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Abstract
Exemplified by the disproportionate cases of Alzheimer’s disease among women, many diseases show
considerable sexual disparity in the aging process. Given that such a sex bias varies significantly in different
neurological conditions, considering sex differences is necessary for the diagnosis as well as the treatment of
neurological disorders. However, currently, relatively few studies have specifically focused on sex differences in
brain aging or the general aging process, which has prevented the development of precision medicine for these sexdifferent diseases. Here, we summarize age-related disparities relating to cognitive function and dysfunction for
males and females from human cross-sectional and longitudinal studies. By discussing potential anatomical and
physiological bases underlying such differences, we highlight the importance of sex for aging studies in this review,
which may hopefully shed light on understanding the precise causes of different brain diseases.

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0
International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing,
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as
long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.

www.ageneudisjournal.com

Page 2 of 18

Yang et al. Ageing Neur Dis 2022;2:3

https://dx.doi.org/10.20517/and.2022.03

Keywords: Sex difference, brain aging, dementia, cognitive decline

INTRODUCTION
According to figures from the World Health Organization (WHO), the number and proportion of people
aged 60 and older are expanding and estimated to increase to 1.4 billion by 2030 and 2.1 billion by 2050, up
from 1 billion in 2020[1]. The process of aging is associated with both normal and pathologic cognitive
changes, which significantly affect older adults’ daily life and society. The most recent data suggest that the
prevalence of dementia will double in Europe and triple worldwide by 2050. Economic costs for dementia
reached 957.56 billion dollars and are set to increase to 2.54 trillion dollars worldwide[2]. Alzheimer’s disease
(AD) is a main cause of dementia, the related total costs of which will reach 507.49 billion dollars by 2030 in
China and 1.89 trillion by 2050[2]. Despite this, the clinical diagnosis of AD still faces many problems. There
is a clear lack of precise gold standards for both diagnosis and treatment, and scientists have yet to develop
multiple effective therapies for AD, especially for patients suffering in the later stages of the disease. Hence,
it is clear that, for AD and other broader age-related conditions, research on aging and age-related diseases
requires urgent attention.
During the human aging process, females show longer lifespans overall[3,4] but often also display more frailty
than males[5]. For example, women aged 45-79 had a higher frailty index based on standards[6] including 28
variables on function, cognition, co-morbidity, health attitudes and practices, and physical performance
measures[7]. This is known as the “male-female health-survival paradox”[8], and the sex variable can make a
difference for health risks in males and females. To date, sex factors have attracted wide attention in the
studies of human aging. In the discoveries of brain aging, sex bias has been well-recognized in the
prevalence of certain brain aging-related diseases. For example, females with AD or other dementias exhibit
a two-fold incidence compared with males[9]. Conversely, the prevalence of another progressive and agerelated neurodegenerative disorder, Parkinson’s disease (PD), is 1.5 times more common in men than
women[10]. In addition, sex and gender can affect the risk factors and disease progression of aging-related
diseases such as AD[11]. Thus, it is important to understand the sex difference in changes of normal brain
aging, which should provide specific clues for understanding the sex-related mechanisms for age-related
diseases and, in turn, may facilitate improved and personalized care during aging.
Here, we focus on reviewing the current literature reporting the sex difference in the functional changes
(cognitive decline and vulnerability to neurodegenerative diseases), structural changes, and cellular
hallmark changes of normal brain aging. To address this, we used the terms “sex difference”, “brain aging”,
“cognitive aging”, “brain structure”, and keywords for cellular hallmarks of brain aging (mitochondria,
oxidative stress, glia, ubiquitin-proteasome system, autophagy, DNA repair, stem cell exhaustion, and
aberrant neuronal network activity) to search the literature in databases such as PubMed.
We first briefly review human data relating to the sex difference in cognitive decline and vulnerability to
neurodegenerative diseases in the process of normal brain aging. Next, we discuss sex difference in potential
anatomical changes underlying functional changes of brain aging with human evidence. Finally, we
summarize the discoveries on sex difference in cellular hallmarks such as oxidative stress of brain aging
from animal experiments and human data, which may offer clues for better therapeutics to cognitive decline
in aging and neurodegenerative diseases.
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SEXUAL DIFFERENCES IN VULNERABILITY OF MALES AND FEMALES TO COGNITIVE
DECLINE IN AGING AND IN RELATED DISEASES
Sex difference of cognitive decline in normal brain aging

Cognitive function includes a variety of mental processes such as perception, attention, memory, decision
making, and language comprehension. General sex differences in specific cognitive functions have been
reported, with the most accepted findings being that men outperform women on spatial-based aspects,
especially visual-spatial working memory tasks[12], while females excel in verbal memory and location
memory tasks[13,14]. These differences seem to remain consistent from adolescents and young adults into
older ages[15,16]. In line with previous reports, several studies have demonstrated that certain cognitive
functions decline along with the normal process of the aging of the human brain[17,18]. Such studies monitor
the trajectories of cognition change along with the process of aging in order to pick up any related changes
of cognitive function that occur concurrently with stages of the aging process.
Longitudinal studies have been demonstrated as particularly useful and applicable in the study of both the
difference of cognitive performance levels and the rates of cognitive change over time. In line with the
results of the cross-sectional studies mentioned above, De Frias et al.[19] found that women performed better
on episodic memory tasks and men had higher visuospatial ability, and this sex difference was stable across
age groups (35-80 years) over a 10-year period. When detecting the cognition decline rate between females
and males with aging, although a review published in 2013 which screened 13 longitudinal studies
concluded that no sex differences were found in the rate of overall cognitive decline between the ages of 6080 years[20], there are many other investigations that have shown sex differences existed in some specific
cognitive tasks or in much older age (> 80) [Table 1]. Finkel et al.[21], for example, found men had a faster
linear decline than women on a card rotation test from middle age (50). Another study conducted by
Casaletto et al.[22] detected the age-related cognitive decline of 314 normal adults (average 69.3) and found
that men tended to develop a declining episodic memory trajectory. Meanwhile, in recent longitudinal
studies, McCarrey et al.[23] administered a series of memory and other cognitive tests to participants from
the Baltimore Longitudinal Study of Aging to detect the cognitive change of females and males with age.
They found men showed steeper rates of decline on measures of mental status, perceptuomotor speed and
integration, and visuospatial ability, but no significantly differing declines on other cognitive abilities tested
compared to women[23]. However, when analyzing increased numbers of people of the older age brackets,
and after adjusting for age, education, and vascular factors, one study demonstrated that women showed a
steeper decline of cognition than men after 80 years old[24]. Finkel et al.[21]’s study also demonstrated that
women had a faster decline in information tests than men at ages beyond 65, with a much steeper decline
after 80. However, McDowell et al.[25] showed a trend for a steeper decline in men when compared with
women after 80 years. Because of the complexity of human studies, it is still difficult to have a consistent
conclusion, and further studies are still warranted. Nevertheless, these findings seem to indicate that women
tend to show more cognitive decline at later old age than men (> 80), particularly for some for specific
cognition functions, while men may have a faster cognitive decline in earlier old age (50-65).
Limitations and difficulties of human research techniques may contribute to these disparities. Firstly, the
backgrounds of individuals may represent differences in aspects such as education[24,26], lifestyle[27], physical
activities[28], and weight[29], and these factors not only affect the baseline of individual cognitive function but
also affect the rate of cognitive decline. This makes the study on the effect of the single factor of sex on the
rate of cognitive decline difficult to isolate. Moreover, in longitudinal studies, subjects are incorporated into
such studies from many different age groups, in which case a limited number of subjects will be of the same
age, despite a large sample of total subjects being involved. Different cohorts also show different aspects of
cognitive aging[30,31]. All these factors may cause discrepancies in results. To distinguish the true effect of sex
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Table 1. Longitudinal studies for sex difference in normal cognitive decline

Ref.

Age (year)

Type of cognitive task

Decline rate

> 65

Information test

F>M

50-65

Card rotation test

M>F

[22]

47-99

The California verbal learning test

M>F

[23]

64.9-69.7

MMSE, fluent language production, digital symbol, card rotation

M>F

> 80

Digit symbol substitution task

F>M

> 65

Modified mini-mental state (3MS) cognitive
Screening test

F > M (institution)

> 80

Modified mini-mental state (3MS) cognitive
Screening test

M>F

[21]

Finkel et al.

Casaletto et al.

McCarrey et al.

[24]

Proust-lima et al.

[25]

McDowell et al.

F: Female; M: male.

on cognitive decline with aging, larger sample sizes of confirmed similar backgrounds and the same ages
should be involved, and the observation durations should be extended for these groups.
Sex differences in vulnerability to aging associated cognitive disorders

Brain aging is a natural process that results in a certain level of associated cognitive decline. However, as the
brain ages, it is more susceptible to neurodegenerative diseases such as Alzheimer’s disease (AD), Lewy
body dementia (LBD), frontotemporal dementia (FTD), or Parkinson’s disease (PD). These diseases usually
occur in later life, worsening with subsequent aging. They often manifest with increasing age-related
cognitive impairment, finally leading to dementia. Unlike the inconsistent results for the sex difference of
cognition decline in normal brain aging, relatively consistent results have been demonstrated relating to
females and males for some aspects of the vulnerabilities to these diseases [Table 2].
AD is the leading cause of dementia, which accounts for 60%-80% of dementia cases. Over the past 20 years,
many studies have investigated sex differences in the risk, incidence, prevalence, or development of AD. For
the analysis of risk, the Framingham Heart Study showed that, for a 65-year-old woman, the risk of AD over
her remaining lifetime was 21.2%, while for a man, it was 11.6%. Correspondingly, the ratio of female to
male risk for AD was noted as about 2:1[32]. For overall numbers, many epidemiological studies of varied
global locations also highlighted a higher number of women than men with AD[33,34]. The prevailing
explanation for such a difference is that women live longer than men on average, and that the incidences of
AD correspond with increased age[32]. The argument could therefore be formulated that any apparent sexbased difference for this disease is simply due to the increased average longevity for women. However, upon
a more specific analysis of prevalence, results seem to conflict with the lifespan explanation.
Plassman et al.[35]’s Aging, Demographics, and Memory Study (ADAMS), including subjects aged 71 years
and older from all regions of the USA, showed a higher prevalence of AD in women than in men of
corresponding ages. In the 2015 World Alzheimer Report, Prince et al.[36] showed that, in East Asia, South
Asia, the Caribbean, Western Europe, and Latin America, the prevalence of dementia for men was lower
than for women, although no significant difference was noted for other regions. In addition, their review in
2016, summarizing several similar studies from Europe, indicates the same higher prevalence of AD in
women[37]. As for the incidence of AD, the conclusion that there is no sex difference has been noted in some
studies from the United States[38,39], while others have shown that women tended to have a higher incidence
of AD[40]. These disparities may stem from regional and socioeconomic factors and/or cultural effects (such
as diet and lifestyle). The 10/66 Dementia Research Group study of dementia in low- and middle-income
countries found a higher incidence in women[41], and most studies on European[42,43] and Asian
populations[44,45] have also observed a higher incidence in women at an older age. With regards to any sex
differences related to the rate of cognitive decline beyond the diagnosis of AD, many studies show that the
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Table 2. Sex difference of neurodegenerative diseases

Neurodegenerative diseases

Factors

Sex
difference

Alzheimer’s disease (AD)
The leading cause of dementia, which accounts for 60%-80% of
dementia cases

Number

F>M

Chêne et al.
[33]
Hebert et al.
[34]
Alzheimer’s Association 2021

Prevalence

F>M

Plassman et al.
[36]
Prince et al.
[37]
Prince et al.

No difference

Prince et al.
[152]
Rocca

F>M

Fitzpatrick et al.
[41]
Prince et al.
[42]
Ruitenberg et al.
[43]
Rizzi et al.
[44]
Chen et al.
[45]
Yamada et al.

F = M (equal)

Tom et al.
[39]
Zahodne et al.

Cognitive decline
rate

F>M

Hebert et al.
[46]
Holland et al.
[47]
Tifratene et al.
[48]
Lin et al.
[49]
Laws et al.
[50]
Gamberger et al.

Lewy body dementia (LBD)
The second most prevalent cause of neurodegenerative dementia

Number

M>F

Nelson et al.

Incidence

M>F

Savica et al.
[56]
Goodman et al.

Frontotemporal dementia (FTD)
The third most prevalent form of neurodegenerative dementias

Prevalence

M>F

Goodman et al.
[58]
Mercy et al.

F>M

Bernardi et al.
[60]
Ikeda et al.

No difference

Borroni et al.

M>F

Pringsheim et al. (worldwide)
[64]
Hirsch et al.
[65]
Abbas et al.
GBD 2016 Neurology
[66]
Collaborators

No difference

Pringsheim et al.
[67]
Taylor et al.

M>F

Reekes et al.

Incidence

Parkinson’s disease (PD)
A movement disorder that can also lead to dementia

Prevalence

Cognitive decline

Ref.
[32]

[35]

[36]

[40]

[38]

[33]

[54]

[55]

[56]

[59]

[61]
[63]

[63]

(Asia)

[71]

F: Female; M: male.

cognitive deterioration rate is faster in women than men in the progression of AD[33,46-50]. However, despite
this faster progression of the disease in women, several studies have shown that men have an overall shorter
lifespan beyond diagnosis with AD, as summarized by a recent review[51].
LBD is a neurodegenerative disease with abnormal α-synuclein accumulation (Lewy body proteins) in
neurons, which can cause cognitive decline. LBD is the second most frequent form of neurodegenerative
dementia. Reviews show the prevalence of LBD ranges 0.3%-24% in the general population and 3%-7% in
the patients with dementia[52,53]. In accessing the registry autopsy series from the University of Kentucky
Alzheimer’s Disease Center and the National Alzheimer’s Coordinating Center, researchers found that the
number of male patients dying with Lewy body-associated pathologies was three times that of females[54].
Similarly, a study on the population of Olmsted County, Minnesota, showed that men had a higher
incidence of LBD than women across the age spectrum[55]. A study on the prevalence of dementia subtypes
in United States Medicare showed the same result[56]. FTD is considered the third most frequent form of
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neurodegenerative dementia with more relatively young patients than other types of dementia (< 65)[57].
While many studies have demonstrated sex differences in the prevalence of this disorder, no clear consensus
has been reached. Studies in the population of Cambridgeshire, UK, and a United States Medicare study
both showed greater FTD prevalence in men than women[56,58]. However, many other studies failed to
support these results[59-61]. The discrepancy here may be due to difficulties in the exact diagnosis of FTD,
which presents with similar clinical symptoms to late onset psychiatric disorders and amyotrophic lateral
sclerosis (ALS). Recently, Curtis’s meta-analysis focusing on the sex difference of the prevalence of genetic
mutations in FTD and ALS indicated a higher prevalence of progranulin (GRN)-muted FTD in female
patients but no sex differences in chromosome 9 open reading frame 72 (C9orf72)- and microtubuleassociated protein tau related FTD (MFTD), which should further help clarify the sex differences of
prevalence of FTD[62]. Another neurogenerative disease is PD. PD is a movement disorder with
bradykinesia, rigidity, tremor at rest, gait disturbance, and difficulty with speech. PD can also lead to
dementia, and the proportion of patients with PD who are also diagnosed with Parkinson’s disease
dementia ranges from 10% to 15%. Studies are fairly consistent in demonstrating that there is a higher
prevalence of PD presented among men than women from worldwide epidemiological data[63-66], especially
in Western and South American populations[10,67-69]. However, there are reports showing the prevalence rates
were almost equal between men and women in Asian populations[63,67]. Thus, there appears to be a difference
between Asian and Western populations, which may stem from sex different behaviors such as smoking,
methodologies, genetics, and ethnicity[65,70]. For the cognitive decline in PD, Reekes et al.[71] indicated that
males with PD have significantly greater executive and processing speed impairments compared to women.
As mentioned above, the aging brain undergoes cognitive functional change and becomes increasingly
susceptible to a number of cognitive diseases. Although no results have consistently or conclusively shown
differences in cognitive decline rate between females and males, apparent sex differences have been shown
to be involved in the cognitive performance and disease susceptibility of the elderly. In addition, females
have been demonstrated as more susceptible to AD, and males are more vulnerable to LBD and PD. The
underlying mechanism for such sex-based differences in brain aging behaviors and related diseases is a key
area for further study.

BRAIN STRUCTURE AS A BASIS FOR SEX DIFFERENCES IN BRAIN AGING
To explain how function changes with aging, the most widely investigated aspect is the structural changes of
the aging brain. With the advantages of noninvasive imaging techniques, researchers were able to study the
aging brain in healthy living individuals. As many healthy volunteers were incorporated into such studies,
this provided the opportunity to analyze the sex differences of the human brain anatomy relating to aging.
Using magnetic resonance imaging, many researchers found more profound age-related decline in cortical
grey matter volume in males than females[72-74]. However, there are many investigations that do not support
the hypothesis that the effect of aging is accelerated in men and have failed to find age-by-sex interactions in
adult and elderly populations[75-77]. When considering the sex differences of subcortical gray matter structure
in the aging brain, conclusions are no more consistent [Table 3]. The subcortical structures studied include
the basal ganglia (caudate, nucleus accumbens, putamen, and pallidum), thalamus, hippocampus, and
amygdala. Among these, the hippocampus is the most studied, and some hippocampus studies have
reported that females have larger volumes in the aging brain[78-80] while others have opposing results[81]. In
old age, for thalamus, some studies found the male had a larger volume[72,80], while others opposed this[82].
When correcting for brain volume, Li et al.[78] found no significant sex difference in the relative volume of
thalamus. Similarly, for the caudate, some found females had larger volume[83,84], while others found males
had larger volume[78,80]. More consistently, the amygdala[78,85], pallidum[78,80], and putamen[78,80] have been
invariably found to be larger in males.
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Table 3. Sex difference of subcortical regions in the aging brain of cross-sectional studies

Subcortical
regions

Ref.

Hippocampus

Li et al.

Age
(year)

Sex difference of volume in older
age (> 45)

Sex difference of decline rate in older
age (> 45)

19-70

F > M (relative volume)

M > F (relative volume)

21-58

F>M

M>F

19-86

F > M (> 70)

M>F

41-77

M > F (absolute volume)

F > M (absolute volume)

20-85

M>F

Similar

19-70

Similar (relative volume)

Similar (relative volume)

19-86

M>F

M>F

20 to ≥ 80 F > M

M>F

19-70

M > F (relative volume)

F > M (relative volume)

19-86

M>F

Similar

18-79

F>M

No test

18-82

F>M

No test

19-70

M > F (relative volume)

F > M (relative volume)

19-86

M>F

M > F (right)

19-70

M > F (relative volume)

F > M (relative volume)

[80]

19-86

M>F

M > F (right)

[80]

19-86

Similar

Similar

19-70

M > F (relative volume)

F > M (relative volume)

20-50

M>F

No test

[78]
[79]

Nemeth et al.

[80]

Wang et al.

[81]

Goto et al.
Thalamus

[72]

Sullivan et al.
[78]

Li et al.

[80]

Wang et al.

[82]

Takahashi et al.
Caudate nuclei

[78]

Li et al.

[80]

Wang et al.

[83]

Good et al.

Luders et al.
Putamen

[84]

[78]

Li et al.

[80]

Wang et al.
Pallium

[78]

Li et al.

Wang et al.
Accumbens
Amygdala

Wang et al.
[78]

Li et al.

[85]

Cheng et al.
F: Female; M: male.

Differences in these findings may be due to differences in the age range of subjects evaluated and methods
used for analysis. The previous findings of brain structure changes in the aged brain of females and males
are mainly based on cross-sectional studies, which only show the status at one specific time or with different
status at different specific times. Longitudinal studies may be better suited to address the conflicts in crosssectional studies. Over the last 15 years, increasing numbers of longitudinal studies have been performed to
investigate the rate of brain change with aging. Among them, some studies have paid attention to the sex
difference in aging[86-90]. Taki et al.[86]’s studies showed the annual percentage change in the grey matter ratio
(APCGMR) in the older female group was substantially lower than in the older male group, using such a
longitudinal design running over a period of over six years in 381 healthy community-dwelling individuals.
Jiang et al.[88] chose individuals aged 70-90 years as subjects. After a two-year follow-up, they found that
women had thicker cortical regions but greater rates of cortical atrophy[88]. For the structural changes of
cortex subregions, Pfefferbaum et al.[87] focused on the change of regional brain volume with aging in
longitudinal studies. They found a more rapid increase of lateral ventricle volume and Sylvian fissures and
more rapid decline of the centrum semiovale, anterior cingulate, parietal and precentral cortices, and
thalamus in older men than older women, especially in those beyond 60 years of age[87]. Narvacan et al.[89]
scanned a cohort of 55 subjects approximately three years apart. While finding that overall males had larger
volumes than females for all subcortical structures, no sex differences in trajectories of change were
detected[89]. Such differences may stem from longitudinal studies which can be limited by the age range of
participants, sex distribution of the samples, or scanning intervals. In a recent study, Vinke et al.[90] used the
Rotterdam study[91] to understand the different aspects in brain aging of middle- and old-aged males and
females based on a large prospective population-based cohort study. Their analysis showed that an earlier
acceleration of decrease for normal-appearing white matter volume, gray matter volume, total brain
volume, hippocampus volume, and pallidum volume and increased cerebrospinal fluid volume had
occurred in men compared with women. Meanwhile, men tended to have a higher prevalence of focal
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lesions (microbleeds, lacunes, and cortical infarcts) compared with women. Although shorter time intervals
and less time for scanning posed some limitations for the reliable representation of the longitudinal effect of
those of older ages, this study, with the largest sample used for aging-related research, provides good
background information for understanding the different changes in the female and male brain due to aging.
As for other studies dealing with functional age-related change in the human brain, limitations exist in both
cross-sectional and longitudinal studies for investigating how the brain’s structure changes with aging.
Although no consistent results have been reached for such sex differences in brain structural changes, most
studies have indicated that males have accelerated atrophy in the grey matter of the cortex. This may
support some findings for the faster cognitive decline in males mentioned above. The noted differences in
changes for different subcortical regions may help us to understand why females outperformed males in
some specific tasks while males outperformed females in others. In their review, Nemeth et al.[79]
demonstrated the possible functional consequences of sex difference of the subcortical grey matter, noting
that their findings were relevant for dementia occurrence. However, the direct link among brain structures,
cognition, and behavior is not currently clear and requires further investigation.

CELLULAR BASIS FOR SEX DIFFERENCES IN BRAIN AGING
Mattson and Arumugam[92] 2018 paper summarizes these findings well and organizes the main aspects of
brain aging into nine hallmarks: (1) mitochondrial dysfunction; (2) oxidative damage; (3) impaired cellular
“waste disposal” mechanisms (autophagy-lysosome and proteasome functionality); (4) impaired adaptive
stress response signaling; (5) impaired DNA repair; (6) aberrant neuronal network activity; (7) dysregulated
neuronal Ca2+ handling; (8) stem cell exhaustion; and (9) glia cell activation and inflammation. To date,
several studies (mainly from animal experiments) have shown sex differences for these hallmarks, indicating
possible cellular and molecular mechanisms for sex disparity of brain aging [Figure 1].
Sex difference in mitochondrial dysfunction and oxidative stress with brain aging

The mitochondrion is an important organelle in the cell, which plays crucial roles in ATP production,
storage calcium ions, and the regulation of cellular proliferation[93]. Sex difference has been found in many
aspects of brain mitochondrial function including morphology, pathways of biogenesis, autophagy, cell
death, calcium, and redox homeostasis[94]. However, such results have been mainly based on investigations
of the adult brain or injured brain. Investigations on sex differences of brain-based mitochondrial
dysfunction related to the normal aging process are relatively sparse. However, sex factors of redox
homeostasis have been directly studied relating to brain aging, where the mechanism of the balance of free
radical production and antioxidants is required to maintain redox homeostasis.
Upon aging, brain neurons tend to suffer from oxidative damage by excessive generation of free radicals and
reduced antioxidant defense. Animal studies showed that, in young adult rats, females exhibit lower release
of cytochrome c and lower levels of mitochondrial hydrogen peroxide than males[95]. Moreover, in rats of
similar ages, female brain mitochondria generated half the amount of peroxides and imposed dramatically
less oxidative damage to mitochondrial DNA than those of males[96]. In contrast, Guevara et al.[97,98]’s studies
on rat brains of different ages (6, 12, 18, and 24 months old) showed no significant sex-based differences for
H2O2 production in any age class, despite H2O2 production being increased with age in both sexes.
For the antioxidant system, studies on rodents showed that young female brains have higher expression or
activities of the antioxidant enzymes SOD and CAT[99-101]. However, upon brain aging, the factors of sex
difference relating to oxidative stress become complicated. Although higher antioxidant defense occurred in
young female rats, after ovariectomy, mitochondrial peroxide and glutathione (GSH) levels in females
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Figure 1. Sex differences implicated in cellular hallmarks of the aging brain. Shown in colored sections and dashed boxes, sex differences
may exist in some hallmarks of brain aging.

became similar to those of males[96], indicating decreased antioxidant ability in menopausal female rats.
Accordingly, other non-human studies also showed higher CAT activity in the aging (18-20 months) male
mouse brain and higher SOD1 protein levels in the brain of aged (28-month-old) males[102]. Similar results
were found in Human studies. Viña and Borrás[103] proposed that young females have a better ability to fight
against oxidative stress with higher antioxidant levels prior to menopause. Mandal et al.[104] also found that
young females (± 26 years old) have higher GSH levels than young men in the frontal and parietal cortex.
Interestingly, the GSH levels decrease in the brains of older women (56 years old) compared with the
younger women[104], indicating that the antioxidant ability changes with aging in women. In line with this,
Rekkas et al.[105] found that oxidative stress in the brain increased rapidly in perimenopausal women.
Bilateral oophorectomy-induced menopause was associated with increases in the GSH/GSSG ratio (increase
in GSH, decrease in GSSG) and reduction in SOD and glutathione peroxidase (Gpx) mRNA expression[106],
suggesting that women had decreased antioxidant ability after menopause.
When detecting oxidative damage in the brain, several studies in rodents have demonstrated males may
exhibit greater oxidative damage, expressed as higher DNA oxidation[107] or higher levels of lipid
peroxidation[107-109], than age-matched females over relatively young ages. This may be caused by lower free
radical production and higher antioxidant defense in young females. However, other studies show no such
sex differences[110,111] or higher oxidative damage in females[100,112]. These differences may stem from the
different brain regions under examination or the different times of detection. Guevara et al.[97,98]’s studies on
rats of different ages (6, 12, 18, and 24 months old) showed lesser oxidative damaged proteins and lipids in
female brains, even in old age, an observation which they attributed in part to higher Gpx activity.
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Uzun et al.[113]’s study also found that protein damages were greater in male brains of 24-month-old rats.
However, in the brain of 6-month-old ovariectomy mice, females showed increased levels of lipid
peroxidation compared to the sham group[114], indicating increased oxidative damage in postmenopausal
females.
Overall, these findings on the sex difference in oxidative stress in the aging brain suggest that young females
have a better ability to defend against oxidative stress, but these advantages may be lost upon aging,
especially beyond menopause. As reviewed in Grimm et al.[115]’s paper, the change of redox state with aging
is associated with variation in sex steroid levels. This finding may aid in the understanding of sex differences
in vulnerability to neurodegenerative disease[115].
Sex differences in glia cell activation upon brain aging

Glial cells are distinguished from neurons in the brain and play important roles in brain function via
facilitating crosstalk with neurons, maintaining the normal function of neurons, and defending against
harmful stimuli. There are different types of glial cells in the brain, including astrocytes, microglia, and
oligodendrocytes, each with distinct functions. Oligodendrocytes insulate axons and provide them with
trophic support[116]; microglia are regarded as macrophages participating in local immunity[117]; and
astrocytes provide biochemical support of neuronal activities by facilitating the appropriate glial
surroundings in conjunction with microglia[117,118]. Various wide-ranging studies have demonstrated sex
differences related to glial cells in physiological conditions or in response to pathological insults[119-121].
However, sex differences in aged glial cells remain relatively under-studied, and the discoveries mainly stem
from animal experiments.
Sex differences in microglia are the most studied sex-related aspect in the process of brain aging, with
previous studies quantifying changes of microglia in the aging brain[122,123]. Mouton et al.[123]’s study showed
that, in both young and old mice, females had more astrocytes and microglia in DG and CA1 of the
hippocampus than did age-matched male mice. In addition, with the development of sequencing
technology, recent studies have paid increasing attention to the gene expression relationships for microglia
in aging[124,125]. Mangold et al.[126] also detected the sex differences for microglial gene expression in the
mouse hippocampus and cortex. They found that inflammatory genes were more highly expressed in
microglia of older females than in corresponding older males[126]. Importantly, using single-cell RNAsequencing analysis, Sala Frigerio et al.[127] found that aging or progressive amyloid-β accumulation
accelerated the two main activated microglia states and that female mice progressed faster in this than
males, which also converged with the pathway of sex differences relating to aging and AD. In addition,
Kang et al.[128] mentioned in their article that tauopathy, amyloidosis, and aging had been shown to share a
common APOE-driven transcriptional signature in microglia, which indicates that the increased expression
of many of these transcripts of microglia in older mouse brains may be related to increased susceptibility to
Alzheimer’s disease in females. As regards to the functions of microglia in aging, one recent study on
phagocytosis showed that aged female microglia had a greater ability for phagocytosis of neuronal debris,
but they had lost their ability to adapt their phagocytic activity to inflammatory conditions[129]. Another
study on microglial function, analyzing microglial Ca2+ signaling and process motility, suggested “faster
aging” for microglia in female mice[130]. Taken together, the more active/faster aging microglia in older
females may render them more vulnerable to some age-related neurodegenerative disease such as AD.
Relatively few studies have focused on astrocytes and oligodendrocytes in aging. Research on astrocytes has
mainly been conducted in vitro via the detection of differences in the changes between the sexes under
specific stimuli or in response to various pathological insults[131]. No specific analysis of the sex differences
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relating to the aging process seems to have been conducted relating to astrocytes. For oligodendrocytes,
Cerghet et al.[132,133] examined the sex difference of oligodendrocytes in the rat and mouse brain and found
that the density of oligodendrocytes in the corpus callosum, fornix, and myelin proteins and myelin gene
expression were all greater in males, and shorter life of oligodendrocytes was noted in females, a finding
which did not simply represent younger mice and rats, but also held true for old mice. These differences for
oligodendrocytes and myelin may be associated with the sex difference in the white matter volume in the
adult and aging brain, which is discussed in “BRAIN STRUCTURE AS A BASIS FOR SEX DIFFERENCES
IN BRAIN AGING”. Oligodendrocyte precursor cells can generate new mature oligodendrocytes to defend
against myelin impairment in the adult brain. Transcriptomic analyses have identified sex differences in
oligodendrocyte precursor cells in the expression of genes encoding for proteins involved in the cell cycle,
proliferation, maturation, and myelination, among other functions[134,135]. This difference renders older (12month-old) female rats with greater abilities of remyelination than males after demyelination lesions[136].
Sex differences in proteasome degradation and autophagy upon brain aging

In most organisms, a balance in the protein system, which forms the basis for gene expression and protein
synthesis and degradation, is important for the normal function of cells. Aging often shifts this balance with
the subsequently altered gene expressions and protein synthesis and disrupted protein degradation,
resulting in some notable pathological features[137]. In recent studies, many molecules have been
demonstrated to be associated with brain aging including SFRS11[138], CD22[139], REST[140], and BAZ-2 and
SET-6[141], the expressions of which change along with the aging process. However, no particular sex
differences have been noted for these. Whether this is due to there not being any notable sex differences, or
that this is an aspect yet to be properly examined, remains to be clarified.
Another important part of the protein system is protein degradation, which has been verified to be
disrupted with brain aging[142]. In cells, two main protein degradation systems exist, namely the ubiquitinproteasome system (UPS) and autophagy[143,144]. A few non-human data demonstrate that sex differences
exist in these protein degradation systems of the aged brain. Ding and Keller[145]’s study showed that
proteasome inhibition occurs with aging in the central nervous system, while Zeng et al.[146]’s study
demonstrated that, in older (15-month-old) female mice and rats, catalytic activities of the proteasome are
decreased in the cortex, striatum, cerebellum, globus pallidus, and substantia nigra with aging. In
Jenkin et al.[147]’s study, investigators compared the activity of the proteasome in nine tissues of young (3-5month-old) and middle-aged (10-15-month-old) female and male mice. They found young females showed
no significant differences in their proteasome activity in the brain as compared to young males. However,
from middle age onwards, males showed significant decreases in proteasome activity with subsequent aging,
while no such change was noted for females[147]. One study on older fruit flies showed that basal activities of
20S proteasome had decreased in both female and male fruit-fly heads. However, in young female flies, the
proteolytic capacity of the 20S proteasome could be increased via the induction of H2O2, but with this effect
diminishing for older female flies. However, male flies showed no such age-related adaptation of the 20S
proteasome[148]. This indicated the potential for an age-related sex difference for proteasome activity in its
primed adaption from external stimuli. In another recent study, old (22-month-old) male rats showed
impaired fear memory with impaired UPS activity (reduced phosphorylation of the Rpt6 proteasome
subunit and accumulated K48 polyubiquitinated proteins) in the basolateral amygdala (BLA), while no
behavioral change was noted for old females. In this study, such changes in the activity-driven markers of
UPS activity occurred within the medial prefrontal cortex but not in the BLA of old females[149]. Such an
observation of the sex differences of UPS activity in different brain regions of the aged brain aid in the
understanding of sex differences related to cognitive decline with aging.
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As for autophagy, while no direct articles have reported sex differences in the normal aging brain, multiple
studies have demonstrated its role in AD[150]. Many investigations on other tissues (not brain tissue) have
shown that females appear to have overall lower levels of autophagy, and ovariectomized animals show
increased basal levels of autophagy in several cell types[151]. This highlights the changes in the nature and
extent of autophagy after menopause in women. Although more research is needed, considering the results
of Jenkin et al.[147]’s study, younger females show an overall higher proteostasis capacity, where there may be
a particularly well-established balance in the two types of protein degradation systems, but these could then
become disrupted upon aging, rendering elderly women more vulnerable to a number of associated
diseases.
For the many other hallmarks of brain aging, few studies have paid attention to any potential sex
differences. Although many of the above-noted differences in the cellular changes between the female and
male aging brains are not fully understood, these discoveries will likely attract increasing numbers of
researchers to consider the sex factor and to further illuminate the related cellular mechanisms. These will
help link the hormonal effects with those that relate to cognition and behavior, in the process of aging.

CONCLUSION
Sex differences in the brain, as they function in developmental and adult stages, have been widely
investigated. However, studies on the sex factors related to the aging brain are lagging behind and deserve
increasing attention, particularly under the current situation of a rapidly aging global population. Although
there are no consistent general conclusions related to sex differences on cognitive decline with aging, the
differences of some aspects of cognitive performance in older adults and the increased vulnerability of
females and males to various aspects of dementia are becoming fairly well established, especially for AD and
PD where sex is regarded as a primary risk factor for these neurodegenerative diseases. Specifically, many
studies have demonstrated that women have a higher prevalence of AD than age-matched men and exhibit
faster cognitive decline beyond AD diagnosis. Conversely, almost all recent studies have demonstrated that
men have a higher prevalence of PD. However, for treatment, the current interventions for dementia often
fail to consider the sex factor. One possible reason may be that the underlying mechanisms of sex difference
for the functional changes that occur during the process of brain aging are not yet fully clear and that
present techniques and other socioeconomic factors render such factors difficult to examine in detail.
However, it is clear that age-related cohorts need to be established and traced to provide information about
how human aging-related phenotypes and molecular changes upon aging relate to sex, in order to guide
future health improvements. Beyond human-based studies, to unpack the possible structural and cellular
mechanisms for sex differences of the aging brain, the use of animal models should be increasingly
established, with experiments designed that can incorporate the benefits of the model animal’s simple
genetic background. With a better understanding of the biological mechanism for the sex differences in
brain aging, we can better understand the overall functional changes in the brain, elucidate how sex creates
differences in disease risk, lay a stronger foundation for dealing with the newly emerging aspects of
neurodegenerative disease, explore more directly the biomarkers for brain aging, and further promote
personalized medicine that incorporates the factor of sex for improved and more individualized disease
treatment.
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