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GENERAL INFORMATION

About the Journal

AND is a peer-reviewed and open access multidisciplinary journal that publishes high-quality original articles, reviews,
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ageing-related neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis,
etc. continues to rise with the increased ageing population. Unfortunately, there are no effective treatments available for the
age-related neurodegenerative diseases. Thus, to develop successful interventions, it is important to investigate the basic
mechanisms of ageing and their roles in the onset and progression of neurodegenerative diseases. Therefore, we plan to
launch this new journal, which is aimed to report innovative research advances on the following topics:

1. The cellular and molecular mechanisms of ageing and the pathogenesis of neurodegenerative diseases;

2. The associations between neurodegenerative diseases and the biological bases of ageing with a focus on: genomic
instability, epigenetic alterations, telomere attrition, protein degradation system failure, mitochondrial dysfunction, cellular
senescence, nutrient sensing deregulation, stem cell exhaustion, intercellular communication impairment, etc.;

3. Translational research into prevention and treatment of age-related neurodegenerative discases;

4. Mechanistic bases for epidemiological observations in aging-related neurodegenerative diseases;

5. Psychology and Geriatric Mental Illness;

6. Neuropharmacology.
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Abstract

The current novel therapeutic approach suggests that multi-targeted compounds, with diverse biological activities
but a single set of bioavailability and pharmacokinetics, will be significantly more advantageous in the treatment of
the complex pathology of Parkinson’s diseases (PD) than traditional therapies. This review introduces a novel
cholinesterase (ChE)-monoamine oxidase (MAQ) inhibitor, namely MT-031, which was designed by amalgamating
the propargyl moiety of the irreversible selective MAO-B inhibitor and neuroprotective/neurorestorative anti-
Parkinsonian drug, rasagiline, into the methylamino position of the ChE inhibitor anti-AD drug, rivastigmine.
MT-031 possesses neuroprotective, cognition enhancing, anti-depressant, and anti-inflammatory properties both in
vitro and in vivo. Altogether, these findings suggest that MT-031 may be a potential treatment for combating PD
and associated dementia and depression.

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0
By 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.
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INTRODUCTION

With aging and the increasing life span of the population, Parkinson’s disease (PD), an age-related
neurodegenerative disorder, is receiving increased attention. It is estimated that the number of PD patients
will reach more than 12 million by 2040, doubling the cases seen in 2016". The motor deficits of PD are
emphasized in both making the initial diagnosis and in tracking the progression of the disease. As
understanding of the symptoms and pathogenesis deepens, however, it has been suggested that the non-
motor features of PD, including cognitive impairment, i.e., dementia, should be more attended to"**. A
previous study indicated that approximately 25.8% of individuals with PD exhibit mild cognitive
impairment”, and longitudinal studies have documented that up to 70% of these patients will progress to
dementia after ten years of symptoms”. In addition to cognitive impairment, other symptoms, e.g.,
depression, may emerge regularly throughout the development of PD'**, and this symptom may worsen the
severity of dementia as the disease progresses. Since dementia in both Alzheimer’s disease (AD) and PD
patients generally presents with similar features, present treatments for Parkinson’s disease dementia (PDD)
are mostly derived from drugs utilized in AD, such as cholinesterase inhibitors (ChEIs) and memantine,
which was initially developed for the treatment of AD. To date, rivastigmine is the only FDA-approved
therapy that is currently licensed for PDD.

It is well known that neurodegenerative diseases, such as AD, PD, amyotrophic lateral sclerosis, and
Huntington’s disease, are possibly triggered by a group of pathologies, characterized by separate etiologies
with distinct morphological and pathophysiological features, including iron accumulation®", generation of
reactive oxygen"" and nitrogen species"”, inflammation*"*, mitochondrial (complex I) deficiency"?,
ubiquitin-proteasome system dysfunction”, and abnormal protein folding and aggregation"*'"”. This
suggests that the “cocktail of drugs” strategy, i.e., mixing different targeted molecules as drug combinations,
may offer theoretically feasible treatment for these diseases. Nonetheless, compared to using a single
effective compound, the cocktail strategy increases the risk of side effects and ups the difficulty of managing
drug-drug interactions, safe dosing, and metabolic shunt effects”**". A single drug with multiple targets -
one compound conjugating two or more diverse biological properties - thus has a pronounced advantage
over single-target drugs or drug cocktails®**”. An attractive example of a multi-targeted drug is ladostigil
(TV3326), a cholinesterase (ChE)-monoamine oxidase (MAO) inhibitor, indicated to target various
pathogenic mechanisms of neurodegenerative diseases”**”. The underlying principle in the design of
ladostigil was to join the carbamate ChE inhibitory moiety of the anti-AD drug, rivastigmine, to the
irreversible selective MAO-B inhibitor, rasagiline®”. Ladostigil has shown positive results in a phase II
clinical trial evaluating its safety and efficacy in patients diagnosed with MCI"®.

Based on a similar rationale, a novel ChE-MAO inhibitor, namely MT-031 [Figure 1], was designed and
synthesized for the treatment of AD. MT-031 amalgamates the propargyl moiety of the irreversible selective
MAO-B inhibitor and neuroprotective/neurorestorative drug, rasagiline, into the methylamino position of
the ChE inhibitor, rivastigmine™. Since AD and PD share similar pharmacological treatment demands, this
review discusses the potential use of this novel multi-targeted drug, MT-031, for dementia and depression
in PD.

INHIBITORY EFFECT OF MT-031 ON MAO

Rasagiline (Azilect®) is an anti-Parkinsonian MAO-B inhibitor drug, which presented neuroprotective and
neurorescue activities in animal models and neuronal cell models of neurodegeneration™ and exerted
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Figure 1. The chemical structure of the novel ChE-MAO inhibitor, MT-031[(S)-3-(1-(Methyl(prop-2-yn-1-yl)amino)ethyl)phenyl
ethyl(methyl)carbamate], designed by amalgamating the active propargyl moiety of the anti-Parkinsonian drug, rasagiline, a brain
selective MAO-B inhibitor, into the “N-methyl” position of the anti-AD drug ChE inhibitor, rivastigmine. AD: Alzheimer's disease; ChE:
cholinesterase; MAO: monoamine oxidase; MAO-B: monoamine oxidase-B.

disease-modifying effects in PD patients”*?. The propargyl moiety of rasagiline has been proven to be an
important active functional group for its MAO inhibitory activity”*** and neuroprotective/neurorestorative
effects”>*). By retaining the active propargyl moiety, the inhibition of MAO in the brain is associated with
neuroprotective effects in the neurodegenerative and age-related disturbances of homeostasis, and the
products of the MAO-catalyzed reaction (e.g., aldehydes and hydrogen peroxide) are compelling inducers
of lipid peroxidation and the generation of free radicals in the involution of the nervous system"””*. By
retaining the propargyl moiety of rasagiline, MT-031 was found to be a selective MAO-A inhibitor
(selectivity of MAO-A/B > 500-fold, Table 1); interestingly, this is different from its parent drug, rasagiline,
which is a selective MAO-B inhibitor (selectivity of MAO-B/A = 100-fold, Table 1)*. In humans, MAO-A
is found within the outer mitochondrial membrane of both neuronal and glial cells, where it participates in
the inactivation of dopamine (DA) in the primate and human brain™. As dopamine depletion in the
striatum causes the core motor manifestations of PD, a selective MAO-A inhibitor might provide an anti-
Parkinsonian benefit'**",

Additionally, depression has also been reported to be one of the most common symptoms of PD, occuring
in around 40% of patients with PD, and it is often persistent*”. The efficacy of MAO-A inhibitors has been
proven effective in the treatment of atypical depression, high levels of anxiety, anergic bipolar depression,
and treatment-resistant depression for decades*. MAO-A mainly metabolizes serotonin (5-HT) and
norepinephrine (NE), and a reduction in the 5-HT major metabolite, 5-hydroxyindoleacetic acid, in the
cerebrospinal fluid was reported to be associated with violent and impulsive behavior, including violent
suicide attempts'*. The antidepressant effects of MAOIs were hypothesized to be based on a deficiency in
catecholamines, specifically NE and DA, as well as possibly the indolamine 5-HT"”; the mechanisms of
action of MAOQIs as antidepressants were thus thought to be because they directly resulted in increased
levels of neurotransmitter amines at nerve terminals"***”’. Selective MAO-B inhibitors may not be effective as
antidepressants because MAO-B has no direct effect on either 5-HT or NE metabolism. A dual MAO-A/B
inhibitor may rapidly increase DA levels to heighten feelings of pleasure, but abnormal surges in DA are
linked to serious side effects™ . Therefore, a drug with selective MAO-A inhibition could potentially be a
safer and more effective treatment for depression in PD patients.
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Table 1. The inhibitory effect (IC,,) of MT-031 and its parent drugs, rasagiline and rivastigmine, on MAO and ChE in vitro

Compound Inhibition (IC;, pM?)

MAO-A MAO-B MAO selectivity (A/B) AChE BuChE ChE selectivity (AChE/BuChE)
MT-031 0.71£0.04 >1000 >500 583+6.3 34.6+83 059
Rasagiline 0.4 0.0044  0.01 NA NA -

b

Rivastigmine ~ NA NA - 2.07 0.37 0.18

*IC 5o, micromolar (uM) concentration at which compound inhibits 50% of the enzyme activity; bNA, no activity; -, not tested. MAO: Monoamine
oxidase; MAO-A: monoamine oxidase-A; MAO-B: monoamine oxidase-B; ChE: cholinesterase; AChE: acetylcholinesterase; BuChkE:
butyrylcholinesterase.

Moreover, an important finding is that, following administration of MT-031, there is little inhibition of
MAO-A in the liver and small intestine®*. Irreversible, high degrees of MAO-A inhibition in peripheral
tissues is associated with potentiation of tyramine-induced cardiovascular activity”™’, namely the “cheese
effect”™”. These data indicate that MT-031 may produce only limited potentiation of blood pressure in
response to oral tyramine, as previously described for rasagiline”*® and other propargyl containing drugs,
such as ladostigil®, M30'”, and VAR-10303'""\.

INHIBITORY EFFECT OF MT-031 ON CHE

To date, acetylcholinesterase inhibitors (AChEIs) have been the mainstay of therapeutic approaches for AD.
AChETIs are used to increase synaptic levels of acetylcholine (ACh) and block the breakdown of ACh by
inhibiting AChE"?. Some reports suggest that cortical cholinergic deficits are more pronounced in PDD and
that they are strongly correlated with cognitive decline and neuropsychiatric disturbances in PD'****). The
efficacy of the only FDA approved dual AChE and butyrylcholinesterase (BuChE) inhibitor, rivastigmine
[Figure 1 and Table 1], one of the parent drugs of MT-031, has been proved in various clinical trials in the
treatment of PDD!*”. Rivastigmine exerts its therapeutic effects by increasing the levels of acetylcholine in
the brain via reversible inhibition of its hydrolysis®.. It has been proposed that the effects of rivastigmine
might reflect an additional property of BuChE inhibition, which is implicated in symptom progression and
thus can provide some patients supplementary benefits over AChE selectivity!”. In humans, AChE
predominates (80%) and BuChE is considered to play a minor role in regulating ACh levels in the healthy
brain*”. Especially, BuChE activity rises while AChE activity remains unchanged or declines in the AD
brain'**”, thereby supporting the key role of BuChE in regulating brain acetylcholine levels'”". Therefore,
both enzymes are likely to be involved in regulating ACh levels and represent legitimate therapeutic targets
to ameliorate cholinergic deficits””. MT-031 was found to significantly inhibit both AChE and BuChE
activities in vitro, although with a lower IC,, than that of its parent drug, rivastigmine [Table 1]\
Accordingly, our previous study showed that MT-031 treatment prevented cognitive deficits induced by
scopolamine and improved spatial learning and memory. These results may be attributed to MT-031 being
able attenuate scopolamine-induced ChE disturbance by inhibition of ChE activity. In addition, after acute
treatment in rats, MT-031 inhibited cortical and hippocampal AChE/BuChE by 50%-70% at doses ranging
from 5 to 10 mg/kg™'. The high inhibitory effect of ChE activity is very crucial, as the fact that the clinical
study of ladostigil (clinicaltrials.gov/ct2/show/NCT01354691) in the treatment of AD did not achieve its
primary outcome may be due to its low inhibitory ratio on AChE (ladostigil inhibited an average of 21.3% of
AChE)?7”]. Furthermore, 24 h after the last dose was given to mice in a chronic administration model,
MT-031 still caused dose-dependent antagonism of the spatial memory deficits induced by scopolamine in
mice®. These results may suggest that MT-031 is a reversible but long-term ChE inhibitor, and that it is
able to increase brain ACh levels sufficiently to compete with scopolamine for the muscarinic receptors

[74]

subserving memory
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NEUROPROTECTIVE ACTIVITY OF MT-031

One aspect of the neuroprotective activity of MT-031 is that it directly scavenges free radicals over-
produced in hydrogen peroxide (H,0,)-treated SH-SY5Y cells®. H,0, is a major source of free radicals; it is
produced during the redox process and considered to be a messenger in intracellular signaling cascades,
including cellular metabolism and proliferation””*. The predominant sources of H,O, in the brain are
spontaneous superoxide dismutation catalyzed by the enzyme superoxide dismutase” and MAO
activity”™. MAO-A and -B, in particular, catalyze the oxidative deamination of DA, 5-HT, and NE® and
yield metabolic products, aldehydes, and reactive oxygen species (ROS) such as H,O,. Therefore, the
neuroprotective abilities of MAO inhibitors in the treatment of PD may be through reducing ROS
production”®”*). In addition, several lines of evidence suggest that AChE and BuChE activation may be
involved in the apoptosis associated with H,0,""*!. The link between cholinergic signaling and oxidative
stress provides an additional therapeutic target for ChEIs in PD. Indeed, the ChEls, tacrine®®, huperzine

A™), and rivastigmine'®

were demonstrated to significantly protect cells against H,O, insult. Moreover,
MT-031 was found to enhance the mRNA expression levels of neurotrophins, anti-apoptotic molecules
(Bcl-2 like 1 and Bcl-2), and an anti-oxidative enzyme (catalase) in the mouse striatum, further
demonstrating the significant neuroprotective and anti-oxidative actions of this drug®®’. Multiple studies
with various apoptotic paradigms have shown that Bcl-2 can protect cells against oxidative insults®*".
Measurements of ROS levels including H,0, have shown that Bcl-2 expression is correlated with reduced
levels of oxidative stress in cells exposed to oxidative damage. Additionally, increased synaptic ACh levels
resulting from AChE inhibition may potentiate the effect of neurotrophins, neuronal growth factor and
brain-derived neurotrophic factor, which was previously demonstrated to induce neuroprotection against

free radical insults®*.

Increasing evidence suggests that neuroinflammation contributes to the cascade leading to progressive
neuronal damage in PD"**". The major pro-inflammatory cytokines, such as interleukin-1g (IL-18), IL-2,
IL-6, IL-17, tumor necrosis factor-alpha (TNF-a), and interferon-gamma (IFN-y), lead to increased
production of inducible oxidative stress, neuronal stress, and further neuronal dysfunction and death in the
AD brain”**. The anti-inflammatory effect of MT-031 was found to be associated with elevation of the
levels of one of the major cytokines, IL-10, which limits inflammation by reducing the synthesis of pro-
inflammatory cytokines such as IL-1, IL-6, IFN-y, and TNF-a*. The anti-inflammatory effect of MT-031
was also demonstrated in proliferated splenocytes activated by anti-CD3, in which MT-031 did not affect
the viability of the unstimulated splenocytes, indicating that the anti-proliferative effect was not associated
with a protective effect against cytotoxicity®”. In addition to proliferation, splenocytes and microglia cells
can also be activated to produce cytokines, multi-functional soluble factors with pro- and anti-inflammatory
activities”*””. MT-031 suppressed the elevation of IL-17 and INF-y in anti-CD3-activated splenocytes,
possibly by increasing the generation of IL-2, although the exact mechanism needs to be addressed by
further study. Inconsistent with the anti-inflammatory effects seen in cell cultures, MT-031 upregulated the
mRNA expression levels of the anti-inflammatory cytokine neurotrophic tyrosine kinase receptor and
reduced levels of the pro-inflammatory cytokine IL-6 in a scopolamine mouse model”"..

EFFECTS OF MT-031 ON SCOPOLAMINE-INDUCED DEMENTIA

It has been shown that scopolamine exerts its effects through antagonizing muscarinic acetylcholine
receptors”*. A previous study confirmed that MT-031 treatment prevented cognitive deficits induced by
scopolamine and improved spatial learning and memory, as examined in the Y maze task and Morris water
maze test™". This effect may be attributed to an increase of amine contents, NE, 5-HT, and DA, as well as to
the direct effect on scopolamine-induced ChE disturbance through inhibition of ChE activity. MT-031
exerted a significant inhibitory effect on ChE in the hippocampus and frontal cortex of mice®". This is an
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MT-031
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Figure 2. Suggestive schematic illustration for the mechanism of multifunctional brain permeable drug, MT-031, as a potential
therapeutic approach of dementia and depression in PD. PD: Parkinson's disease; AChE: acetylcholinesterase; BuChE:
butyrylcholinesterase; MAO-A: monoamine oxidase-A; ROS: reactive oxygen species; IL: interleukin; TNF-o: tumor necrosis factor-alpha;
IFN-y: interferon-gamma; TNF-a: tumor necrosis factor-alpha; Ntrk: tyrosine kinase receptor; NGF: neuronal growth factor; BDNF: brain-
derived neurotrophic factor; GDNF: glial cell-derived neurotrophic factor; Bcl-2 like 1: B-cell lymphoma 2 like 1.

advantageous property of MT-031, as previous data show that, when ChE inhibitors are less effective in the
hippocampus, other brain regions may produce insufficient amounts of ACh to displace scopolamine from
receptors, which results in dysfunctional mediation of working memory"*. Our data are in line with the
reported protective effects of rivastigmine"”" and ladostigil"® in a scopolamine mouse model, suggesting
the importance of inhibiting both AChE and BuChE activities in ameliorating cognitive impairments'**".
There are more and more studies that support the idea that multi-targeted brain selective MAO and ChE
inhibitors may exert better treatment effects than single ChE inhibitors in the treatment of dementia in

neurodegenerative disorders such as AD and PD"»*%,

CONCLUSION AND PERSPECTIVE

Available treatments for PDD are limited in both number and quality, and they only provide symptomatic
relief for cognitive impairment. The multi-factorial causes of the disease make the development of new
drugs a difficult task. The rational design of incorporating two or more distinct functional pharmacophores
into one molecule has been suggested to be feasible™'*”. A single target molecule may have greater affinity
towards a specific target than a molecule with multiple targets; however, a multi-target strategy creates
compounds with a balanced affinity for treating the multifactorial causes of multiple neurodegenerative
diseases. To date, none of the cholinesterase inhibitors in the clinic has been proved to possess
neuroprotective activity or anti-depressant action. The design of the novel drug candidate, MT-031, was
aimed at targeting multiple neurodegenerative processes. MT-031 is a brain selective MAO-A and
AChE/BuChE inhibitor and has been found to exert a wide range of neuroprotective activities [Figure 2],
including anti-oxidative activity, clearance of ROS accumulation, prevention of neuronal death, and
increasing levels of neurotrophic factors. MT-031 also possesses anti-inflammatory capabilities including
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preventing cellular proliferation, upregulating anti-inflammatory cytokines, and downregulating pro-
inflammatory cytokines"”>**. There is evidence that MT-031 inherited the neuroprotective potency described
for propargylamine derivatives in neurodegenerative animal models”**'*’. Similar to its other parent
compound rivastigmine*" at a dose that inhibited ChE in the cortex and hippocampus by approximately
70%, MT-031 was effective in antagonizing the working and reference memory deficits induced by
scopolamine. These miscellaneous pharmacological properties of MT-031 [Figure 2], accompanied by its
ability to improve cognitive deficits, make this compound valuable as a novel drug candidate for the
treatment of dementia and depression in PD.
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Abstract

Elucidating the pathogenic mechanisms of Alzheimer's disease (AD) to identify therapeutic targets has been the
focus of many decades of research. While deposition of extracellular amyloid-beta plaques and intraneuronal
neurofibrillary tangles of hyperphosphorylated tau have historically been the two characteristic hallmarks of AD
pathology, therapeutic strategies targeting these proteinopathies have not been successful in the clinics.
Neuroinflammation has been gaining more attention as a therapeutic target because increasing evidence
implicates neuroinflammation as a key factor in the early onset of AD disease progression. The peripheral immune
response has emerged as an important contributor to the chronic neuroinflammation associated with AD
pathophysiology. In this context, the plasminogen activator system (PAS), also referred to as the vasculature's
fibrinolytic system, is emerging as a potential factor in AD pathogenesis. Evolving evidence suggests that the PAS
plays a role in linking chronic peripheral inflammatory conditions to neuroinflammation in the brain. While the PAS
is better known for its peripheral functions, components of the PAS are expressed in the brain and have been
demonstrated to alter neuroinflammation and blood-brain barrier (BBB) permeation. Here, we review plasmin-
dependent and -independent mechanisms by which the PAS modulates the BBB in AD pathogenesis and discuss
therapeutic implications of these observations.

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0
By 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.
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INTRODUCTION

Alzheimer’s disease (AD) is recognized as the most common cause of dementia in the elderly, and over 6
million Americans are currently living with this disorder. In the United States, AD is the sixth leading single
cause of death and the second most common contributing cause of death. The hallmark neuropathologic
characteristic of AD is abnormal extracellular protein accumulation in the brain, notably the extracellular
deposition of amyloid-B (AB) peptide generated from the improper cleavage of amyloid precursor protein
(APP) that gives rise to AB monomers that aggregate into oligomeric AB fibrils and plaques, and
intraneuronal neurofibrillary tangles (NF) comprised largely of hyperphosphorylated tau. These
proteinopathies are associated with the loss of synapses and subsequent neuronal cell loss in the entorhinal

cortex, hippocampus, and frontal cortex""”

, and currently, the biomarkers most commonly used in human
AD studies are beta-amyloid 42, tau, and phospho-tau proteins in the cerebrospinal fluid. More recently,
blood p-tau181 has been reported as being a useful biomarker for distinguishing AD from other
dementias'”. Thus, it has been widely posited that Ap plaques and/or abnormal hyperphosphorylated tau
protein accumulation are causally linked to the behavioral and neurologic symptoms of AD. However,
therapeutic strategies for decreasing Ap plaque load®”, reducing A production with BACE-1 inhibitors'”,
or inhibiting hyperphosphorylated tau aggregation'”, have been largely unsuccessful in clinical trials over
the past several years”. These failed clinical trials coupled with observations of age-related increases in A
deposition in cognitively intact individuals as well as evidence that AB plaque load does not closely
correspond with cognitive decline in AD patients"*’ and neurofibrillary tangles are associated with severe
cognitive impairment characteristic of late stages of AD"""), have prompted research into alternative
pathogenic mechanisms of AD.

It is now recognized that the extracellular deposition of AB and hyperphosphorylated tau triggers pro-
inflammatory responses in microglia and astrocytes>"*. The neuroinflammatory response in AD has been
described in detail in several recent reviews*'”, and it appears that neuroinflammation plays an important
role in the early progression of AD"*"”.. Multiple investigators have shown that Ap monofibrils, oligomers,
and plaques activate gene expression of pro-inflammatory mediators in microglia and astrocytes'>'*'**,

While microglial phagocytosis of amyloid may be neuroprotective in the early stages of AD by promoting
AB clearance””, microglial activation in later stages may promote the progression of AD"'"*. Network-
based integrative analysis of whole-genome gene-expression profiling and genotypic data obtained from
late-onset AD and non-demented control brains identified the immune/microglia module as the molecular
system most strongly associated with the pathophysiology of AD, and in particular, late-onset AD"?.

Microglial activation is thought to promote AD progression by (1) complement-mediated phagocytosis of
synaptic structures to promote synapse loss; and/or (2) release of nitric oxide (NO) and proinflammatory
cytokines, including TNF-o, IL-6, and IL-1B, that act as soluble synaptotoxic factors and induce “A1”
neurotoxic astrocytes”?. In support of these proposed mechanisms, microglial activation has been linked
to increased synaptic loss and neurodegeneration in AD™*””, and pharmacologic inhibition of microglial
proliferation in the APP/PS1 mouse effectively shifted microglia to an anti-inflammatory phenotype that
was associated with decreased synaptic degeneration and improved memory”. In Alzheimer mouse
models, early synaptic loss is associated with C1q complement tightly bound to AB plaques surrounded by
neuronal atrophy from microglial phagocytosis”’. Mononuclear phagocytes enter the central nervous
system (CNS) signaled by chemokines (CXCL1), while the innate immune system also appears to contribute
to the neuroinflammatory response to activated microglia in AD models™.
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While the initial focus on the role of the immune response in AD pathogenesis has been on the brain’s
intrinsic neuroinflammatory response, attention is now being directed to multiple systemic inflammatory
disorders that accelerate or in some instances may be the primary trigger for neuroinflammatory responses
that initiate and/or promote AD and other dementias”'**. Some of the observations that have stimulated
this shift in focus include reports that young children chronically exposed to high levels of air pollution

[35,36]

were found to have neuropathological hallmarks of AD upon incidental autopsy"***, and evidence that type
2 diabetes/ metabolic syndrome and inflammatory bowel disease are associated with increased risk of
developing AD">***. The causal factors linking peripheral inflammatory conditions to AD are likely multi-
factorial and have not yet been clearly delineated; however, several mechanisms are emerging. Peripheral
inflammatory conditions have been shown to (1) generate inflammatory cytokines that facilitate access of
peripheral inflammatory lymphocytes into the CNS, most notably TNFo, IL-1p, and IL-6; (2) cause
dysfunction of the blood-brain barrier (BBB); and (3) activate the plasminogen activator system (PAS),
which has direct effects on the CNS and further facilitates BBB dysfunction. The remainder of this review
will investigate the role of the PAS in mediating inflammatory crosstalk between the periphery and the brain
and its potential role in AD pathogenesis.

PLASMINOGEN ACTIVATOR SYSTEM

The plasminogen activator system (PAS) is comprised of a group of serine proteases, inhibitors, and binding
proteins that control the activity of the serine protease plasmin [Figure 1]*. Plasmin plays a key role in the
fibrinolysis cascade, catalyzing the final degradation of fibrin and various extracellular matrix proteins"*>*’.
The zymogen plasminogen (PIG) is converted to activated plasmin by plasmin activators, which include
tissue-type plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA). tPA is primarily
involved in intravascular fibrinolysis, activating plasminogen that is bound to polymerized fibrin. In
contrast, uPA is secreted as a pro-enzyme whose active form is primarily localized on cell surfaces where it
binds to the uPA receptor (uPAR). Plasminogen conversion by tPA and uPA in both the periphery and the
CNS is tightly regulated by serine protease inhibitors (serpins). Serpins represent a superfamily of proteins
with similar structures. Most relevant to this discussion are plasminogen activator inhibitor type 1 (PAI-1)
and neuroserpin (NSP). PAI-1 irreversibly inhibits uPA or tPA by undergoing a large conformational
change upon binding uPA or tPA that disrupts the active site of the plasmin activator and of PAI-1. In
contrast, NSP preferentially inhibits tPA by forming an unstable complex that can release active tPA*.
Reflecting the need for stringent regulation of the plasminogen cascade, free forms of activated plasmin
activators, PAI-1, and NSP exist at very low concentrations with half lives in the order of minutes**..

PAS in the periphery

The peripheral PAS plays a central role in mediating fibrinolysis, extracellular migration, cell signaling,
cellular migration, and tumor growth, which has been reviewed in detail elsewhere**’. The PAS converts
inactive plasminogen to plasmin, a trypsin-like serine protease, via the catalytic activity of PA™.
Plasminogen is primarily present in platelets in the plasma and liver. However, in mice, plasminogen
mRNA has been found in the adrenal, kidney, brain, testis, heart, lung, uterus, spleen, thymus, and gut"***".
In the periphery, PAI-1 serves as the main suppressor of plasma fibrinolytic activity*”. In the bloodstream,
PAI-1 exists on its own in an active form, or as part of a complex with tPA or vitronectin, a glycoprotein
that can convert PAI-1 into its active form. Elevated levels of PAI-1 are associated with metabolic syndrome

48,49]

and associated with increased risk of atherothrombosis and stroke!***.

PAS in the CNS

In the CNS, plasminogen is expressed at low levels by neurons in the hippocampus, cortex, cerebellum, as
well as neuroendocrine tissues, but it is primarily transported to the brain via systemic circulation">**",
Plasminogen has been localized to the extracellular space, while the plasmin activators, tPA and uPA, have
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Figure 1. Schematic diagram of the molecular mechanisms of the plasminogen activator system. PAI-1: Plasminogen activator
inhibitor-1; NSP: neuroserpin; uPA: urokinase-type plasminogen activator; tPA: tissue-type plasminogen activator; PLG: plasminogen;
PLM: plasmin. Created with BioRender.com.

been localized to not only the extracellular space, but also to neurons and astrocytes. Both plasmin
activators have been shown to modulate synaptic function when released into the synaptic cleft®**.
Membrane depolarization induces the rapid release of tPA from cerebral cortical neurons, which modulates
neuronal plasticity, learning, stress-induced anxiety, and visual cortex plasticity”™. tPA and uPA activities
have been localized to well-defined areas of the brain"** and shown to participate in intracellular signaling
that is independent of plasminogen activation (see below). tPA is the principal plasmin activator in the CNS
with PAI-1 regulating its activity primarily in the extracellular space. NSP is primarily localized in neurons
in the developing brain with very low levels detected in the mature CNS'*”), where it preferentially binds to
and inhibits tPA"*". Interestingly, mutations of NSP are associated with rare familial dementia characterized

by neuronal inclusion bodies that are biochemically comprised of polymers of NSP'*.

Plasmin activity has been shown to be upregulated in axonal growth and synaptic pruning, suggesting a role
in brain development and regeneration that is not yet well understood™’. While both tPA and uPA can
mediate plasminogen activation in the CNS, plasminogen activation is primarily controlled by the tight
regulation between tPA and PAI-1". uPA has a low baseline expression in specific neurons and astrocytes
in the normal brain, but is upregulated in pathologically inflammatory environments, such as multiple
sclerosis and epilepsy™'. Endothelial cells of microvessels in the brain contribute to the production of tPA,
but tPA can also be expressed by glial cells, neurons, and infiltrating leukocytes, implicating a broad
spectrum of tPA involvement in the brain. While tPA in the mature brain is detected primarily in neurons,
its enzymatic activity is primarily restricted to the hippocampus, amygdala and hypothalamus'***. The
discrepancy between the expression of tPA mRNA and its areas of enzymatic activity is consistent with its
trafficking and transport to mossy fiber tracts'***.

The plasmin activators, tPA and uPA have been shown to play an important role in CNS function and
dysfunction with some of their functions being independent of plasminogen'”*. Extracellular tPA
participates in cerebellar motor learning'”, remodeling in various nonneural tissues'”, and neuronal
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regeneration following ischemic injury*”. tPA also participates in the regulation of BBB permeability'*”.
Neuronal uPA is present in lower levels than tPA, participating in neurogenesis in the developing brain"".
Its release in the mature central nervous system triggers astrocytic activation*” and, like tPA, uPA promotes
axonal and synaptic recovery following different forms of injury””. Both tPA and uPA are found in pre-

[52,54,55]

synaptic vesicles that are released by calcium-dependent mechanisms

The PAS is altered in AD

There has been longstanding interest in the role of the PAS in AD beginning with early reports that active
plasmin efficiently digests Ap peptides””” both in vitro and in rodent AD models"*”>7*”*!| In the AD brain,
tPA is highly expressed in regions of AD plaques, and in AD models where tPA is genetically inactivated,
there is an increased accumulation of AB, synaptic dysfunction and memory deficits”. However, the
enzymatic ability of brain tPA and uPA to activate plasmin in vivo is thought to be prevented by irreversible
binding to high levels of extracellular PAI-1 secreted by immune-activated microglia and astrocytes"®. PAI-
1 is minimally expressed in the normal brain or cerebral vasculature, but does increase with senescence!™*".
Brain levels of PAI-1 are also markedly increased in APP/PS1 mice® and the serum levels of PAI-1 are
positively correlated with cognitive impairment in AD patients'™. Consistent with the hypothesis that PAI-1
promotes AD pathology, genetic knockdown or small molecule inhibitors of PAI-1 reduced plaque
formation in AD rodent models, and the small molecule PAI-1 inhibitor, PAZ-417, was shown to
significantly improve hippocampal LTP and cognitive function in AD mice””****". This finding was
confirmed recently in an APP/PS1 AD mouse model using another small molecule PAI-1 inhibitor"™.

Whether tPA primarily plays a beneficial or detrimental role in AD progression is debated. Several studies
have demonstrated that tPA activation of plasmin enzymatically reduces Ap accumulation”™. Conversely,
tPA has been shown to mediate excitotoxic neurodegeneration by activating plasmin and causing
subsequent laminin degradation. Independent of plasmin activation, tPA causes GSK3 activation, tau
hyperphosphorylation, microtubule destabilization, and neurotoxicity in rodent hippocampal neurons™. It
has also been shown to mediate amyloid-induced microglial activation™. Based on such observations, it has
been proposed that tPA contributes to neurotoxicity, microglial activation, and tau hyperphosphorylation as
part of a feed-forward inflammatory pathway***/,

PAI-1 expression has been reported to be increased in the plasma®**"! and brain tissues of AD patients”.
PAI-1 expression is not detected in normal healthy human brains but is sporadically present in aged
brains®*, and possibly linked to cerebrovascular disease. PAI-1 is the primary regulator of tPA in the CNS
extracellular space and is a proinflammatory biomarker. Cytokines upregulate PAI-1 expression in
microglia and astrocytes in human and animal models of AD"**”.. The PAI-1 promoter is activated by
TNF-a via an NF«B 5" upstream element and directly activated by TGF-p1 via SMAD2/3 promoter binding
sites’®****). When PAI-1 is complexed with low density lipoprotein receptor-related protein-1 (LRP-1), it
signals changes in microglial morphology and motility that are consistent with microglial activation**¥. In
patients with AD, plasminogen activator activity is reduced while PAI-1 and NSP are upregulated™”.
However, there are contradictory findings regarding measurements of PAI-1 and tPA in the CSF and serum
of patients with AD*%],

Congophilic amyloid angiopathy (CAA) is a vascular complication of AD in which AB40 plaques
accumulate within the brain endothelium of cerebral arteries, arterioles and capillaries"”". CAA can result in
intracranial hemorrhages, cognitive impairment, or subacute inflammatory encephalopathy. tPA activation
of endothelial NMDA receptors has been shown to regulate neurovascular coupling via nitric oxide-
mediated regulation of cerebral blood flow. Elevated levels of brain PAI-1 impairs this tPA-dependent
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neurovascular coupling in Tg2576 AD mice, and pharmacologic inhibition of PAI-1 was shown to improve
cognition in this animal model by selectively restoring neurovascular function while not affecting cortical
amyloid plaques"*.

PAS modulates BBB integrity in AD
There is increasing evidence identifying BBB leakage as an early sign of cognitive dysfunction, as well as
evidence linking BBB dysfunction to AD pathogenesi 2.109]

103,104
S[

I'and its neuroinflammatory pathology"'”".

However, the mechanisms underlying BBB dysfunction in AD are currently not well-elucidated. The BBB is
part of the neurovascular unit (NVU) in the brain, which consists of endothelial cells (ECs), mural cells,
including vascular smooth muscle cells and pericytes, basement membrane, glia cells including astrocytes
and microglia, and neurons [Figure 2]. The ECs of the BBB are a distinct characteristic of the NVU due to
their tight junctions and lack of fenestrae. This allows the ECs to regulate the selective transport and
metabolism of substances from blood to brain and vice versa, thereby separating the microenvironment of
the brain parenchyma from changes in circulating ion and metabolite concentrations in the systemic
circulation*.

In CNS injury, there are several potential mechanisms by which tPA is able to mediate changes in the
permeability of the BBB [Figure 3], which in turn further exacerbates CNS injury by promoting
neuroinflammation. AD is associated with BBB dysfunction in humans and animal models. Amyloid
deposition activates gliosis that can alter the morphology of astrocytic endfeet, which are integral to the
integrity of the neurovascular unit. As described previously with CAA, amyloid deposition can also injure
the brain endothelium, which can additionally impair BBB integrity"*. Finally, Ap oligomers stimulate
fibrin production that complexes with amyloid plaques, and fibrin has been shown to be increased in the
parenchyma and vasculature of AD brains"”'*. This fibrin-Ap complex promotes further
neuroinflammation and neurodegeneration. tPA is conformationally activated by fibrin deposition, but its
enzymatic activity is inhibited by the elevated levels of PAI-1 found in AD parenchyma. However, as
summarized in Figure 3, activated tPA has multiple plasmin-independent mechanisms by which it can
compromise BBB integrity.

tPA in the CNS directly alters BBB integrity

tPA has long been known to play a significant role in the NVU, mostly in the context of stroke!"”"". tPA
has been reported to directly alter the BBB integrity by triggering activation of LRP-1 on the surface of
astrocytes!”. LRP-1 is a multifunctional signaling receptor that functions in receptor-mediated endocytosis
and cellular signaling. LRP-1 binds many ligands, including tPA and amyloid-beta""”, which thereby
facilitates Ap endocytosis across endothelial cells of the BBB""”. Ap oligomers may compromise BBB
integrity via activation of matrix metalloproteinases (MMPs)"""”. Alternatively, tPA may cleave LRP-1 at its
substrate binding ectodomain, activating NF-«B, which promotes the synthesis of matrix metalloproteinases
MMP-3 and MMP-9, leading to matrix protein degradation and BBB leakage"”. tPA-induced activation of
LRP-1 shedding from astrocytic endfeet also promotes detachment of endfeet projections from tight
junctions of the endothelial cells of the neurovascular unit, further compromising the BBB"?. Additionally,
tPA can directly alter BBB integrity via platelet-derived growth factor PDGF-CC!""*. Upregulated neuronal
expression of tPA expression induced by CNS disease or injury results in the release of tPA into the
extracellular matrix of the brain, where it cleaves complement subcomponents C1r/C1s, urchin EGF-like
protein, and bone-morphogenic protein-1 (CUB) from PDGF-CC forming an active ligand that binds to
PDGF receptor-a (PDGFR-a). PDGFR-a promotes BBB leakage that worsens cerebral edema,
neuroinflammation and neuronal death™*. One study found this tPA-mediated activation of PDGF-CC to
be inefficient in an in vitro stroke model"'”. However, in vivo, the Mac-1 integrin expressed on microglia
works cooperatively with the endocytic receptor LRP-1 to promote tPA-mediated activation of PDGF-
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Figure 2. Cross-section of the neurovascular unit (NVU) in a normal brain vs. an Alzheimer's disease (AD) brain. The blood-brain
barrier (BBB) consists of endothelial cells joined by tight junctions, basement membrane, mural cells (i.e., pericytes and vascular
smooth muscle cells), enclosed by astrocytic endfeet. Neurons and microglia closely associate with the BBB. In the AD brain, the NVU
undergoes morphological and structural changes due to AD pathology. Amyloid-beta plaques complexed to fibrin result in
neuroinflammation and BBB disruption, including activated microglia, swollen astrocytic endfeet, and compromised tight junctions.
Created with BioRender.com.

CC"*. Multiple studies have also implicated tPA in binding amyloid-beta, thereby facilitating Ap
endocytosis across endothelial cells of the BBB!""*\.

Peripheral tPA alters BBB

In addition to its endogenous effects within the CNS, peripheral tPA can cross the intact BBB"',
phosphorylate claudin-5 and occludin, thereby weakening endothelial tight junctions and increasing BBB
permeability by plasmin-independent mechanisms"'”""*. Chronic release of plasma tPA can induce a
hyperfibrinolytic state that also directly increases vascular permeability of the BBB. Resultant plasmin
activation by tPA also triggers bradykinin (BK) production’>*.. BK is a peptide mediator generated from
its circulating precursor, high molecular weight kininogen (HMWXK), and is known for its ability to induce
vascular permeability and cause vasodilation of arteries and veins'"”.. It is a pro-inflammatory mediator, and
its role as a neuromediator was identified in clinical conditions including AD"*. While it is still debated as
to how the PAS triggers BK generation, two primary pathways have been proposed [Figure 3]. A direct
mechanism identified using an in vitro model involves tPA-mediated conversion of plasminogen to
plasmin, which then cleaves HMWK into BK. BK acts through the bradykinin 2 receptor (B2R) on
endothelial cells, triggering a signaling cascade that promotes intracellular calcium release and
downregulation of claudin-5, a critical protein involved in maintaining EC tight junctions". B2R
activation can additionally induce tPA release from endothelial cells, further amplifying additional BK
generation”'. The PAS alternatively can indirectly trigger BK formation through a plasmin-dependent
pathway where plasmin activated by tPA then converts Factor XII (FXII) into Factor XIIa (FXIIa), which
then converts plasma pre-kallikrein into plasma kallikrein (PKal)"*". PKal then serves to cleave HMWK,
leading to BK formation and B2R signaling activation [Figure 3]. This indirect mechanism was
demonstrated ex vivo and in vivo with the former using human plasma incubated with tPA, which resulted
in the formation of active PKal; the latter demonstrating that intravenous injection of tPA in mice increased
PKal activity">"*?.
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Figure 3. Mechanisms by which tPA may disrupt the blood-brain barrier. (1) tissue-type plasminogen activator(tPA) released from
neurons cleaves lipoprotein receptor-related protein-1 (LRP-1) to activate an NF-«B signaling cascade resulting in the production of
MMP-9. tPA and LRP-1 can bind amyloid beta, which facilitates Ap endocytosis across the blood-brain barrier (BBB). (2) Neuronal tPA
degrades platelet-derived growth factor-CC (PDGF-CC) to release the active ligand for PDGF receptor-o. (PDGFR-a) on astrocytic
endfeet, causing them to retract from endothelial cells. (3) Plasma tPA activates plasmin to directly produce bradykinin that activates
bradykinin 2 receptor (B2R) receptor on endothelial cells. (4) Plasma tPA cleaves plasminogen to generate plasmin that indirectly
upregulates bradykinin expression through plasma kallikrein (PKal). Created with BioRender.com.

AD has been shown to produce BBB dysfunction in humans and animal models. Amyloid deposition
activates gliosis that can alter the morphology of astrocytic endfeet, which are integral to the integrity of the
neurovascular unit. As described previously with CAA, amyloid deposition can injure the brain
endothelium, which can additionally impair BBB integrity"*. Finally, Ap oligomers stimulate fibrin
production that complexes with amyloid plaques and has been shown to be increased in the parenchyma
and vasculature of AD brains"”. This fibrin-Ap complex promotes further neuroinflammation and
neurodegeneration. tPA is conformationally activated by fibrin deposition, but its enzymatic activity is
inhibited by the elevated levels of PAI-1 found in AD parenchyma. However, as summarized in Figure 3,
activated tPA has multiple plasmin-independent mechanisms by which it can compromise BBB integrity.

CONCLUSION

Over the past two decades following initial reports of histologic evidence of AB deposition in the brains of
children chronically exposed to severe air pollution"”, it has become clear that chronic peripheral
inflammatory conditions, including those that involve lung, gut, liver, and metabolic syndrome, exacerbate
or initiate neuroinflammatory disorders. This has been supported by epidemiologic findings of a positive
association between chronic peripheral inflammatory conditions and increased incidence of dementia,
including AD. More recently, there has been increased interest in the contribution of the peripheral PAS to
the neuroinflammatory component of AD. Recently, it has become recognized that the risk of blood clots,
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increased mortality, and persistent neuroinflammatory complications of COVID 19 viral infections are also
associated with pre-existing systemic inflammatory disorders shown to chronically activate components of
the PAS"**. With respect to AD, the available evidence suggests that the peripheral PAS may modulate the
neuroinflammatory response via multiple mechanisms">*". Besides fostering the transcytosis of
inflammatory cells across the BBB, components of the PAS have been shown to decrease BBB integrity and
increase BBB permeability, consequences that have been independently linked to early cognitive
dysfunction"*” including progressive stages of AD"* perhaps in association with concomitant vascular
disease'””. Overall, the means by which the PAS modulates BBB integrity by tPA and plasmin-dependent
mechanisms is complex and requires further validation and investigation. tPA in the CNS has been shown
to alter BBB permeability by LRP-1 and PDGF-CC-dependent mechanisms, while tPA produced from
peripheral inflammation can cross the BBB where it may work in tandem with the kinin system to directly
generate BK via plasmin, or indirectly by increased PKal. It is likely that tPA works multifactorially and that
these mechanisms are not mutually exclusive [Figure 2]"'¥. Based on what is currently known, further
studies investigating the role of the PAS in AD and other dementias are certainly warranted.
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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 sex-
different 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.
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By International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing,
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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". 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™. 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, 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™* but often also display more frailty
than males”. For example, women aged 45-79 had a higher frailty index based on standards' including 28
variables on function, cognition, co-morbidity, health attitudes and practices, and physical performance
measures”. This is known as the “male-female health-survival paradox”™*, 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". Conversely, the prevalence of another progressive and age-
related neurodegenerative disorder, Parkinson’s disease (PD), is 1.5 times more common in men than
women". In addition, sex and gender can affect the risk factors and disease progression of aging-related
diseases such as AD"'. 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"?, while females excel in verbal memory and location
memory tasks"*'!. These differences seem to remain consistent from adolescents and young adults into
older ages"*'". 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"”'¥. 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 ef al."”” 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 60-
80 years”, 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.”", 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.”” 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.”” 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"”. 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”?. Finkel et al.*"”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.”’ 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”**", lifestyle””, physical
activities”, and weight™, 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>*". 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
Finkel et al.'" > 65 Information test F>M
50-65 Card rotation test M>F
Casaletto et al.!”! 47-99 The California verbal learning test M>F
McCarrey et al?® 64.9-69.7 MMSE, fluent language production, digital symbol, card rotation M>F
Proust-lima et al.!*” >80 Digit symbol substitution task F>M
McDowell et al.”*! > 65 Modified mini-mental state (3MS) cognitive F > M (institution)
Screening test
>80 Modified mini-mental state (3MS) cognitive M>F

Screening test

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%. For overall numbers, many epidemiological studies of varied
global locations also highlighted a higher number of women than men with AD"***. 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"”. The argument could therefore be formulated that any apparent sex-
based 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."”’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.” 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"”. As for the incidence of AD, the conclusion that there is no sex difference has been noted in some
studies from the United States"*), while others have shown that women tended to have a higher incidence
of AD". 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"’, and most studies on European*! and Asian
populations™***! 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

Sex

difference Ref.

Neurodegenerative diseases Factors

Alzheimer's disease (AD) Number F>M Chéne et al”*?

[33]
The leading cause of dementia, which accounts for 60%-80% of Hebert et al.
dementia cases Alzheimer's Association 202

35

Prevalence F>M Plassman et al.”
) [36]
Prince et al. .
Prince et al.”

1[34]

No difference  Prince et al.”®
[152]
Rocca

Incidence F>M Fitzpatrick et a4
Prince et al.
Ruitenberg et al*”!
Rizzi et al.”**
Chen et al."*"
Yamada et al.

381

[45]

F=M (equal) Tometa
Zahodne et al.””

Cognitive decline  F>M Hebert et al.”*

rate Holland et al."**’
Tifratene et al.””!
Lin et al."*®
Laws et al.”“”!
Gamberger et a

[54]
Lewy body dementia (LBD) Number M>F Nelson et al.
The second most prevalent cause of neurodegenerative dementia Incidence M>F Savica et al.®>

I [50]

Goodman et al.”®’
Frontotemporal dementia (FTD) Prevalence M>F Goodman e&%g.[%]
The third most prevalent form of neurodegenerative dementias Mercy et al.
F>M Bernardi et al,”*”
lkeda et al."*”’

No difference  Borroni et al.”®”

Parkinson's disease (PD) Prevalence M >F Pringsheim et alt® (worldwide)

: [64]
A movement disorder that can also lead to dementia Hirsch et al.[éﬂ
Abbas et al.
GBD 2016 Neurology
Collaborators'®®

No difference  Pringsheim et al®® (Asia)
Taylor et al. o7

Cognitive decline M >F Reekes et al.”"

F: Female; M: male.

cognitive deterioration rate is faster in women than men in the progression of AD"****. 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'™".

LBD is a neurodegenerative disease with abnormal a-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®>*’. 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™".

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™. A study on the prevalence of dementia subtypes
in United States Medicare showed the same result"™. 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)"".

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"”***. However, many other studies failed to

support these results® '

. 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 (Coorf72)- and microtubule-
associated protein tau related FTD (MFTD), which should further help clarify the sex differences of
prevalence of FTD*”.. 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
, especially
in Western and South American populations"*”*”. However, there are reports showing the prevalence rates

prevalence of PD presented among men than women from worldwide epidemiological data!*>*

were almost equal between men and women in Asian populations'®>*”. 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'”. For the cognitive decline in PD, Reekes et al.”" 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””*. 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”™””. 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”*! while others have opposing results™’. In

e[72,30]

old age, for thalamus, some studies found the male had a larger volum , while others opposed this'*.
When correcting for brain volume, Li et al.” found no significant sex difference in the relative volume of
thalamus. Similarly, for the caudate, some found females had larger volume®*¥, while others found males

[78,85]

had larger volume”**. More consistently, the amygdala”™*, pallidum**, and putamen**' 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

Page 7 of 18

Subcortical Ref Age Sex difference of volume in older  Sex difference of decline rate in older
regions ' (year) age (> 45) age (> 45)
Hippocampus Lietal”™ 19-70 F > M (relative volume) M > F (relative volume)
Nemeth et al.””"’ 21-58 F>M M>F
Wang et al.'*” 19-86 F>M (>70) M>F
Goto et al.®" 41-77 M > F (absolute volume) F > M (absolute volume)
Thalamus Sullivan et al.”” 20-85 M>F Similar
Li et al.7® 19-70 Similar (relative volume) Similar (relative volume)
Wang et al.*” 19-86 M>F M>F
Takahashietal®™  20t0280 F>M M>F
Caudate nuclei Lietal”® 19-70 M > F (relative volume) F > M (relative volume)
Wang et al.*” 19-86 M>F Similar
Good et al.”™! 18-79 F>M No test
Luders et al.** 18-82 F>M No test
Putamen Lietal”® 19-70 M > F (relative volume) F > M (relative volume)
Wang et al."*” 19-86 M>F M > F (right)
Pallium Lietal”™ 19-70 M > F (relative volume) F > M (relative volume)
Wang et al."*”! 19-86 M>F M > F (right)
Accumbens Wang et al % 19-86 Similar Similar
Amygdala Lietal”® 19-70 M > F (relative volume) F > M (relative volume)
Cheng et al.®! 20-50 M>F No test

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 cross-
sectional 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"**”. Taki et al."*"s studies showed the annual percentage change in the grey matter ratio
(APCgyy) 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.® 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™. For the structural changes of
cortex subregions, Pfefferbaum et al.*” 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

[87 [89]

thalamus in older men than older women, especially in those beyond 60 years of age"®”. Narvacan et al.
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™!. 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.*” used the
Rotterdam study®’ 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.””
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®’ 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 Ca** 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”®”. Sex difference has been found in many
aspects of brain mitochondrial function including morphology, pathways of biogenesis, autophagy, cell
death, calcium, and redox homeostasis'*. 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 ¢ and lower levels of mitochondrial hydrogen peroxide than males™. Moreover, in rats of
similar ages, female brain mitochondria generated half the amount of peroxides and imposed dramatically

1.7*5Ps studies

less oxidative damage to mitochondrial DNA than those of males”. In contrast, Guevara et a
on rat brains of different ages (6, 12, 18, and 24 months old) showed no significant sex-based differences for

H,O, production in any age class, despite H,O, 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"*). 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", 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"*. Similar results
were found in Human studies. Vifia and Borras”! proposed that young females have a better ability to fight
against oxidative stress with higher antioxidant levels prior to menopause. Mandal et al."** 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"", indicating that the antioxidant ability changes with aging in women. In line with this,
Rekkas et al."* 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!*,
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™” or higher levels of lipid
peroxidation""*”, 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 ™" or higher oxidative damage in females"**""”. These differences may stem from the
different brain regions under examination or the different times of detection. Guevara et al.””**"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.""*"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"'”, indicating increased oxidative damage in postmenopausal
females.

Opverall, 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."**’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

115]

in vulnerability to neurodegenerative disease''”..

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™®; microglia are regarded as macrophages participating in local immunity"'”; and
astrocytes provide biochemical support of neuronal activities by facilitating the appropriate glial
surroundings in conjunction with microglia®”"**. Various wide-ranging studies have demonstrated sex
differences related to glial cells in physiological conditions or in response to pathological insults"*"*".
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"**>'**. Mouton et al."*"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**'*.. Mangold ef al."* 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"*. Importantly, using single-cell RNA-
sequencing analysis, Sala Frigerio et al"” found that aging or progressive amyloid-p 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."* 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"*. Another
study on microglial function, analyzing microglial Ca** signaling and process motility, suggested “faster
aging” for microglia in female mice"*. 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*". 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."*>'* 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"**"**. This difference renders older (12-
month-old) female rats with greater abilities of remyelination than males after demyelination lesions"**..

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"”. In recent studies, many molecules have been
demonstrated to be associated with brain aging including SFRS11"**, CD22""*), REST"*), and BAZ-2 and
SET-6"*, 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
[142

disrupted with brain aging"*!. In cells, two main protein degradation systems exist, namely the ubiquitin-
proteasome system (UPS) and autophagy"*'*/. A few non-human data demonstrate that sex differences
exist in these protein degradation systems of the aged brain. Ding and Keller"*"s study showed that
proteasome inhibition occurs with aging in the central nervous system, while Zeng et al."*"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."*"’s study, investigators compared the activity of the proteasome in nine tissues of young (3-5-
month-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"*”. 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 H,0,, but with this effect
diminishing for older female flies. However, male flies showed no such age-related adaptation of the 20S
proteasome**. 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 Rpts 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"*. 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"*.. 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*". 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."*""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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