOAD, as one study noted

women who had undergone surgical menopause at younger ages

developed AD pathology and cognitive decline faster than those

who had undergone the procedure later in life (Bove et al., 2014).

Since women with DS experience menopause earlier than the

neurotypical population, this could put them at especially high

risk for inflammation early relative to their male counterparts

(Figure 1).

It is also worth noting that not all clinical trials focused

on estrogen use similar approaches. Some have administered
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hormone replacement therapy, which often involved a

combination of hormones, while others have administered

estrogen replacement therapy. Another question that remains is

the mechanism of action: are the effects observed a consequence

of the hormones themselves, or are they due to receptor

function? Estrogen receptor agonists, which selectively mimic

the effects of estrogen can also lower inflammation (Chakrabarti

et al., 2014).

In the future, it will be crucial to continue investigating

sex differences in aging and AD pathogenesis in DS and

the underlying mechanisms, especially as the lifespan among

people with DS increases with improved healthcare and lifestyle.

Studies will benefit from the inclusion of an equally distributed

representation of males and females as participants and consider

and analyze the specific contributions of sex differences to

cognition and AD pathogenesis in analyses. Future intervention

studies may benefit from targets that account for sex differences

that in turn, lead to health benefits for people with DS.
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