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Abstract

Tauopathy is one of the pathological features of Alzheimer’s disease and related
dementias (ADRD). At present, there have been many studies on the formation, deposi-
tion, and intercellular transmission of tau in neurons and immune cells. The vasculature
is an important component of the central nervous system. This review discusses the
interaction between vasculature and tau in detail from three aspects. (1) The vascular
risk factors (VRFs) discussed in this review include diabetes mellitus (DM), abnormal
blood pressure (BP), and hypercholesterolemia. (2) In ADRD pathology, the hyperphos-
phorylation and deposition of tau interact with disrupted vasculature, such as different
cells (endothelial cells, smooth muscular cells, and pericytes), the blood—brain barrier
(BBB), and the cerebral lymphatic system. (3) The functions of vasculature are regu-
lated by various signaling transductions. Endothelial nitric oxide synthase/nitric oxide,
calcium signaling, Rho/Rho-associated coiled-coil containing Kinase, and receptors for
advanced glycation end products are discussed in this review. Our findings indicate
that the prevention and treatment of vascular health may be a potential target for
ADRD combination therapy.
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Highlights

» Persistent VRFs increase early disruption of vascular mechanisms and are strongly
associated with tau pathology in ADRD.

* Cell dysfunction in the vasculature causes BBB leakage and drainage incapacity of
the cerebral lymphatic system, which interacts with tau pathology.

* Signaling molecules in the vasculature regulate vasodilation and contraction, angio-
genesis, and CBF. Abnormal signaling transduction is related to tau hyperphospho-

rylation and deposition.
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1 | INTRODUCTION AND BACKGROUND

Dementia is a generic term used to describe chronic or progres-
sive cognitive decline, which is found to have the same pathological
changes in some senile people and, consequently, has been reclassi-
fied as neurodegenerative disease.! Over 50 million people live with
dementia globally, and this number is projected to triple by 2050.2
The causes of age-associated cognitive decline involve prodromal
Alzheimer’s disease (AD), Lewy body disease, age-related vessel dis-
eases, and cerebral hypoperfusion, resulting in the progress of AD
and related dementias (ADRD).3 AD is the major form of dementia,
which accounts for about 60% or more of all cases.* It is estimated
that global costs related to dementia will exceed US$1 trillion, or
1% of global gross domestic product annually.> Without any proven
disease-modifying therapies for neurodegenerative diseases, symp-
tomatic medications are foundational to dementia treatment.® There
are currently three cholinesterase inhibitors broadly available, as well
as one N-methyl-D-aspartate (NMDA) receptor antagonist. Meman-
tine was the last medication approved for the treatment of dementia
by the US Food and Drug Administration (FDA) in 2003, and there
have been no new medications approved in nearly two decades.’
A breakthrough in medication was on July 2, 2024 - donanemab
(donanemab-azbt; Kisunla), an amyloid beta (Ap)-directed antibody,
had received the FDA’s approval.2 Donanemab is recommended for a
confirmed presence of AS in patients with mild cognitive impairment
(MCI) or mild dementia of diseases.” In a randomized controlled trial
(RCT) of early symptomatic AD, it slowed tau accumulation in addi-
tion to clearing AB plaques.l® Tau is a protein mainly expressed in
the brain that has six isoforms produced by alternative mRNA splic-
ing of the microtubule-associated protein tau (MAPT) gene, which
comprises 16 exons on chromosome 17q21.1! The primary phys-
iological function of tau protein is to stabilize microtubule (MT)
networks within neurons, whereas the hyperphosphorylated condi-
tion will significantly reduce its biological activity.'? The distribution
of tau pathology tends to correlate with cognitive decline, and tau
misfolding and aggregation are considered to be a link to common
downstream mechanisms of neurodegeneration.’®~18 Tau functions
are regulated by a complex array of posttranslational modifications,
such as phosphorylation, glycation, acetylation, isomerization, nitra-

tion, sumoylation, O-GlcNAcylation, and truncation,?20

suggesting
that tau plays diverse roles in physiology and pathology. Dysfunc-
tional tau is one of the neurotoxic proteins, accumulated in neurons,
gliocytes, vascular endothelial cells (ECs), and others. Tau conform-
ers have a prion-like transmission among neurons, reactive astrocytes,
and microglia, which can internalize and secrete tau from the extracel-
lular space. Tau accumulation accelerates the senescence of vascular
ECs and the dysfunction of vascular smooth muscle cells (VSMCs),
which is associated with decreased cerebral blood flow (CBF) and corti-
cal atrophy in cognitive impairment.21-24 Recent research showed tau
aggregates drove the senescence of vascular ECs and its hyperphos-
phorylation mediated the switching of proinflammatory phenotypes in
VSMCs.2122 |n patients with cognitive impairment, soluble platelet-

derived growth factor B(sPDGFR§), alandmark of vascular dysfunction,

RESEARCH IN CONTEXT

1. Systematic review: Vascular function is strongly related
to ADRD, and tau pathology is an important pathologi-
cal feature of ADRD. The interaction between vascular
dysfunction and tau pathology is worthy of discussion.

2. Interpretation: The cerebrovascular system is an impor-
tant part of the central nervous system. Clinical VRFs con-
tinue to disrupt vascular structure and function, which
is related to tau pathology. Tau pathology interacts with
the dysfunction of vascular cells, mitochondria, and bar-
rier structures, involving abnormal signaling transduction
mechanisms.

3. Future directions: Vascular mechanisms are a valuable
target for the prevention and treatment of ADRD. Further
studies on the relationship between vascular mechanisms
and tau are still needed to investigate (1) the causal rela-
tionship between the medication regimen of VRFs and tau
pathology; (2) the relationship between different vascular
cells/structures and tau pathology.

has a significant positive correlation with tau, while CBF has a signif-
icantly negative association with tau.2® Furthermore, tau significantly
mediates the relationships between CBF/sPDGFRf and the different
levels of cognition performance.?® In aging mice with tau overexpres-
sion, changes in the number and structure of vessels in the brain were
observed, including abnormal spiral, reduced diameter, and increased
density in the brain cortex. Blood flow was changed as a result of
cortical atrophy and increased genes related to angiogenesis (Vegfa,
Serpinel, and Plau) in vascular ECs with CD31-positive expression.2*
Itis indicated that tau affects the biology of ECs and leads to the result-
ing disruption of vessels. Conversely, annexin A1 can restore vascular
architecture integrity and reduce tau phosphorylation.2> The associa-
tion between tau protein and vascular pathology in ADRD has not been
well discussed. In this review, we aim to update the knowledge about

the interaction between tau and vascular structure and function.

2 | RELATIONSHIP BETWEEN TAU AND
VASCULAR RISK FACTORS IN ADRD

Investigations of gender and racial differences in the distribution of
ADRD in the United States have found that women and African Ameri-
cans have a higher prevalence of ADRD.2® Women were found to have
more apolipoprotein E epsilon 4 (APOEE4) carriers and higher levels
of ABin CSF.27 APOE€4 is known as a risk factor for hyperlipidemia. A
cohort study found APOEE4 carriers accelerated AB-related tau accu-
mulation, regardless of the level of AB.28 In contrast to the prevalence,
levels of total t-tau, and t-tau/AB,, in patients with cognitive impair-

ment were higher in Caucasians than in African Americans, and the
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FIGURE 1 Tauand vascular risk factors. Created from https://app.biorender.com (accessed on 12 February 2025).

high expression level of the endothelial marker (soluble vascular cell
adhesion molecule 1) in Caucasians was significantly associated with
vascular risk factors (VRFs).2? Although African Americans had a lower
level of t-tau and t-tau/AB,,, their low degree of cognitive impairment
was associated with white matter hyperintensities (WMHs).2? The
aggravation of WMHs is a strong risk factor for cognitive decline® and
dementia.?! It is suggested that the interacting differences between
VRFs and tau exist in races.

For vascular biology in dementia, sustained VRFs and poor lifestyle
habits lead to early disruption of vascular mechanisms, neuroinflam-
mation, and hypoperfusion.3? Modifiable VRFs have been reported,
including hypertension, hypercholesterolemia, obesity, type 2 diabetes
mellitus (T2DM), and smoking, and are associated with an increased
risk of AD.3334 Vascular dementia (VD) is a series of cognitive disor-
ders with a vascular etiology characterized by a heterogeneous group
of disorders.3> VD can occur alone or in combination with AD, the most
common form of mixed dementia. In mixed dementia, vascular lesions
modulate AD progression, and AD-related lesions enhance vascular
damage.3¢ Vascular pathology underlying VD affects both large- and
small-caliber vessels and results from a wide array of vascular diseases
ranging from cerebral small vessel disease (CSVD), ischemic or hem-
orrhagic stroke, asymptomatic carotid stenosis, and heart disease.3”
In CSVD-related dementia, brain arterioles and capillaries are pre-
dominantly impacted, causing reduced brain perfusion, blood—brain
barrier (BBB) damage, lacunar infarcts, and microhemorrhages, which

ultimately lead to cognitive impairment.3® Note that CSVD does not

necessarily lead to VD, although CSVD increases the risk for VD.3? In
this section, we will review the impacts of VRFs and the pathology of

the cerebrovasculature on ADRD and related tauopathy (Figure 1).

2.1 | Diabetes mellitus
Long-term complications induced by DM depend on the extent of
vasculopathy. Diabetic macroangiopathies can lead to atherosclero-
sis and cardiovascular diseases, while diabetic microangiopathies will
damage kidneys, nerves, and eyesight, among others. DM includes
type 1 (T1IDM) and type 2 (T2DM). The onset of T1DM is due to
hypoinsulinemia because of the autoimmune destruction of beta cells
of pancreaticislets, while T2DMis a chronic multisystem disease based
on insulin resistance and a subsequent deficiency of insulin actions.
T2DM is associated with a 70% increased risk of dementia.*® A recent
large longitudinal cohort study with a median follow-up of 32 years
showed that younger age at the onset of diabetes was significantly
associated with a higher risk of subsequent dementia.** Mendelian
randomizations (MRs) can overcome some of the limitations of obser-
vational studies, including confounding and reverse causation. Using
the inverse-variance weighted method, Xue et al.*2 found that T2DM
was causally linked to the risk of AD.

The cognitive impairment in patients with T2DM may correlate with
increased amounts of cytokines and cortisol, which is linked to vascu-

lar pathology.*3** The BBB is formed by cerebral ECs and the closely
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apposed astrocyte and is responsible for various substances trans-
port, including glucose, amino acids, and others.*> Because of insulin
resistance, hypo/hyperglycemia, and the release of excess free fatty
acids, along with other metabolic abnormalities,***” BBB integrity and
permeability are affected by a series of events, including endothe-
lial dysfunction, platelet hyperreactivity, oxidative stress (OS), and
inflammation. The resulting BBB dysregulation exacerbates vascu-
lar dysfunction and further promotes ADRD. T2DM regulates tau
hyperphosphorylation by insulin signaling. The impairment of insulin
signaling leads to the halted PI3k/Akt pathway, and subsequently
no hyperphosphorylation of downstream GSK-33 kinase can cause
increased tau hyperphosphorylation.*8 In an observational study, cog-
nitively normal participants with untreated DM presented greater
tau pathology than normoglycemic participants with DM, and they
progressed to dementia at significantly higher rates than controls.*?
Moreover, in APOEE4 postivecarriers of patients with mild cognitive
impairment or early dementia, the t-tau CSF level also has a significant
association with DM.? The insulin treatment can improve cognitive
function and memory and decrease tau-P181/Ag42 ratio.”>>2 T2DM
promotes cerebrovascular damage and tau pathology, both of which
are associated with cognitive impairment. The region of tau deposition
can observe the disruption of BBB, suggesting tau pathology involve-
ment in BBB dysfunction.’® Because the progression of AD is related
to the impairment of the insulin signaling pathway, which includes tau
hyperphosphorylation, A plaque deposition, and energy metabolism
disorders in the end stage, and this shares a common pathophysiology
with DM, AD could be referred to as type 3 diabetes.”*>>

2.2 | Abnormal blood pressure

In the form of either hypertension or hypotension, abnormal blood
pressure (BP) affects the progression of dementia. Hypertension has
been associated with an increased risk of dementia and is listed by
the Lancet Commission report on dementia prevention, intervention,
and care as one of 12 modifiable risk factors that could delay or pre-
vent 40% of cases of dementia.”®The contribution of hypertension to
dementia varies by age. Hypertension in midlife has been associated
with greater cognitive decline and elevated dementia risk in obser-
vational studies for decades.’” The population attributable fraction
(PAF) was quantified and stratified by age to assess the proportion
of dementia risk attributable to hypertension, over a follow-up time
spanning 32 years, the PAFs of dementia cases with non-normal BP by
age 80 was approximately 15% to 20%, with the strongest estimates
for stage 2 hypertension.”® The indicators of BP were various, includ-
ing systolic blood pressure (SBP), diastolic blood pressure (DBP), pulse
pressure (PP), mean arterial pressure (MAP), and BP variability (BPV).
The relationship between BP and tau pathology was age-related. A
study from the Chinese Alzheimer’s Biomarker and Lifestyle database
showed cognitive impairment and tau pathologies were associated
with midlife (< 65 years) hypertension, late-life (>65 years) lower DBP,
and total higher PP, BPV only had a strong correlation with cognition,
but not with tau and AB in cerebrospinal fluid (CSF).>? In contrast,

Sible et al.?° found that increased BPV in adults (age 55 to 91) from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) was related to
tau accumulation (underwent >1 tau-PET), especially in the entorhinal
cortex. Another study from the ADNI database revealed that AD par-
ticipants who were p-tau positive had elevated PP, as well as higher SBP
invery old participants (>80 years) and reduced DBP in younger partic-
ipants (55 to 79 years).c In MCl patients (age 74.75 + 7.24) with high
PP, the levels of inflammatory markers in CSF were positively corre-
lated with t-tau and p-tau.®? Given that a profound increase in aortic
stiffness is a major alteration in aging and hypertension,®® the specific
mechanisms by which BP affects tau pathologies and cognition may
be revealed by an analysis of their correlation. Carotid-femoral pulse
wave velocity (cfPWV) and central PP are common outcomes reflect-
ing arterial stiffness, while forward wave amplitude (FWA\) is used to
measure pressure pulsatility. cfPWV was found to mediate the asso-
ciation between age and cognitive ability after microvascular oxygen
deficiency due to ischemia.®* In addition, a cross-sectional study found
that higher central PP and FWA were associated with greater tau depo-
sition in the entorhinal and rhinal cortex, but not with the global Ag
plaques or tau accumulation in the other cortex.®®> The findings indi-
cate the peripheral microvascular system is a possible target to prevent
tauopathy in ADRD.

For antihypertensive treatment, it had inconclusive results in reduc-
ing the risk of dementia. In a meta-analysis of RCTs and prospective
studies published through 2018, antihypertensive treatment was asso-
ciated with a non-significant reduced risk of dementia in RCTs and
prospective studies and with reduced AD risk in prospective studies.®®
Another RCT treating patients with visible white matter lesions found
that intensive antihypertensive treatment (24-h mean SBP: <130 mm
Hg) did not significantly differ from standard antihypertensive treat-
ment (24-h mean SBP: <145 mm Hg) with respect to cognitive
function, but WMHs volume increases were smaller in the intensive
treatment.®’” However, in cognitively normal adults (55 to 90 years),
Kim et al.8 found that WMH volume with global AB deposition had
no synergistic interaction effects on tau accumulation, suggesting that
cerebrovascular injury measured by WMHs did not mediate the syner-
gistic effect of high BP on tau pathology. Any intervention that targets a
VRF bases on a causal link between the risk factor and the disease could
help in obtaining more encouraging outcomes. However, MRs were
reported and showed contradictory results.¢?-72 Although DBP and PP
were causally linked with an increased risk of vascular brain injury,”®
the incidence of AD had no causal association with BP indexes, includ-
ing DBP, SBP, and PP.”%71 Surprisingly, higher SBP had a causal effect
on the lower risk of AD.6?72 |t possibly associated with treatment with
antihypertensive drugs.”2

Hypotension also causes cardiovascular damage due to chronic
hypoperfusion. Under the premise of cardiovascular and cerebrovascu-
lar diseases, orthostatic hypotension increases the risks of dementia.”?
The causal link may be that orthostatic hypotension increases the risk
of heart disease and leads to cognitive deficits after the accumulation
of its effects such as inflammation, OS, and vascular damage.”*”> Mice
with cognitive impairment induced by persistent orthostatic hypoten-

sion can observe tau hyperphosphorylation and loss of dendritic spines,
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increasing the risk of AD-like pathological alterations and behavioral

impairment.”®

2.3 | Hypercholesterolemia

Hypercholesterolemia is defined as high plasma cholesterol levels
with normal plasma triglycerideses.”” Cholesterol exists widely in
the body, with about a fourth of it distributed in the brain. Brain
cholesterol is mostly in unesterified form, with a third of it present
in cellular membranes and mostly in myelin sheaths.”® Hypercholes-
terolemia is a major risk factor for atherosclerosis, which is associated
with AD.”? APOE participates in lipid metabolism, and its polymor-
phism affects the lipid phenotypes in familial combined hyperlipidemia
(FCHL).8981 |n relatives of Chinese families with FCHL, the levels
of total cholesterol and low-density lipoprotein cholesterol (LDL-C)
within the APOEE4 subset were significantly higher than those within
the APOE3 subset.8 The functional domains of APOE influence bind-
ing capability to heparan sulfate proteoglycans (HSPGs), which paly a
bidirectional regulatory role in the pathogenesis of AD.82 APOEE4 is
the strongest genetic factor associated with AD, while APOEE2 has a
protective effect against AD.83 Thus, the effects of APOE variants on
AD pathology have been investigated. For instance, the homozygous
APOE-R136S mice was found to rescue the APOEE4-driven tauopathy
and neuroinflammation in tau-P301S and APOE cross-bred mouse.8?
Furthermore, chronic hypoperfusion and thrombosis are key events in
VD.84 85% of 12-month-old LDLR~/~ mice fed a high-fat diet developed
thrombotic occlusion, while almost none of the 12-month-old wild-
type mice did, suggesting that hyperlipidemia promotes CSVD. &> The
correlation between tau protein and cholesterol metabolism has been
reported. On the one hand, the regulation of cholesterol affects tau
binding and aggregation. In general, kinesin transports cargo by attach-
ing its lipid membrane,-88 and MAPT blocks kinesin-binding sites
on the MT.89-91 Cargo membrane with added cholesterol amplifies
the inhibitory effect of tau on kinesin binding by reducing the kinesin
diffusion in the cargo membrane, suggesting that cholesterol has an
interaction with tau and may associate with aging and neurological dis-
eases. In addition, tau entry into neurons is independent of clathrin and
dynamin but dependent on lipoprotein receptor LRP1 and HSPGs.??
Low cholesterol potentiates seeded aggregation of tau at alow concen-
tration, and the addition of cholesterol to cholesterol-depleted neu-
rons can result in the reduction of tau entry.92 On the other hand, tau
disrupts cholesterol metabolism. In human cerebral organoids carry-
ingthe V337M and R406W tau mutations, the cholesterol biosynthesis
pathway in astrocytes was upregulated significantly.”® Pregnenolone
is well known as the precursor of all neurosteroids.”* Pregnenolone
and downstream neuroactive steroids serve important functions in
the nervous system, including in neuroprotection, neuroplasticity, and
memory processes.”> As the major site of cholesterol metabolism,
mitochondria associated membranes (MAMs) is impaired by P301L-
tau mutation, resulting in a decreased pregnenolone level converted
from cholesterol.”® Meanwhile, increased hippocampal hyperphos-

phorylated tau was observed in C57BL/6 mice fed a fat/cholesterol
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diet, which altered insulin/IGF signaling levels.”” GSK38, downstream
insulin signaling, can inhibit excessive tau hyperphosphorylation and
recover the conversion between cholesterol and pregnenolone in
MAMSs.?¢ It is indicated that hypercholesterolemia may have a complex
link with tau. Hypercholesterolemia also leads to the disruption of the
BBB. In rabbits fed a fat cholesterol diet, BBB disruption was reflected
in attenuated expression of tight junction proteins and increased 1gG.?8
LDLR~~ mice can show increased permeability to sodium fluorescein
and downregulated claudin-5 and occludin mRNA, indicating damaged
BBB function.”? As mentioned previously, BBB disruption has a link
to tau. Moon et al. reported BBB permeability had a positive cor-
relation with the level of total tau (t-tau) proteins in patients with

amyloid-negative AD.1%0

3 | CORRELATION BETWEEN
CEREBROVASCULAR MECHANISM AND TAU

VRFs are related to tau abnormalities. Current evidence shows that
the tau accumulation area caused by VRFs is distributed in differ-
ent brain regions, but the influence of tau on the vascular system
has not been elucidated. Braak tau stages | to VI present the pro-
gression of neurofibrillary tangle (NFT) pathology in AD.1°1 Cerebral
artery wall remodeling based on the Braak tau pathology-dependent
process precedes cerebral amyloid angiopathy (CAA) in AD, arterial
elastin degrades significantly at Braak stage Il and is associated with
tau pathology and significant CAA-independent alpha-smooth muscle
actin (a-SMA) loss in arteries from Braak stage | to Ill, accompanied
by the deposition of phosphorylated paired helical filament (PHF) tau

102 The vascular

in the perivascular space of intraparenchymal vessels.
system mainly includes ECs, pericytes, SMCs, and platelets. Different
cells of the vascular system form the BBB, lymphatic system, and other
barrier structures, which are related to the pathogenesis of ADRD
(Figure 2). Therefore, it is necessary to further elucidate the inter-
action between tau and the vascular system from the perspective of

cerebrovascular mechanisms.

3.1 | Endothelial cell

Like neurons, ECs also express tau.103194 The accumulation of tau
oligomers have been found in the brain microvasculature in ADRD,
including AD, progressive supranuclear palsy (PSP), dementia with
Lewy bodies (DLB), and Tg2576 mouse model.1%° Furthermore, solu-
ble tau aggregates colocalize with markers of cerebrovascular ECs,10°
indicating that tau may diffuse from neurons to ECs.10%106 Next,
internalized soluble tau of ECs causes MT destabilization, endothe-
lial nitric oxide synthase (eNOS) inactivation, and reduced nitric oxide
(NO) production. The dysfunction of eNOS/NO signaling is important
for memory and learning. In ECs, eNOS/NO signaling is fundamen-
tal to the production of brain-derived neurotrophic factor (BDNF).
Impaired eNOS/NO can hinder the synthesis of BDNF, thereby inhibit-
ing synaptic plasticity and nerve regeneration.’%” Furthermore, NO
reduction weakens the inhibition of platelet aggregation and leuko-
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FIGURE 2 Tauand vasculature. Created from https://app.biorender.com (accessed on 12 February 2025).

cyte adhesion, %% and inflammatory cells and toxic proteins infiltrate
into the brain, which may cause neurotoxic effects. Troy Stevens’s team
performed RT-PCR in rat lung tissue and primary pulmonary microvas-
cular ECs and identified a large tau isoform and three additional
tau isoforms (ON4R, 1N4R, and 2N4R) that are similar to neuronal
tau.1%? |nfection and critical disease are important causes of cogni-
tive impairment.119111 Dyring infection, the monomer tau in lung ECs
is modified and separated from MTs. The resulting instability of MTs
leads to increased cell permeability and the release of cytotoxic tau
into interstitial fluid (ISF).112 For example, exposed by Pseudomonas
aeruginosa exotoxin Y, the cAMP/cGMP-generating cyclase was stimu-
lated, which led to tau serine 214 phosphorylation, pulmonary inter-
endothelial gap formation, and macromolecular permeability.104113
Under the premise of effective antibiotic treatment, tau was detected
in the CSF within 48 h of infection, which was associated with the
impairment of long-term potentiation in the hippocampus.t12114 |n
vivo and in vitro studies confirmed pseudomonas aeruginosa induced the
generation of cytotoxic tau variants in pulmonary ECs, consequently
causing neuronal tau aggregation.%? It is suggested that cytotoxic tau
in the pulmonary ECs can cause the propagation of neuronal tau via
cerebral circulation or within the brain; BBB destruction induced by
systemic inflammation after infection may be an important pathway.
Notably, abnormal EC function also leads to abnormal phosphorylation
of tau. Vacuolar protein sorting-associated proteins (VPSs) make up the
retromer complex system of brain ECs, and VPS26-VPS29-VPS35 is
important for the transcytosis process of cargo across the endothelium
of the BBB.11> The neuronal dysregulation of VPS35 causes traffick-
ing and degradation of altered proteins and consequently leads to
neurodegeneration. The genetic silencing of VPS35 in ECs showed

attenuated proteasome activity, increased LC3B2/1 expression, the

markers of ubiquitination and autophagy, and significant deposition of

tau and its phosphorylated isoforms.11°

3.2 | Mural cell

Brain vascular mural cells include pericytes and SMCs. SMCs are a crit-
ical component of brain artery and arteriole walls, which participate in
the regulation of blood flow.11¢ In patients with AD, accumulation of
tau oligomer is observed in SMCs, reflecting an associated immunore-
activity between oligomeric tau-specific antibody (T22) and SMA.10>
Rho-associated kinase (Rho-kinase/Rho-associated coiled-coil kinases
[ROCK]/ROK) and myosin binding subunit (MBS) of myosin phos-
phatase are effectors of Rho small GTPase and have been shown to be
implicated in inducing smooth muscle contraction.!1”-118 Rho-kinase-
MBS-myosin phosphatase cooperatively regulate tau phosphoryla-
tion, suggesting that the contracting function of SMC links to tau
phosphorylation.?1? Of note, mural cell dysfunction also causes altered
tau uptake or tau hyperphosphorylation in brain vessels. Under AD-
like conditions, VSMCs turn into pro-inflammatory phenotype in both
in vivo and in vitro experiments, whose changes are in accordance
with tau hyperphosphorylation at residues Y18, T205, and $262.%2
Moreover, an in vitro experiment showed that the rank order for the
uptake of tau was microglia > SMCs > pericytes > brain endothe-
lia = astrocytes, indicating that vascular mural cells contribute to the
elimination of extracellular tau.'2° Pericytes in the central nervous
system (CNS) are responsible for maintaining BBB stability regulating
capillary density and diameter, participating in angiogenesis and ISF
macromolecular waste clearance.?! Pericytes are mainly located in

capillaries and constitute most of the resistance to the vascular bed
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of the CNS.122 The SMCs of arterioles and the pericytes of capillar-
ies regulate CBF together.12% Clinical and animal studies on AD have
found that decreased CBF is associated with pericellular contraction,
which in turn leads to cognitive decline.12412> At the same time, peri-
cellular loss and degeneration are also vascular pathological changes
in AD. PDGF is a ligand that promotes pericellular proliferation and
migration by activating PDGFRg on the plasma membrane. None of the
APPsW0 or PDGFRB*/~ mice showed tau aggregates in the early stages
of the disease until 9 months of age, suggesting that pericellular-driven
vascular injury and elevated A predated tau pathology and induced
tau aggregates.2% In addition, the deposition of hyperphosphorylated
and aggregated tau in the brain is observed in traumatic brain injury
(TBI).127 Nevertheless, there was no difference in the mural cell popu-
lation between r-mTBI and r-sham animals, which reflected mural cell
degeneration but not cellular loss. Thus, the decreased tau uptake and
caveolin-1 levels in r-mTBI animals indicated that repeated injuries to
the brain may alter the tau uptake ability of vascular mural cells and

result in tau accumulation and aggregation in the brain.12°

3.3 | Blood-brain barrier
BBB, known as a boundary of peripheral circulation and the CNS, is
structurally formed by capillary brain endothelial cells (BECs), peri-

cytes, astrocyte end feet, and the basement membrane, 128

maintaining
the permeability of plasma protein and inorganic solute, as well as
exchanging brain water. BBB disruption has been regarded as a hall-
mark of aging and neurodegenerative diseases.'2?-133 BBB imaging
plays an essential role in elucidating BBB dysfunction. Using endoge-
nous water as atracer, a diffusion-prepared pseudo-continuous arterial
spin labeling (DP-pCASL) technique was developed and applied to
assess the rate of water exchange across the BBB.134-13¢ The calcula-
tion of BBB water exchange rates (K,,) is based on the water extraction
ratio between the capillary and brain tissue compartments, CBF, and
the volume of water tracer in the capillary space.’3” BBB permeability
has been widely measured by dynamic contrast-enhanced MRI (DCE-
MRI) through injecting gadolinium-based contrast agents into veins.138
The rate at which a contrast agent penetrates into the extravascu-
lar space per volume of plasma and tissue is the BBB permeability
index (Kians)- 237 Iron is an essential mineral for brain development
and function, and deficiency or excess can lead to neurobehavioral
dysfunction and neurodegenerative diseases.13%140 Quantitative sus-
ceptibility mapping (QSM) is a unique non-invasive test for quantifying
iron deposits in the brain.1#1:142 Rapid iron accumulation in the globus
pallidum, thalamus, and substantia nigra was observed during the first
2 years of children’s development, and the relationship with K,,/CBF
showed an S-shaped curve.'3 Excessive iron deposition is associated
with decreased K,,. Reduced K|, indicates a decreased waste clear-
ance capacity in the BBB. Yuto Uchida’s team'#* found decreased K,,, in
APOE4-positive carriers, which correlated with high QSM values and
amyloid deposition in the frontal and medial temporal lobes, as well
as cognitive decline. In addition, several studies based on DCE-MRI
found BBB permeability increased in early AD, VD, and MC|.14>-147
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For the BBB water exchange rate detected by DP-pCASL, the findings
varied. The BBB water exchange rate decreased both in older adults
with MCl and AD subjects with low AB,, concentration in CBF.148147
But in Shao’s study, the BBB water exchange rate was higher in aged
patients with VRFs, such as T2DM and hyperlipidemia.1®* Different
pathological states may affect the water exchange rate of BBB. Com-
pared with peripheral ECs, BECs have an abundant mitochondrial
content and low expressions of leukocyte adhesion factors, as well as
a lack of perforated fenestrations. Consequently, BECs can generate
ATP for substance transportation and restrict inflammatory infiltra-
tion and vesicle-mediated endocytosis. Tight junctions (TJs) at the
apical end of BECs in a healthy state can build a continuous inter-
cellular barrier between BECs.128 In addition, the BBB is surrounded
by microglia, oligodendrocytes, and neurons, which is linked to the
regulation of the integrity and permeability of the BBB.147:150.151
The BBB is disrupted in pathological conditions, like proinflammatory
cytokine stimulation, decreased expression of TJ proteins, and dys-
function of transport proteins.’>2 The hippocampus is known as the
central brain region of learning, memory, and cognitive function, and
it is featured with sparse capillary density and relatively long distance
between microvessels.1>3154 When hypoxia/ischemia occurs, it is dif-
ficult for the hippocampus to maintain the necessary perfusion, thus
affecting neuronal function. Importantly, the BBB in the hippocam-
pus is more fragile than other brain regions.130.147.155156 A stydy in
rodents showed that not exceeding 48-h increased BBB permeability
in the hippocampus caused 7-day impaired spatial memory, suggest-
ing transient disruption of hippocampal BBB led to prolonged memory
impairment.1®7 Tau proteins can cross the BBB bidirectionally, includ-
ing tau-441 (2N4R), tau-410 (2N3R), truncated tau 151-391 (ON4R),
and truncated tau 121-227. In the tetracycline-regulatable rTg4510
tau transgenic mouse model, the deterioration of BBB function was
observed at a similar time point as the emergence of perivascular tau
along hippocampal vessels, later than the appearance of alterations,
such as tau accumulation, neuroinflammation, and neurodegeneration.
While doxycycline suppressed tau, BBB integrity could be restored,
reflecting the reduced extravasation of IgG and the Evans blue dye.10¢
Furthermore, brain tau activates microglia and triggers EC damage.'?
Interestingly, when microglia activation was blocked, LPS-induced
inflammation still caused BBB disruption and promoted P301L-hTau
transmission from medial entorhinal cortex to hippocampal subsets.>8
It is suggested that tau triggers BBB damage and promotes its own
transmission through microglia activation and a microglia-independent
mechanism. Considered as one of the key therapeutic targets, it
has been found that the integrity of the BBB was repaired after
anti-inflammatory treatments, as well as the reduction of tau phos-
phorylation and the inhibition of tau transregional transmission in the
brain.2>1°8

3.4 | Glymphatic system and meningeal lymphatics

Before the discovery of lymphatic vessels (LVs), glial cells were con-

sidered to be the immune cell population of the CNS. Composed
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of blind-ended vessels, LVs are distributed throughout most of the
body,'>? responsible for collecting ISF and entering into blood circula-
tion via the thoracic duct.2© Immunosurveillance is a process in which
potential peptides containing antigen recognition are transported by
lymph fluid to lymph nodes, where antigens are presented to lympho-
cytes by dendritic cells. However, the immunosurveillance contribution
of the lymphatic system in the brain is always neglected, because
LVs are considered to be absent in the brain. Since the brain’s high
metabolism and rich blood vessels inevitably lead to the leakage of
its substances into ISF, the ability of the brain to remove waste has
become the focus of research.6! The discovery of the glymphatic sys-
tem and meningeal lymphatics has overturned our understanding of

brain immunity.

3.4.1 | Glymphatic system

The glymphatic system is a paravascular pathway composed of ves-
sels that are regulated by the water channel aquaporin 4 (AQP4) in
the astroglial end feet of the glia limitans.162 Tracers injected into CSF
cross the glial limitans along paravascular spaces and mix with ISF, and
ultimately the tracers may drain back into the CSF of the subarachnoid
space or drain along the walls of veins.'® The exchange of CSF-ISF
mixture facilitates the efficient clearance of interstitial proteins and
peptides, including AB.163-16¢ Aggregation of tau is one of the patho-
logical features in TBI, which is known as a risk factor for ADRD.1¢”
Of note, the function of the glymphatic system in patients with TBI is
reduced by ~60%. In AQP4~/~ mice with TBI, impairment of the glym-
phatic pathway deteriorated and promoted the aberrant accumulation
of p-tau in the ISF of brain parenchyma.¢8

3.4.2 | Meningeal lymphatics

Meningeal lymphatics is located in the dura mater and near the
meningeal blood vasculature.2¢%170 Tracer injected into ISF can be
absorbed into brain parenchyma through meningeal lymphatics.167:170
In the zebrafish brain, brain lymphatic endothelial cells (BLECs) were
discovered and hallmarked with lymphatic marker genes, such as the
transcription factor prosperohomeobox 1a (PROX1A), the LV endothe-
lial hyaluronan receptor 1 (LYVE-1), and the vascular endothelial
growth factor receptor 3 (VEGFR3).15%171172 BLECs and microglia
have a division of labor in waste removal and immune function. BLECs
more effectively uptake proteins, polysaccharides, and virus parti-
cles, while microglia is exclusively responsible for larger particles like
bacteria.’é? In this case, meningeal lymphatics is considered a possi-
ble drainage path for macromolecules in CSF directly into the cervical
lymph nodes (CLNs), such as AB and tau protein in ADRD.

Aging, as the most substantial risk factor for ADRD development,
was found to impair meningeal lymphatic function associated with
decreased VEGFC expression in aged mice.1’® Although Da Mesquita
did not find a significant alteration of VEGFR3 in lymphatic ECs in

aging mice (20 to 24 months), the differential expression of lymphan-

giogenic growth factors indicated impaired meningeal lymphatics.1’4
As a result of AAV1-CMV-mVEGF-C treatment, meningeal lymphatic
function was enhanced, which was reflected in increased CSF tracer
drainage into deep CLNs and the higher rate of tracer influx into
the brain parenchyma; however, LV coverage in the nodes was not
increased.’’4 On the one hand, 5xFAD mice generally have a marked
deposition of AB in the brain at 3 months of age,’> but their morphol-
ogy and coverage of meningeal LVs had no difference with WT mice;
on the other hand, in the 5XxFAD mice of a control group, no significant
ApB deposition could be detected in the meninges, while obvious deposi-
tion of AGwas found in 5xFAD mice with ablated meningeal LVs.'7* This
finding supports the idea that the meningeal lymphatics is a drainage
path involved in the removal of AB. Moreover, K14-VEGFR3-Ig mice
with a complete lack of LVs had a significantly higher amount of tau in
the brain than WT mice,'7¢ indicating the loss of meningeal lymphatics
impairs the function of tau clearance.

A model hypothesis of tau clearance between the glymphatic and
meningeal lymphatic systems was proposed, that is, tau is cleared by
the glymphatic lymphatic system to the CSF after ISF release, subse-
quently drained by the meningeal lymphatic system to CLNs, and finally
to the periphery.17¢

3.5 | Tau and platelet

Platelets are responsible for hemostasis and thrombosis, so its acti-
vation plays a pivotal role in the progression of atherosclerosis
and vascular events. Human platelets generate more than 90% of
the circulating amyloid precursor protein (APP).177178 As a pro-
teolytic fragment of APP, AB peptide is released after platelet
activation.?’?180 Notably, A3 in plasma can come from platelets or
the brain through the BBB, because Ag is able to cross the BBB in
pathological conditions.’®1182 Subsequently, Ag in plasma motivates
platelet activation,'83-18> platelet adhesion, and thrombus formation.
But it was found that platelet aggregation in brain vessels preceded
the appearance of amyloid deposition in APP-Swedish Dutch lowa
mice.8 |n addition, platelet activation in AD patients with rapid cog-
nitive decline is possibly caused by the stimulation of platelets via

damaged cerebral ECs'8” 188

or membrane abnormalities in platelets.
In aged 3xTg-AD mice, platelets have a more avid adhesion on
matrices compared to age-matching WT mice, including fibrillar colla-
gen, von Willebrand factor, fibrinogen, and amyloid peptides, though
the number and glycoprotein expression of platelets are normal.8?
Binding GPllIb-llla and P-selectin, activated platelets adhere on ECs
at the sites of vascular lesions and recruit leukocytes on vascular
wall, cotriggering vascular inflammation and contributing to dementia
progression.1?9191 Platelet activation increased the risk of vasocon-
striction and prothrombotic atheroemboli to the brain, which is linked
to cognitive impairment.1?2193 |n this context, it is observed that CBF
is reduced in early AD patients.2?* Maccioni et al. first found tau
present in platelets.1?> Characterized by a highly fragmented form, the
expression of platelet tau in AD patients decreased.'?¢ Interestingly,
high molecular weight (HMW) tau (80 to 240 kDa) increased in AD
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FIGURE 3 Tauand potential molecular mechanism in vasculature. Created from https://app.biorender.com (accessed on 12 February 2025).

patients.1?> However, the mechanism between platelets and tau is not

clear.

3.6 | Tau and mitochondria

Mitochondria play a central role not only in neuronal energy
metabolism and cognitive function but also in maintaining the nor-
mal physiological state of blood vessels. Meanwhile, mitochondrial
dysfunction is a key factor in neurodegenerative diseases, including
AD.1?7:198 The mitochondria-derived peptide SHLP2 regulates energy
homeostasis by activating hypothalamic neurons.’?® Mitochondrial
dysfunction can lead to ATP depletion, which impairs neurotransmitter
release and disrupts cellular energy supply, contributing to neuronal
damage, especially in conditions such as cerebral ischemia.'?? In the
context of TBI, mitochondrial dysfunction triggered by cortical spread-
ing depolarization alters vascular cell function, disrupting neurovascu-
lar coupling and CBF.2%° OS exacerbates mitochondrial dysfunction,
affecting mitochondrial morphology and energy metabolism. Under
OS, mitochondria undergo adaptive responses such as increased mito-
chondrial biogenesis and fission to cope with damage. However, if
this adaptive response persists, it can compromise long-term cellular
function and health.2°% In glial cells, tau proteins help alleviate OS by
clearing reactive oxygen species (ROS), but imbalances in tau levels
- either deficiency or excess - can disrupt these protective functions

and contribute to neurodegeneration.2°2 Under stress conditions, such

as cellular damage or disease, mitochondria accumulate unfolded pro-
teins and activate the mitochondrial unfolded protein response, which
helps restore cellular homeostasis and protects vulnerable cells.2%3
Impaired mitochondrial calcium signaling has been shown to enhance
the inflammatory response in macrophages, which links mitochondrial

204 Mitochondrial dysfunc-

dysfunction to age-related inflammation.
tion directly affects energy metabolism and survival of neurons, and is
closely tied to both AB deposition and tau pathology, which highlights

its potential as a therapeutic target for intervention.29°

4 | MOLECULAR MECHANISM BETWEEN
CEREBRAL VASCULATURE AND TAU

Vascular dysfunction is closely associated with neurodegenerative dis-
eases, especially those characterized by tau pathology. Risk factors like
hypertension, diabetes, and atherosclerosis contribute to BBB disrup-
tion, ischemia, and OS, which promote tau aggregation and abnormal
phosphorylation. These tau-induced changes, including endothe-
lial dysfunction, BBB breakdown, and impaired CBF, exacerbate
neuronal damage and accelerate disease progression. Understand-
ing the molecular mechanisms behind these vascular-neuronal
interactions is critical for revealing how tau pathology affects the
vasculature and for identifying potential therapeutic targets (Figure 3).
The different molecular mechanisms discussed are summarized in
Table 1.
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TABLE 1 Interactions between tauopathy and molecular mechanisms.

Hyperphosphorylated

Hyperphosphorylated

Hyperphosphorylated

Hyperphosphorylated

Targets Vasculature Tauopathy
eNOS/NO (1) Vasorelaxation NFTs
(2) Cerebral vascular
growth. . Insoluble tau
(3) Angiogenesis
tau
Ca?* related (1) Vasorelaxation ABand/or NFT
channel (2) Vascular
contraction
tau
tau
tau
Ca?*-related (1) NA
regulators Neuroinflammation
(2) BBB integrity
tau

Tau aggregation

Hyperphosphorylated

Hyperphosphorylated

Tau droplet
tau
Rho/Rock (1) EC permeability Hyperphosphorylated
(2) VSMC tau
contractility
(3) Inflammation
tau
RAGE (1) Endothelium Uptake of tau
dilation
(2) BBB integrity
(3) Mitochondrial
disruption
tau
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Hyperphosphorylated

Hyperphosphorylated
tau and oligomeric tau

Hyperphosphorylated

Main findings

VEGF and eNOS-positive microvessels inversely correlated
with the presence of NFTs in AD.

8-nitro-cGMP modified by NO decreased insoluble tau.

Decreased eNOS associated with the elevated expression of
CDKS5 and p25, as well as 25/p35 ratio.

Enhanced SKCa/IKCa channels function and
hyperpolarization-induced [Ca%*]; increase was observed only
in males.

VDCCs activated PKCa/Akt, which enhanced the
Ser9-phosphorylation of GSK3g and inhibited tau
Ser396-phosphorylation.

The activated TRPV4 upregulated the cholesterol levels in
primary neurons and aggravated the tau
hyperphosphorylation.

The activated TRPV1 facilitated the degradation of tau and
inhibited the hyperphosphorylation of tau.

Tauopathy disrupting BBB integrity is involved in C3a/C3aR
signaling, resulting in CaZ* release and VE-cadherin junctions.

Disrupting the activation of Ca?*/CaMKIV reversed tau
phosphorylation.

S100B released from astrocytes binds several sites of tau
sequence in a strict Ca?*-dependent manner, and that inhibits
tau aggregation and seeding.

Ca?* binding activates the incorporated S100B chaperone of
tau droplets, prompting the shift of tau droplets from miscible
liquid phase.

Ca?* regulates the action of calpain to cleave p35 to form p25,
activates p25/CDK35, and causes the hyperphosphorylation of
tau.

Activated GEF-H1/Rho pathway, resulting in the increased EC
permeability and inflammation, which may be associated with
the hyperphosphorylation of tau.

Rho-kinase inhibitors reduced the levels of phosphorylated tau
and oligomeric tau.

ROCK inhibition reduced the p25 protein level in hippocampus
of cerebral ischemia rats, which is associated with the
reduction of tau phosphorylation.

In SH-SY5Y cells, RAGE promoted the uptake and
internalization of tau, but the uptake and transneuronal
propagation of tau reduced in rTg4510 mouse with RAGE
knockout.

The activation of RAGE in VSMCs inhibited
endothelium-dependent dilation, which may be associated
with tau phosphorylation.

Abbreviations: BBB, blood—brain barrier; CaMKIV, calmodulin-dependent protein kinase IV; CDKS5, cyclin-dependent kinase 5; eNOS, endothelial nitric oxide
synthase; GEF-H1, guanine nucleotide exchange factor-H1; MT, microtubule; RAGE, receptor for advanced glycation end products; TRPV1, transient receptor
potential vanilloid 1; VDCCs, voltage-dependent calcium channels; 8-nitro-cGMP, 8-Nitroguanosine 3,5 -cyclic monophosphate; VEGF, vascular endothelial

growth factor; VSMC, vascular smooth muscle cell.

4.1 | eNOS/NO

As a potent vasodilator in regulating blood flow, eNOS has been
reported to be involved with abnormalities associated with A
Generated by eNOS in the vascular endothelial layer, NO plays an

important role in the regulation of vasorelaxation.

207 The produc-

tion of cyclic 3’-5’ guanosine monophosphate (cGMP) is stimulated
by NO through the activation of soluble guanylate cyclase (sGC),
ultimately producing vasodilatory effects of smooth muscle via actin-
myosin light chain (MLC).2%8 Thus, the eNOS/NO/cGMP pathway is
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one of the approaches that affect vasorelaxation. In addition, eNOS
is involved in the mechanism of alterations in BBB permeability and
inhibition of cerebral vascular growth and influences angiogenesis,

209 Located on ECs, vascu-

neurogenesis, and axonal transmission.
lar endothelial growth factor (VEGF) binds its receptor and triggers
several downstream signaling pathways, such as phosphoinositide 3-
kinase (P13K)/protein kinase (PKG) B (Akt) and eNOS, which has a reg-
ulatory effect on angiogenesis.210211 |n addition to regulating blood
vessels, eNOS/NO has been found to affect the modification of tau
and may be a target for the treatment of ADRD. Controlled with non-
demented individuals, significant inverse correlations exist between
both VEGF and eNOS-positive microvessels and the presence of NFTs
in AD cortices, and VEGF density significantly positively correlates
with eNOS density. In view of eNOS being a downstream target of Akt,
VEGF may regulate eNOS through the PI3K/Akt signaling pathway.212
Moreover, intermolecular cysteine disulfide bonds among tau accel-
erate their aggregation.2!3 NO also modified 8-Nitroguanosine 3,5-
cyclic monophosphate (8-nitro-cGMP) and contributes to the binding
between cysteine residues of tau and cGMP, a process termed pro-
tein S-guanylation.22* In HEK293T cells, the aggregation and fibrils
of tau are inhibited by S-guanylated tau, and in P301L tau-expressing
Neuro2A cells, sarcosyl-insoluble tau was reduced after 8-nitro-cGMP

215

intervention.“*> It is indicated that 8-nitro-cGMP may be a regulator

between NO and tau pathology. Austin et al. provided another mecha-
nism by which eNOS protected neurons from tau phosphorylation.26
The hyperphosphorylation of tau is partly caused by abnormal cyclin-
dependent kinase 5 (CDK5). The expressions and activity of regulatory
targets of APP/PS1/eNOS~/~ mice were significantly higher than WT
mice and APP/PS1 mice, including the higher level p25 and 25/p35 ratio
and higher activity of CDK5.21¢ Notably, the entry of tau oligomers into
ECs leads to the blocking of eNOS activation, resulting in a vicious cir-
cle of tau pathology secondary to the inhibition of NO production and
EC senescence.?!

4.2 | Calcium

The calcium hypothesis of AD and brain aging was first proposed by
Khachaturian,?'7 but it only focused on neurons. The breakdown of
calcium homeostasis, especially inintracellular compartments, disrupts
the equilibrium governing the regeneration and degeneration of neu-
rons through various regulators.2Y” In addition, CaZ* concentration

([Ca2t];) affects the vasculature function.

421 | Ca?t-related channel

Voltage-dependent calcium channels (VDCCs), also referred to as
Ca?*-Na* channels, which permeate both calcium ions and sodium
ions and widely exist at the cell membrane. With membrane depo-
larization, activated VDCCs lead to CaZ* influx and resulting cellular
contraction.28 In ischemic stroke (IS), underperfused capillaries are

mainly due to pericyte constriction.21%220 Either cytoplasmic [CaZ*];
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accumulation or rising vasoconstrictors aggravate pericyte constric-
tion in 1S.221 Deteriorative ischemic damage causes pericellular death
and loss over time.219220 Sybsequently, the decrease of CBF and BBB
damage also becomes the crucial pathological mechanism in 15.222
Korte et al.?21 found CI~ efflux was triggered, which was attributed to
a small increase in cytoplasmic [Ca2*]; in pericytes, further led to cell
depolarization and voltage-gated calcium channels opening. The trans-
membrane protein 16A (TMEM16A), as the CaZ*-activated channel of
CI- efflux, is a crucial regulator of cerebral capillaries.??* In a rodent
stroke model, blocking TMEM16A improved cerebrovascular reperfu-
sion via various effects, including slowing an ischemia-evoked [Ca2*];
rise in pericytes, delaying capillary constriction, and reducing pericyte
death.221

On the other hand, as a result of the increase in intracellular
[C32+]i that produces vasodilator autacoids (such as NO, PGl and
epoxides of arachidonic acid), the activation of endothelium-derived
“hyperpolarization” (EDH) contributes to vascular relaxation via trans-
mission through myoendothelial gap junctions to SMCs, ultimately
ensuring sufficient blood supply to organs or tissues.?24 Stimulation of
Ggq-protein-coupled receptors (GPCRs) and/or CaZ* influx facilitates
the rise of intracellular [CaZ*];, subsequently activating small and
intermediate Ca?*-activated K* (SKc./IKc,) channels to increase
the membrane potential (V,,).22>%26 SKc,/IKc, channel function
in cerebrovascular ECs was reduced in old female C57BL/6N mice
(vs young female and old male). In 3xTg-AD mice, compared to the
phase without A8 and NFT, their presence lowered the coupling of
AV,,-to-A[Ca?*]; of cerebrovascular ECs in both sexes, in the pathol-
ogy of AB and/or NFT, enhanced SKc,/IK¢c, channel function, and a
resulting hyperpolarization-induced [Ca?*]; increase was observed
only in males.?2” The results are consistent with a higher incidence
of AD in females in the clinic,2822? but the mechanism between
sex difference and the SKc,/IK¢, channel function impacts CBF still
needs further study. Moreover, in bovine adrenal chromaffin cells
with Nav1.7 isoform, veratridine-induced Na*t influx via Nav1.7, and
successively CaZ* influx via VDCCs activated downstream PKCa
and Akt, which enhanced the Ser?-phosphorylation of GSK38 and
consequently, inhibited tau Ser3?¢-phosphorylation.23® VDCCs also
are activated by transient receptor potential channels (TRPCs),
which are Ca2*-permeable non-selective cation channels. Membrane
depolarization is triggered by cation influx via TRPCs, leading to
Ca2* influx via VDCCs. Increased [Ca2t]; concentration enhances
the binding of calmodulin-CaZ* complexes to MLCK, which is directly
involved in vascular contraction.231232 However, different TRPCs
have opposite effects on tau. Although the activated TRPV4 promoted
NO release, contributing to vasodilation, it upregulated cholesterol
levels in primary neurons and aggravated tau hyperphosphoryla-
tion in the cortex and hippocampus of the P301S tauopathy mouse
model.233234 Conversely, the activation of TRPV1 had a neuropro-
tective effect on facilitating the degradation of tau and inhibiting the
hyperphosphorylation of tau, possibly by initiating autophagy and a
decrease in phosphorylated GSK3g(ser9) levels in neurons.23>23¢
Thus, the disruption of calcium homeostasis is an effector
of AD.
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422 | Ca?t related regulators

As an immune signal in neuroinflammation, C3 is secreted by astro-
cytes and in favor of aggravating neurodegenerative pathology.237238
C3a, the active peptide of the complement component C3, is released
and binds on its cognate receptor C3aR. Aged brain of WT mice
(20 months) showed positive C3aR staining in VE-cadherin®™ cere-
brovascular ECs, CD8* T-cell infiltration, decreased average cross-
sectional area of blood vessels, more tortuose vessels, and increased
BBB permeability.23? As the secondary messenger of C3a, Ca2+ release
was triggered, which further activated the calcium-dependent kinase
calmodulin. Ultimately, this pathway formed actin stress fibers and ini-
tiated tensile stress at the cell membrane, leading to the disruption of
VE-cadherin™ junctions and BBB integrity.23?-241 Of note, comparison
of gene expression between PS19 and PS19 C3ar1~/~ transgenic mice
showed consistent results with endothelial responses to C3a, includ-
ing inflammatory infiltration, regulation of cell adhesion molecules,
and cytoskeleton.23? Thus, the mechanism of tauopathy disrupting
BBB integrity is involved in C3a/C3aR signaling, resulting in Ca2*
release and VE-cadherin junctions. The progression of tauopathy may
be involved in immune signaling dysfunction, which leads to calcium
dyshomeostasis. In addition, in HEK293 cells, tau phosphorylated at
Thr205 in the nuclear fraction was found and caused increased nuclear
Ca?* concentrations and levels of phosphorylated CaZ*/calmodulin-
dependent PKG IV (CaMKIV).2*2 Meanwhile, disrupting the activa-
tion of CaZt/CaMKIV reversed tau phosphorylation.2*2 The link of
increased Ca2+ concentration and tau hyperphosphorylation is mutual
and forms a harmful loop. Ca%* also modulates the activity of inflam-
matory alarmins, such as S100B. Released from astrocytes, S100B
binds several sites of tau sequence in a strict Ca2t-dependent man-
ner, and that inhibits tau aggregation and seeding.?*®> The droplets
formed by tau liquid-liquid phase separation (LLPS) enhances the for-
mation of toxic conformers and oligomerization of tau. Ca2* binding
activates the incorporated S100B chaperone of tau droplets, prompt-
ing a shift of tau droplets fromto the miscible liquid phase.2*4 Ca%*
also regulates the action of calpain to cleave p35 to form p25, ulti-
mately activating p25/CDK5 and causing the hyperphosphorylation of
tau.24> Acivated eNOS/NO signaling attenuates the increased activity

246-248

of CaZ* /calpain/p25 in vasculature and neurons, which inhibits

tau hyperphosphorylation.

4.3 | Rho/Rock

Small GTPases of the Rho family are essential for the regulation
of physiological functions, including RhoA, Rac1, and cdc42.24? Both
Rho-associated kinases and Rho-associated coiled-coil forming PKGs
(ROCKs) are the downstream effectors of RhoA, playing an impor-
tant role in regulating VSMC contractility, EC permeability, neuronal
plasticity, and so forth.2*? ROCKs promote VSMC contraction via
three pathways: activated myosin light chain kinase (MLCK), increased
MLC and protein phosphatase 1 regulatory subunit 14A (CPl 17)
phosphorylation, a resulting increased phosphorylated MLC after

phosphorylating and inactivating MLC phosphatase (MLCP).24? Fur-
thermore, ROCKs and endothelial function have mutual crosstalk.
Vasoactive factors released by ECs can regulate RhoA activity and
modulate the contractile state of VSMCs.2°° NO increases intracel-
lular cGMP levels and the subsequent activation of cGMP-dependent
PKG by entering freely into VSMCs, ultimately leading to the inactiva-
tion of RhoA.251 Meanwhile, the RhoA/ROCK pathway effects eNOS
activity and eNOS mRNA stability.2°2253 MT is an important compo-
nent of the cytoskeleton. Belonging to the family of MT-associated
proteins, tau stabilizes and promotes MT assembly.2>* It has been
reported that Staphylococcus aureus destabilized MT and subsequently
activated the MT-bound Rho-specific guanine nucleotide exchange
factor-H1(GEF-H1)/Rho pathway, resulting in increasing EC perme-
ability and inflammation.2>> Notably, tau at Ser262 has been verified
as the phosphorylation site of Rho-kinase or ROCKs.11? There may
be an interaction between tauopathy and ROCK activity. Once tau is
abnormally phosphorylated, its affinity for MTs is weakened, resulting
in the formation of tau oligomers and ultimate NFTs. In a tauopathy
model of nerve cells and animal models, Rho-kinase inhibitors reduced
the levels of phosphorylated tau and oligomeric tau.2°¢ In addition,
ROCK inhibition reduced the p25 protein level in the hippocampus
of cerebral ischemia rats, which is associated with a reduction of tau
phosphorylation.2%” It is known that soluble tau oligomers damage the
functions of ECs, which leads to a deterioration of tauopathy.?! How-
ever, the regulation of tau by Rho/ROCK is confined to neurons, and its
effect on tau in the vasculature remains unclear and warrants further

study.

44 | RAGE

Advanced glycation end products (AGEs) are mainly produced by
glycoxidation and accumulate along the lifespan.2>® In addition to
AGEs, the receptor for AGEs (RAGE) binds a number of distinct ligands,
such as $100/calgranulins and high mobility group box 1 (HMGB1),
and oligomeric forms of Ag peptide.25?260 Thus, RAGE is integral
to oxidative and inflammatory stress. Pathological conditions, like
diabetes, aging, ischemia, inflammation, and cancer, enhance the
production of ligands, leading to a higher expression of RAGE.2! Most
of them are also known as risk factors for ADRD. In the CNS, RAGE
is expressed in a wide variety of cells, such as neurons, microglia,
and brain vascular cells.262 Endothelial cell dysfunction precedes and
promotes the deterioration of vascular function in diabetes.2¢3 OS
induced by methylglyoxal produced from diabetes metabolism causes
EC dysfunction in an AGE-RAGE regulatory manner, while anti-OS
treatment can reverse damage.2632¢4 The accumulation of AGEs
disrupts mitochondrial energy metabolism and exacerbates OS and
inflammation, thereby undermining the integrity of the BBB.26266 |n
SH-SY5Y cells, RAGE promoted the uptake and internalization of tau;
however, when RAGE was knocked out in rTg4510 mouse, the uptake
and transneuronal propagation of tau diminished.2¢” In addition, AGE
combined with RAGE activates NADPH oxidase (NOX) to produce

ROS, and this has been investigated in the CNS, such as neurons,



HUANG ET AL.

Alzheimer’s &Dementia® | 1sora1

astrocytes, and endothelium.26826? |n rat vascular smooth muscle,
the activation of RAGE by AGEs enhances the formation of NOX
subtype 1/4 and ROS, which inhibits the production of NO and the
activity of the voltage-sensitive K* channels and large-conductance
Kca, consequently causing the inhibition of endothelium-dependent
dilation.2¢? In ECs, eNOS is known as an upstream factor that produces
NO and regulates vasodilation, and the knockout of eNOS of APP/PS1
mice had a higher activity of CDK5/p25, which was linked to the
hyperphosphorylation of tau.2'¢ T2DM is one of the crucial vascular
clinical risk factors in ADRD, and vascular endothelial dysfunction
becomes the early driving pathogenesis. Since AGEs are produced by
T2DM, the possibly resulting pathway of tau hyperphosphorylation
in ECs may be involved in the activation of ROS and the inhibition
of NO.

5 | CONCLUSION

Vasculature is an important part of the CNS, which affects CBF, cen-
tral immune and metabolic functions. Clinical VRFs such as abnormal
BP, diabetes, and hyperlipidemia affect the normal structure and func-
tion of the vasculature, leading to the disruption of the BBB and
vasoconstriction and dilation dysfunction, which are involved in the
accumulation of AGEs, the disruption of calcium homeostasis, the
reduction of vasodilator factors, and the activation of vasoconstriction
modulators. Tauopathy is one of the pathological features of ADRD.
Preventing the abnormal formation, deposition, and spread of tau in
ADRD has become an essential goal. This review found that the inter-
action of abnormal vasculature and tau pathology has formed a harmful
loop, which may become a therapeutic target in addition to neurons

and immune cells.

AUTHOR CONTRIBUTIONS

Chuyao Huang and Wei Zhao selected the topic and conceived the
study. Zhenwen Wei, Ningxiang Zheng, and Jingsi Yan screened the
eligible studies and collated the manuscript. Jiayu Zhang and Xinyi Ye
were responsible for proofreading and drawing the figures. Chuyao
Huang drafted the manuscript of the current review. All authors read

and approved the final manuscript.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science Founda-
tion of China (81973919) and the Natural Science Foundation of
Guangdong Province (2019A1515011299).

CONFLICTS OF INTEREST STATEMENT
The authors declare that there are no conflicts of interest. Author

disclosures are available in the Supporting Information.

REFERENCES

1. Ritchie K, Lovestone S. The dementias. Lancet. 2002;360(9347):
1759-1766.d0i:10.1016/50140-6736(02)11667-9

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

. Patterson C. World Alzheimer Report 2018. Alzheimer’s Disease

International; 2018.

. The challenge of the dementias. Writing Committee, Lancet Confer-

ence 1996. Lancet. 1996;347(9011):1303-1307.

. Gorelick PB. Stroke prevention. An opportunity for efficient uti-

lization of health care resources during the coming decade. Stroke.
1994;25(1):220-224.d0i:10.1161/01.str.25.1.220

. Wimo A, Guerchet M, Ali GC, et al. The worldwide costs of dementia

2015 and comparisons with 2010. Alzheimers Dement. 2017;13(1):1-
7.d0i:10.1016/j.jalz.2016.07.150

. Perlett L, Smith EE. Treatment of vascular and neurodegenerative

forms of cognitive impairment and dementias. Clin Geriatr Med.
2023;39(1):135-149.d0i:10.1016/j.cger.2022.07.008

. McShane R, Westby MJ, Roberts E, et al. Memantine for demen-

tia. Cochrane Database Syst Rev. 2019;3(3):CD003154. doi:10.1002/
14651858.CD003154.pubéb

. Kang C. Donanemab: first approval. Drugs. 2024;84(10):1313-1318.

doi:10.1007/s40265-024-02087-4

. Eli Lily Company. KISUNLA (donanemab-azbt) injection, for intra-

venous use: US prescribing information. Food and Drug Administra-
tion; 2024. https://www.accessdata.fda.gov/drugsatfda_docs/label/
2024/761248s000Ibl.pdf

Shcherbinin S, Evans CD, Lu M, et al. Association of amyloid reduction
after donanemab treatment with tau pathology and clinical out-
comes: the TRAILBLAZER-ALZ randomized clinical trial. JAMA Neu-
rol. 2022;79(10):1015-1024. doi: 10.1001/jamaneurol.2022.2793
Goedert M, Spillantini MG, Potier MC, Ulrich J, Crowther RA. Cloning
and sequencing of the cDNA encoding an isoform of microtubule-
associated protein tau containing four tandem repeats: differen-
tial expression of tau protein mRNAs in human brain. EMBO J.
1989;8(2):393-399.d0i:10.1002/j.1460-2075.1989.tb03390.x

Gao YL, WangN, Sun FR, Cao XP, Zhang W, Yu JT. Tau in neurodegen-
erative disease. Ann Trans| Med. 2018;6(10):175. doi:10.21037/atm.
2018.04.23

James BD, Wilson RS, Boyle PA, Trojanowski JQ, Bennett DA,
Schneider JA. TDP-43 stage, mixed pathologies, and clinical
Alzheimer’s-type dementia. Brain. 2016;139(11):2983-2993.
doi:10.1093/brain/aww224

Borrego-Ecija S, Morgado J, Palencia-Madrid L, et al. Frontotemporal
dementia caused by the P301L mutation in the MAPT gene: clinico-
pathological features of 13 cases from the same geographical origin
in Barcelona, Spain. Dement Geriatr Cogn Disord. 2017;44(3-4):213-
221.doi:10.1159/000480077

Gallardo G, Holtzman DM. Amyloid-beta and tau at the crossroads of
Alzheimer’s disease. Adv Exp Med Biol. 2019;1184:187-203. doi:10.
1007/978-981-32-9358-8_16

Rosler TW, Tayaranian Marvian A, Brendel M, et al. Four-
repeat  tauopathies. Prog  Neurobiol. 2019;180:101644.
doi:10.1016/j.pneurobio.2019.101644

Forrest SL, Kril JJ, Kovacs GG. Association between globular glial
tauopathies and frontotemporal dementia-expanding the spectrum
of gliocentric disorders: a review. JAMA Neurol. 2021;78(8):1004-
1014. doi:10.1001/jamaneurol.2021.1813

Stamelou M, Respondek G, Giagkou N, Whitwell JL, Kovacs GG,
Hoglinger GU. Evolving concepts in progressive supranuclear palsy
and other 4-repeat tauopathies. Nat Rev Neurol. 2021;17(10):601-
620.d0i:10.1038/s41582-021-00541-5

Kovac A, Zilkova M, Deli MA, Zilka N, Novak M. Human truncated
tau is using a different mechanism from amyloid-beta to damage the
blood—brain barrier. J Alzheimers Dis. 2009;18(4):897-906. doi:10.
3233/JAD-2009-1197

Morris M, Maeda S, Vossel K, Mucke L. The many faces of tau. Neuron.
2011;70(3):410-426. doi:10.1016/j.neuron.2011.04.009

Hussong SA, Banh AQ, Van Skike CE, et al. Soluble pathogenic tau
enters brain vascular endothelial cells and drives cellular senescence


https://doi.org/10.1016/S0140-6736(02)11667-9
https://doi.org/10.1161/01.str.25.1.220
https://doi.org/10.1016/j.jalz.2016.07.150
https://doi.org/10.1016/j.cger.2022.07.008
https://doi.org/10.1002/14651858.CD003154.pub6
https://doi.org/10.1002/14651858.CD003154.pub6
https://doi.org/10.1007/s40265-024-02087-4
https://www.accessdata.fda.gov/drugsatfda_docs/label/2024/761248s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2024/761248s000lbl.pdf
https://doi.org/10.1001/jamaneurol.2022.2793
https://doi.org/10.1002/j.1460-2075.1989.tb03390.x
https://doi.org/10.21037/atm.2018.04.23
https://doi.org/10.21037/atm.2018.04.23
https://doi.org/10.1093/brain/aww224
https://doi.org/10.1159/000480077
https://doi.org/10.1007/978-981-32-9358-8_16
https://doi.org/10.1007/978-981-32-9358-8_16
https://doi.org/10.1016/j.pneurobio.2019.101644
https://doi.org/10.1001/jamaneurol.2021.1813
https://doi.org/10.1038/s41582-021-00541-5
https://doi.org/10.3233/JAD-2009-1197
https://doi.org/10.3233/JAD-2009-1197
https://doi.org/10.1016/j.neuron.2011.04.009

uo21 | Alzheimer’s &PDementia’

22.
23.
24,

25.

26.
27.
28.
29.
30.

31
32.

33.
34.
35.

36.

37.

38.

HUANG ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

and brain microvascular dysfunction in a mouse model of tauopathy.
Nat Commun. 2023;14(1):2367.d0i:10.1038/s41467-023-37840-y
Aguilar-Pineda JA, Vera-Lopez KJ, Shrivastava P, et al. Vascu-
lar smooth muscle cell dysfunction contribute to neuroinflamma-
tion and tau hyperphosphorylation in Alzheimer disease. iScience.
2021;24(9):102993. doi:10.1016/j.isci.2021.102993

Albrecht D, Isenberg AL, Stradford J, et al. Associations between
vascular function and tau PET are associated with global cogni-
tion and amyloid. J Neurosci. 2020;40(44):8573-8586. doi:10.1523/
JNEUROSCI.1230-20.2020

Bennett RE, Robbins AB, Hu M, et al. Tau induces blood vessel
abnormalities and angiogenesis-related gene expression in P301L
transgenic mice and human Alzheimer’s disease. Proc Natl Acad Sci U
SA.2018;115(6):E1289-E1298.d0i:10.1073/pnas.1710329115
Ries M, Watts H, Mota BC, et al. Annexin Al restores cerebrovascular
integrity concomitant with reduced amyloid-beta and tau pathology.
Brain. 2021;144(5):1526-1541. doi:10.1093/brain/awab050
Saiyasit N, Butlig ER, Chaney SD, et al. Neurovascular dysfunction in
diverse communities with health disparities-contributions to demen-
tia and Alzheimer’s disease. Front Neurosci. 2022;16:915405. doi:10.
3389/fnins.2022.915405

Altmann A, Tian L, Henderson VW, Greicius MD. Alzheimer’s dis-
ease neuroimaging initiative . Sex modifies the APOE-related risk
of developing Alzheimer disease. Ann Neurol. 2014;75(4):563-573.
doi:10.1002/ana.24135

Steward A, Biel D, Dewenter A, et al. ApoE4 and connectivity-
mediated spreading of tau pathology at lower amyloid levels. JAMA
Neurol. 2023;80(12):1295-1306. doi:10.1001/jamaneurol.2023.
4038

Howell JC, Watts KD, Parker MW, et al. Race modifies the relation-
ship between cognition and Alzheimer’s disease cerebrospinal fluid
biomarkers. Alzheimers Res Ther. 2017;9(1):88. doi:10.1186/s13195-
017-0315-1

Windham BG, Griswold ME, Wilkening SR, et al. Midlife smaller and
larger infarctions, white matter hyperintensities, and 20-year cogni-
tive decline: a cohort study. Ann Intern Med. 2019;171(6):389-396.
doi:10.7326/M18-0295

Wu A, Sharrett AR, Gottesman RF, et al. Association of
brain magnetic resonance imaging signs with cognitive out-
comes in persons with nonimpaired cognition and mild
cognitive impairment. JAMA Netw Open. 2019;2(5):e193359.
doi:10.1001/jamanetworkopen.2019.3359

Rius-Perez S, Tormos AM, Perez S, Talens-Visconti R. Patologia vas-
cular: inverted question markcausa o efecto en la enfermedad de
Alzheimer?. [Vascular pathology: cause or effect in Alzheimer dis-
ease?]. Neurologia. 2018;33(2):112-120. doi:10.1016/j.nrl.2015.07.
010

Meng XF, Yu JT, Wang HF, et al. Midlife vascular risk factors and the
risk of Alzheimer’s disease: a systematic review and meta-analysis. J
Alzheimers Dis. 2014;42(4):1295-1310. doi:10.3233/JAD- 140954
de Bruijn RF, lkram MA. Cardiovascular risk factors and future risk of
Alzheimer’s disease. BMC Med. 2014;12:130. doi:10.1186/s12916-
014-0130-5

Sachdev P, Kalaria R, O'Brien J, et al. Diagnostic criteria for vascular
cognitive disorders: a VASCOG statement. Alzheimer Dis Assoc Disord.
2014;28(3):206-218. doi:10.1097/WAD.0000000000000034
EmraniS, Arain HA, DeMarshall C,Nuriel T. APOE4 is associated with
cognitive and pathological heterogeneity in patients with Alzheimer’s
disease: a systematic review. Alzheimers Res Ther. 2020;12(1):141.
doi:10.1186/s13195-020-00712-4

Rundek T, Tolea M, Ariko T, Fagerli EA, Camargo CJ. Vascular cog-
nitive impairment (VCI). Neurotherapeutics. 2022;19(1):68-88. doi: 10.
1007/s13311-021-01170-y

Cipolla MJ, Alkayed NJ. Vascular biology of dementia. Stroke.
2023;54(3):646-647.d0i:10.1161/STROKEAHA.123.042298

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Silbert LC, Dodge HH, Perkins LG, et al. Trajectory of white matter
hyperintensity burden preceding mild cognitive impairment. Neurol-
ogy.2012;79(8):741-747.d0i:10.1212/WNL.0b013e3182661f2b
Gudala K, Bansal D, Schifano F, Bhansali A. Diabetes mellitus and risk
of dementia: a meta-analysis of prospective observational studies. J
Diabetes Investig. 2013;4(6):640-650.doi:10.1111/jdi.12087
Barbiellini Amidei C, Fayosse A, Dumurgier J, et al. Association
between age at diabetes onset and subsequent risk of dementia.
JAMA. 2021;325(16):1640-1649. doi:10.1001/jama.2021.4001

Xue H, Zeng L, Liu S. Unraveling the link: exploring the causal
relationship between diabetes, multiple sclerosis, migraine, and
Alzheimer’s disease through Mendelian randomization. Front Neu-
rosci. 2023;17:1233601. doi:10.3389/fnins.2023.1233601

Agrawal M, Agrawal AK. Pathophysiological association between dia-
betes mellitus and Alzheimer’s disease. Cureus. 2022;14(9):e29120.
doi:10.7759/cureus.29120

De Felice FG, Ferreira ST. Inflammation, defective insulin signaling,
and mitochondrial dysfunction as common molecular denomina-
tors connecting type 2 diabetes to Alzheimer disease. Diabetes.
2014;63(7):2262-2272.d0i:10.2337/db13- 1954

Watroba M, Grabowska AD, Szukiewicz D. Effects of diabetes
mellitus-related dysglycemia on the functions of blood—brain barrier
and the risk of dementia. Int J Mol Sci. 2023;24(12):10069. doi:10.
3390/ijms241210069

Freeman AM, Acevedo LA, Pennings N. Insulin resistance. In: Stat-
Pearls. StatPearls Publishing; 2024.

Grandl G, Wolfrum C. Hemostasis, endothelial stress, inflammation,
and the metabolic syndrome. Semin Immunopathol. 2018;40(2):215-
224.doi:10.1007/s00281-017-0666-5

Hobday AL, Parmar MS. The link between diabetes mellitus and tau
hyperphosphorylation: implications for risk of Alzheimer’s disease.
Cureus. 2021;13(9):e18362.doi:10.7759/cureus.18362

MclIntosh EC, Nation DA. Alzheimer’s disease neuroimaging . Impor-
tance of treatment status in links between type 2 diabetes and
Alzheimer’s disease. Diabetes Care. 2019;42(5):972-979. doi:10.
2337/dc18-1399

Motta C, Assogna M, Bonomi CG, et al. Diabetes mellitus con-
tributes to higher cerebrospinal fluid tau levels selectively in
Alzheimer’s disease patients with the APOE4 genotype. Eur J Neurol.
2021;28(12):3965-3971.doi:10.1111/ene. 15039

Craft S, Claxton A, Baker LD, et al. Effects of regular and long-acting
insulin on cognition and Alzheimer’s disease biomarkers: a pilot clin-
ical trial. J Alzheimers Dis. 2017;57(4):1325-1334. doi:10.3233/JAD-
161256

Craft S, Baker LD, Montine TJ, et al. Intranasal insulin therapy for
Alzheimer disease and amnestic mild cognitive impairment: a pilot
clinical trial. Arch Neurol. 2012;69(1):29-38. doi:10.1001/archneurol.
2011.233

Michalicova A, Majerova P, Kovac A. Tau protein and its
role in blood—brain barrier dysfunction. Front Mol Neurosci.
2020;13:570045. doi:10.3389/fnmol.2020.570045

Ahmed S, Mahmood Z, Zahid S. Linking insulin with Alzheimer’s dis-
ease: emergence as type Il diabetes. Neurol Sci. 2015;36(10):1763-
1769.d0i:10.1007/s10072-015-2352-5

Gonzalez A, Camila C, Maccioni RB, Farias G, Fuentes P. Alzheimer’s
disease as a potential diabetes type Ill: pilot study of comorbidities
related to AD. Alzheimers Dementia. 2023;19(515):e078278. doi:10.
1002/alz.078278

Livingston G, Huntley J, Sommerlad A, et al. Dementia prevention,
intervention, and care: 2020 report of the Lancet Commis-
sion. Lancet. 2020;396(10248):413-446. doi:10.1016/S0140-
6736(20)30367-6

Palta P, Albert MS, Gottesman RF. Heart health meets cogni-
tive health: evidence on the role of blood pressure. Lancet Neurol.
2021;20(10):854-867.d0i:10.1016/S1474-4422(21)00248-9


https://doi.org/10.1038/s41467-023-37840-y
https://doi.org/10.1016/j.isci.2021.102993
https://doi.org/10.1523/JNEUROSCI.1230-20.2020
https://doi.org/10.1523/JNEUROSCI.1230-20.2020
https://doi.org/10.1073/pnas.1710329115
https://doi.org/10.1093/brain/awab050
https://doi.org/10.3389/fnins.2022.915405
https://doi.org/10.3389/fnins.2022.915405
https://doi.org/10.1002/ana.24135
https://doi.org/10.1001/jamaneurol.2023.4038
https://doi.org/10.1001/jamaneurol.2023.4038
https://doi.org/10.1186/s13195-017-0315-1
https://doi.org/10.1186/s13195-017-0315-1
https://doi.org/10.7326/M18-0295
https://doi.org/10.1001/jamanetworkopen.2019.3359
https://doi.org/10.1016/j.nrl.2015.07.010
https://doi.org/10.1016/j.nrl.2015.07.010
https://doi.org/10.3233/JAD-140954
https://doi.org/10.1186/s12916-014-0130-5
https://doi.org/10.1186/s12916-014-0130-5
https://doi.org/10.1097/WAD.0000000000000034
https://doi.org/10.1186/s13195-020-00712-4
https://doi.org/10.1007/s13311-021-01170-y
https://doi.org/10.1007/s13311-021-01170-y
https://doi.org/10.1161/STROKEAHA.123.042298
https://doi.org/10.1212/WNL.0b013e3182661f2b
https://doi.org/10.1111/jdi.12087
https://doi.org/10.1001/jama.2021.4001
https://doi.org/10.3389/fnins.2023.1233601
https://doi.org/10.7759/cureus.29120
https://doi.org/10.2337/db13-1954
https://doi.org/10.3390/ijms241210069
https://doi.org/10.3390/ijms241210069
https://doi.org/10.1007/s00281-017-0666-5
https://doi.org/10.7759/cureus.18362
https://doi.org/10.2337/dc18-1399
https://doi.org/10.2337/dc18-1399
https://doi.org/10.1111/ene.15039
https://doi.org/10.3233/JAD-161256
https://doi.org/10.3233/JAD-161256
https://doi.org/10.1001/archneurol.2011.233
https://doi.org/10.1001/archneurol.2011.233
https://doi.org/10.3389/fnmol.2020.570045
https://doi.org/10.1007/s10072-015-2352-5
https://doi.org/10.1002/alz.078278
https://doi.org/10.1002/alz.078278
https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1016/S1474-4422(21)00248-9

HUANG ET AL.

Alzheimer’s &Dementia® | 1sora

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Smith JR, Sharrett AR, Pike JR, et al. Dementia occurring over a
32-year follow-up attributable to hypertension observed at differ-
ent ages: implications for dementia prevention. Alzheimers Dement.
2023;19(8):3435-3447.doi:10.1002/alz.12984

Hu H, Meng L, Bi YL, et al. Tau pathologies mediate the associa-
tion of blood pressure with cognitive impairment in adults without
dementia: the CABLE study. Alzheimers Dement. 2022;18(1):53-64.
doi:10.1002/alz.12377

Sible 1J, Nation DA; Alzheimer’s Disease Neuroimaging I. Visit-
to-visit blood pressure variability and longitudinal tau accumula-
tion in older adults. Hypertension. 2022;79(3):629-637. doi:10.1161/
HYPERTENSIONAHA.121.18479

Nation DA, Edmonds EC, Bangen KJ, et al. Pulse pressure in
relation to tau-mediated neurodegeneration, cerebral amyloido-
sis, and progression to dementia in very old adults. JAMA Neurol.
2015;72(5):546-553.d0i:10.1001/jamaneurol.2014.4477

Clark AL, Weigand AJ, Thomas KR, et al. Elevated inflammatory
markers and arterial stiffening exacerbate tau but not amyloid
pathology in older adults with mild cognitive impairment. J Alzheimers
Dis. 2021;80(4):1451-1463.doi:10.3233/JAD-201382
Vlachopoulos C, O'Rourke M, Nichols W. McDonald’s Blood Flow
in Arteries: Theoretical, Experimental and Clinical Principles. 6th ed.
Hodder Arnold; 2011.

Ransom KV, Traylor MK, Batman GB, et al. Arterial stiffness medi-
ates the association between age and processing speed at low levels
of microvascular function in humans across the adult lifespan. Am
J Physiol Heart Circ Physiol. 2024;326(2):H346-H356. doi:10.1152/
ajpheart.00662.2023

Cooper LL, O’'Donnell A, Beiser AS, et al. Association of aor-
tic stiffness and pressure pulsatility with global amyloid-beta and
regional tau burden among Framingham heart study participants
without dementia. JAMA Neurol. 2022;79(7):710-719. doi:10.1001/
jamaneurol.2022.1261

Larsson SC, Markus HS. Does treating vascular risk factors prevent
dementia and Alzheimer’s disease? a systematic review and meta-
analysis. J Alzheimers Dis. 2018;64(2):657-668. doi:10.3233/JAD-
180288

White WB, Wakefield DB, Moscufo N, et al. Effects of intensive
versus standard ambulatory blood pressure control on cere-
brovascular outcomes in older people (INFINITY). Circulation.
2019;140(20):1626-1635.  doi:10.1161/CIRCULATIONAHA.119.
041603

Kim T, YiD, Byun MS, et al. Synergistic interaction of high blood pres-
sure and cerebral beta-amyloid on tau pathology. Alzheimers Res Ther.
2022;14(1):193.d0i:10.1186/s13195-022-01149-7

Sproviero W, Winchester L, Newby D, et al. High blood pressure and
risk of dementia: a two-sample Mendelian randomization study in
the UK Biobank. Biol Psychiatry. 2021;89(8):817-824. doi:10.1016/j.
biopsych.2020.12.015

Andrews SJ, Fulton-Howard B, O’Reilly P, Marcora E, Goate
AM; collaborators of the Alzheimer’'s Disease Genetics Consor-
tium. Causal associations between modifiable risk factors and the
Alzheimer’s phenome. Ann Neurol. 2021;89(1):54-65. doi:10.1002/
ana.25918

Larsson SC, Traylor M, Malik R, et al. Modifiable pathways in
Alzheimer’s disease: Mendelian randomisation analysis. BMJ.
2017;359:j5375. doi:10.1136/bmj.j5375

Ostergaard SD, Mukherjee S, Sharp SJ, et al. Associations between
potentially modifiable risk factors and Alzheimer disease: a
Mendelian randomization study. PLoS Med. 2015;12(6):e1001841.
doi:10.1371/journal.pmed.1001841

Xia X, Qiu C, Rizzuto D, et al. Role of orthostatic hypotension in
the development of dementia in people with and without cardio-
vascular disease. Hypertension. 2023;80(7):1474-1483.doi:10.1161/
HYPERTENSIONAHA.123.21210

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

Grande G, Qiu C, Fratiglioni L. Prevention of dementia in an
ageing world: evidence and biological rationale. Ageing Res Rev.
2020;64:101045. doi:10.1016/j.arr.2020.101045

Qiu C, Fratiglioni L. A major role for cardiovascular burden in
age-related cognitive decline. Nat Rev Cardiol. 2015;12(5):267-277.
doi:10.1038/nrcardio.2014.223

Liu X, Wang Z, Xia Y, et al. Losartan-induced hypotension leads
to tau hyperphosphorylation and memory deficit. J Alzheimers Dis.
2014;40(2):419-427.doi:10.3233/JAD-131679

Martinez-Hervas S, Ascaso JF. Hypercholesterolemia. Academic Press;
2019.

Karasinska JM, Hayden MR. Cholesterol metabolism in Huntington
disease. Nat Rev Neurol. 2011;7(10):561-572. doi:10.1038/nrneurol.
2011.132

Hofman A, Ott A, Breteler MM, et al. Atherosclerosis, apolipoprotein
E, and prevalence of dementia and Alzheimer’s disease in the Rotter-
dam Study. Lancet. 1997;349(9046):151-154. doi:10.1016/50140-
6736(96)09328-2

Pei WD, Zhang YH, Sun YH, et al. Apolipoprotein E polymorphism
influences lipid phenotypes in Chinese families with familial com-
bined hyperlipidemia. Circ J. 2006;70(12):1606-1610. doi:10.1253/
circj.70.1606

McNeely MJ, Edwards KL, Marcovina SM, Brunzell JD, Motulsky AG,
Austin MA. Lipoprotein and apolipoprotein abnormalities in familial
combined hyperlipidemia: a 20-year prospective study. Atherosclero-
sis. 2001;159(2):471-481. doi:10.1016/s0021-9150(01)00528-7
Nelson MR, Liu P, Agrawal A, et al. The APOE-R136S mutation pro-
tects against APOE4-driven Tau pathology, neurodegeneration and
neuroinflammation. Nat Neurosci. 2023;26(12):2104-2121. doi:10.
1038/s41593-023-01480-8

Reiman EM, Arboleda-Velasquez JF, Quiroz YT, et al. Exception-
ally low likelihood of Alzheimer’'s dementia in APOE2 homozy-
gotes from a 5,000-person neuropathological study. Nat Commun.
2020;11(1):667.d0i:10.1038/s41467-019-14279-8

Fang YC, Hsieh YC, Hu CJ, Tu YK. Endothelial dysfunction in neu-
rodegenerative diseases. Int J Mol Sci. 2023;24(3). doi:10.3390/
ijms24032909

Kraft P, Schuhmann MK, Garz C, et al. Hypercholesterolemia induced
cerebral small vessel disease. PLoS One. 2017;12(8):e0182822.
doi:10.1371/journal.pone.0182822

Rai A, Pathak D, Thakur S, Singh S, Dubey AK, Mallik R. Dynein
clusters into lipid microdomains on phagosomes to drive rapid trans-
port toward lysosomes. Cell. 2016;164(4):722-734. doi:10.1016/j.
cell.2015.12.054

Hendricks AG, Perlson E, Ross JL, Schroeder HW, 3rd, Tokito M,
Holzbaur EL. Motor coordination via a tug-of-war mechanism drives
bidirectional vesicle transport. Curr Biol. 2010;20(8):697-702. doi: 10.
1016/j.cub.2010.02.058

Shubeita GT, Tran SL, Xu J, et al. Consequences of motor copy number
on the intracellular transport of kinesin-1-driven lipid droplets. Cell.
2008;135(6):1098-1107. doi:10.1016/j.cell.2008.10.021

Ferro LS, Fang Q, Eshun-Wilson L, et al. Structural and functional
insight into regulation of kinesin-1 by microtubule-associated pro-
tein MAP7. Science. 2022;375(6578):326-331. doi:10.1126/science.
abf6154

TanR,LamAJ, Tan T, et al. Microtubules gate tau condensation to spa-
tially regulate microtubule functions. Nat Cell Biol. 2019;21(9):1078-
1085. doi:10.1038/s41556-019-0375-5

Siahaan V, Krattenmacher J, Hyman AA, et al. Kinetically distinct
phases of tau on microtubules regulate kinesin motors and severing
enzymes. Nat Cell Biol. 2019;21(9):1086-1092. doi:10.1038/s41556-
019-0374-6

Tuck BJ, Miller LVC, Katsinelos T, et al. Cholesterol determines
the cytosolic entry and seeded aggregation of tau. Cell Rep.
2022;39(5):110776.doi:10.1016/j.celrep.2022.110776


https://doi.org/10.1002/alz.12984
https://doi.org/10.1002/alz.12377
https://doi.org/10.1161/HYPERTENSIONAHA.121.18479
https://doi.org/10.1161/HYPERTENSIONAHA.121.18479
https://doi.org/10.1001/jamaneurol.2014.4477
https://doi.org/10.3233/JAD-201382
https://doi.org/10.1152/ajpheart.00662.2023
https://doi.org/10.1152/ajpheart.00662.2023
https://doi.org/10.1001/jamaneurol.2022.1261
https://doi.org/10.1001/jamaneurol.2022.1261
https://doi.org/10.3233/JAD-180288
https://doi.org/10.3233/JAD-180288
https://doi.org/10.1161/CIRCULATIONAHA.119.041603
https://doi.org/10.1161/CIRCULATIONAHA.119.041603
https://doi.org/10.1186/s13195-022-01149-7
https://doi.org/10.1016/j.biopsych.2020.12.015
https://doi.org/10.1016/j.biopsych.2020.12.015
https://doi.org/10.1002/ana.25918
https://doi.org/10.1002/ana.25918
https://doi.org/10.1136/bmj.j5375
https://doi.org/10.1371/journal.pmed.1001841
https://doi.org/10.1161/HYPERTENSIONAHA.123.21210
https://doi.org/10.1161/HYPERTENSIONAHA.123.21210
https://doi.org/10.1016/j.arr.2020.101045
https://doi.org/10.1038/nrcardio.2014.223
https://doi.org/10.3233/JAD-131679
https://doi.org/10.1038/nrneurol.2011.132
https://doi.org/10.1038/nrneurol.2011.132
https://doi.org/10.1016/S0140-6736(96)09328-2
https://doi.org/10.1016/S0140-6736(96)09328-2
https://doi.org/10.1253/circj.70.1606
https://doi.org/10.1253/circj.70.1606
https://doi.org/10.1016/s0021-9150(01)00528-7
https://doi.org/10.1038/s41593-023-01480-8
https://doi.org/10.1038/s41593-023-01480-8
https://doi.org/10.1038/s41467-019-14279-8
https://doi.org/10.3390/ijms24032909
https://doi.org/10.3390/ijms24032909
https://doi.org/10.1371/journal.pone.0182822
https://doi.org/10.1016/j.cell.2015.12.054
https://doi.org/10.1016/j.cell.2015.12.054
https://doi.org/10.1016/j.cub.2010.02.058
https://doi.org/10.1016/j.cub.2010.02.058
https://doi.org/10.1016/j.cell.2008.10.021
https://doi.org/10.1126/science.abf6154
https://doi.org/10.1126/science.abf6154
https://doi.org/10.1038/s41556-019-0375-5
https://doi.org/10.1038/s41556-019-0374-6
https://doi.org/10.1038/s41556-019-0374-6
https://doi.org/10.1016/j.celrep.2022.110776

woiz1 | Alzheimer’s &PDementia’

93.
94.

95.

96.
97.
98.
99.
100.

101.

102.

103.

104.
105.
106.

107.

108.

109.

HUANG ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Glasauer SMK, Goderie SK, Rauch JN, et al. Human tau muta-
tions in cerebral organoids induce a progressive dyshomeostasis of
cholesterol. Stem Cell Reports. 2022;17(9):2127-2140. doi:10.1016/j.
stemcr.2022.07.011

Porcu P, Barron AM, Frye CA, et al. Neurosteroidogenesis today:
novel targets for neuroactive steroid synthesis and action and
their relevance for translational research. J Neuroendocrinol.
2016;28(2):12351.doi:10.1111/jne. 12351

Smith CC, Gibbs TT, Farb DH. Pregnenolone sulfate as a modulator of
synaptic plasticity. Psychopharmacology. 2014;231(17):3537-3556.
doi:10.1007/s00213-014-3643-x

Szabo L, Cummins N, Paganetti P, et al. ER-mitochondria contacts
and cholesterol metabolism are disrupted by disease-associated
tau protein. EMBO Rep. 2023;24(8):€57499. doi:10.15252/embr.
202357499

Bhat NR, Thirumangalakudi L. Increased tau phosphorylation and
impaired braininsulin/IGF signaling in mice fed a high fat/high choles-
terol diet. J Alzheimers Dis. 2013;36(4):781-789. doi:10.3233/JAD-
2012-121030

Chen X, Gawryluk JW, Wagener JF, Ghribi O, Geiger JD. Caf-
feine blocks disruption of blood brain barrier in a rabbit model of
Alzheimer’s disease. J Neuroinflammation. 2008;5:12. doi:10.1186/
1742-2094-5-12

de Oliveira J, Engel DF, de Paula GC, et al. High cholesterol diet exac-
erbates blood—brain barrier disruption in LDLr-/- mice: impact on
cognitive function. J Alzheimers Dis. 2020;78(1):97-115.doi:10.3233/
JAD-200541

Moon Y, Jeon HJ, Han SH, et al. Blood—brain barrier breakdown is
linked to tau pathology and neuronal injury in a differential man-
ner according to amyloid deposition. J Cereb Blood Flow Metab.
2023;43(11):1813-1825.d0i:10.1177/0271678X231180035

Braak H, Braak E. Neuropathological stageing of Alzheimer-
related changes. Acta  Neuropathol.  1991;82(4):239-259.
doi:10.1007/BF00308809

Merlini M, Wanner D, Nitsch RM. Tau pathology-dependent remod-
elling of cerebral arteries precedes Alzheimer’s disease-related
microvascular cerebral amyloid angiopathy. Acta Neuropathol.
2016;131(5):737-752. doi:10.1007/s00401-016-1560-2

Placido Al, Pereira CMF, Correira SC, Carvalho C, Oliveira CR,
Moreira PI. Phosphatase 2A inhibition affects endoplasmic reticulum
and mitochondria homeostasis via cytoskeletal alterations in brain
endothelial cells. Mol Neurobiol. 2017;54(1):154-168. doi:10.1007/
$12035-015-9640-1

Balczon R, Prasain N, Ochoa C, et al. Pseudomonas aeruginosa
exotoxin Y-mediated tau hyperphosphorylation impairs microtubule
assembly in pulmonary microvascular endothelial cells. PLoS One.
2013;8(9):e74343. doi:10.1371/journal.pone.0074343
Castillo-Carranza DL, Nilson AN, Van Skike CE, et al. Cerebral
microvascular accumulation of tau oligomers in Alzheimer’s dis-
ease and related tauopathies. Aging Dis. 2017;8(3):257-266. doi:10.
14336/AD.2017.0112

Blair LJ, Frauen HD, Zhang B, et al. Tau depletion prevents progres-
sive blood—brain barrier damage in a mouse model of tauopathy. Acta
Neuropathol Commun. 2015;3:8. d0i:10.1186/s40478-015-0186-2
Monnier A, Prigent-Tessier A, Quirie A, et al. Brain-derived neu-
rotrophic factor of the cerebral microvasculature: a forgotten and
nitric oxide-dependent contributor of brain-derived neurotrophic
factor in the brain. Acta Physiol. 2017;219(4):790-802. doi:10.1111/
apha.12743

Theofilis P, Sagris M, Oikonomou E, et al. Inflammatory mechanisms
contributing to endothelial dysfunction. Biomedicines. 2021;9(7).
doi:10.3390/biomedicines9070781

Choi CS, Gwin M, Voth S, et al. Cytotoxic tau released from
lung microvascular endothelial cells upon infection with Pseu-

110.

111

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

domonas aeruginosa promotes neuronal tauopathy. J Biol Chem.
2022;298(1):101482.d0i:10.1016/j.jbc.2021.101482
Pandharipande PP, Girard TD, Ely EW. Long-term cognitive impair-
ment after critical illness. N Engl J Med. 2014;370(2):185-186. doi: 10.
1056/NEJMc1313886

Hopkins RO, Weaver LK, Collingridge D, Parkinson RB, Chan
KJ. Two-year cognitive, emotional, and quality-of-life outcomes in
acute respiratory distress syndrome. Am J Respir Crit Care Med.
2005;171(4):340-347.doi:10.1164/rccm.200406-7630C

Balczon R, Lin MT, Lee JY, et al. Pneumonia initiates a tauopathy.
FASEB J. 2021;35(9):€21807. doi:10.1096/f].202100718R

Ochoa CD, Alexeyev M, Pastukh V, Balczon R, Stevens T. Pseu-
domonas aeruginosa exotoxin Y is a promiscuous cyclase that
increases endothelial tau phosphorylation and permeability. J Biol
Chem. 2012;287(30):25407-25418.doi:10.1074/jbc.M111.301440
Balczon R, Lin MT, Voth S, et al. Lung endothelium, tau, and amy-
loids in health and disease. Physiol Rev. 2024;104(2):533-587.doi:10.
1152/physrev.00006.2023

Filippone A, Smith T, Pratico D. Dysregulation of the retromer
complex in brain endothelial cells results in accumulation of phos-
phorylated tau. J Inflamm Res. 2021;14:7455-7465. doi:10.2147/JIR.
5342096

Bergers G, Song S. The role of pericytes in blood-vessel forma-
tion and maintenance. Neuro Oncol. 2005;7(4):452-464.doi:10.1215/
$1152851705000232

Amano M, Fukata Y, Kaibuchi K. Regulation and functions of Rho-
associated kinase. Exp Cell Res. 2000;261(1):44-51. doi:10.1006/excr.
2000.5046

Kaibuchi K, Kuroda S, Amano M. Regulation of the cytoskeleton and
cell adhesion by the Rho family GTPases in mammalian cells. Annu Rev
Biochem. 1999;68:459-486.doi:10.1146/annurev.biochem.68.1.459
Amano M, Kaneko T, Maeda A, et al. Identification of Tau and
MAP2 as novel substrates of Rho-kinase and myosin phosphatase.
J Neurochem. 2003;87(3):780-790. doi:10.1046/j.1471-4159.2003.
02054.x

Ojo J, Eisenbaum M, Shackleton B, et al. Mural cell dysfunction
leads to altered cerebrovascular tau uptake following repetitive head
trauma. Neurobiol Dis. 2021;150:105237. doi:10.1016/j.nbd.2020.
105237

Winkler EA, Sagare AP, Zlokovic BV. The pericyte: a forgotten cell
type with important implications for Alzheimer’s disease?. Brain
Pathol. 2014;24(4):371-386.d0i:10.1111/bpa.12152

Gould IG, Tsai P, Kleinfeld D, Linninger A. The capillary bed
offers the largest hemodynamic resistance to the cortical blood
supply. J Cereb Blood Flow Metab. 2017;37(1):52-68. doi:10.1177/
0271678X16671146

Korte N, Nortley R, Attwell D. Cerebral blood flow decrease as
an early pathological mechanism in Alzheimer’s disease. Acta Neu-
ropathol. 2020;140(6):793-810. doi:10.1007/s00401-020-02215-w
Gutierrez-Jimenez E, Angleys H, Rasmussen PM, et al. Disturbances
in the control of capillary flow in an aged APP(swe)/PS1DeltaE9
model of Alzheimer’s disease. Neurobiol Aging. 2018;62:82-94.doi: 10.
1016/j.neurobiolaging.2017.10.006

Eskildsen SF, Gyldensted L, Nagenthiraja K, et al. Increased cor-
tical capillary transit time heterogeneity in Alzheimer’s disease: a
DSC-MRI perfusion study. Neurobiol Aging. 2017;50:107-118. doi: 10.
1016/j.neurobiolaging.2016.11.004

Sagare AP, Bell RD, Zhao Z, et al. Pericyte loss influences Alzheimer-
like neurodegeneration in mice. Nat Commun. 2013;4:2932. doi:10.
1038/ncomms3932

Stern RA, Riley DO, Daneshvar DH, Nowinski CJ, Cantu RC, McKee
AC. Long-term consequences of repetitive brain trauma: chronic
traumatic encephalopathy. PM R. 2011;3(10 Suppl 2):5460-7. doi:10.
1016/j.pmrj.2011.08.008


https://doi.org/10.1016/j.stemcr.2022.07.011
https://doi.org/10.1016/j.stemcr.2022.07.011
https://doi.org/10.1111/jne.12351
https://doi.org/10.1007/s00213-014-3643-x
https://doi.org/10.15252/embr.202357499
https://doi.org/10.15252/embr.202357499
https://doi.org/10.3233/JAD-2012-121030
https://doi.org/10.3233/JAD-2012-121030
https://doi.org/10.1186/1742-2094-5-12
https://doi.org/10.1186/1742-2094-5-12
https://doi.org/10.3233/JAD-200541
https://doi.org/10.3233/JAD-200541
https://doi.org/10.1177/0271678X231180035
https://doi.org/10.1007/BF00308809
https://doi.org/10.1007/s00401-016-1560-2
https://doi.org/10.1007/s12035-015-9640-1
https://doi.org/10.1007/s12035-015-9640-1
https://doi.org/10.1371/journal.pone.0074343
https://doi.org/10.14336/AD.2017.0112
https://doi.org/10.14336/AD.2017.0112
https://doi.org/10.1186/s40478-015-0186-2
https://doi.org/10.1111/apha.12743
https://doi.org/10.1111/apha.12743
https://doi.org/10.3390/biomedicines9070781
https://doi.org/10.1016/j.jbc.2021.101482
https://doi.org/10.1056/NEJMc1313886
https://doi.org/10.1056/NEJMc1313886
https://doi.org/10.1164/rccm.200406-763OC
https://doi.org/10.1096/fj.202100718R
https://doi.org/10.1074/jbc.M111.301440
https://doi.org/10.1152/physrev.00006.2023
https://doi.org/10.1152/physrev.00006.2023
https://doi.org/10.2147/JIR.S342096
https://doi.org/10.2147/JIR.S342096
https://doi.org/10.1215/S1152851705000232
https://doi.org/10.1215/S1152851705000232
https://doi.org/10.1006/excr.2000.5046
https://doi.org/10.1006/excr.2000.5046
https://doi.org/10.1146/annurev.biochem.68.1.459
https://doi.org/10.1046/j.1471-4159.2003.02054.x
https://doi.org/10.1046/j.1471-4159.2003.02054.x
https://doi.org/10.1016/j.nbd.2020.105237
https://doi.org/10.1016/j.nbd.2020.105237
https://doi.org/10.1111/bpa.12152
https://doi.org/10.1177/0271678X16671146
https://doi.org/10.1177/0271678X16671146
https://doi.org/10.1007/s00401-020-02215-w
https://doi.org/10.1016/j.neurobiolaging.2017.10.006
https://doi.org/10.1016/j.neurobiolaging.2017.10.006
https://doi.org/10.1016/j.neurobiolaging.2016.11.004
https://doi.org/10.1016/j.neurobiolaging.2016.11.004
https://doi.org/10.1038/ncomms3932
https://doi.org/10.1038/ncomms3932
https://doi.org/10.1016/j.pmrj.2011.08.008
https://doi.org/10.1016/j.pmrj.2011.08.008

HUANG ET AL.

Alzheimer’s &Dementia® | 1721

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Rajeev V, Fann DY, Dinh QN, et al. Pathophysiology of blood
brain barrier dysfunction during chronic cerebral hypoperfusion in
vascular cognitive impairment. Theranostics. 2022;12(4):1639-1658.
doi:10.7150/thno.68304

Carrera-Gonzalez MDP, Canton-Habas V, Rich-Ruiz M. Aging,
depression and dementia: the inflammatory process. Adv Clin Exp
Med. 2022;31(5):469-473.d0i:10.17219/acem/149897

Nation DA, Sweeney MD, Montagne A, et al. Blood—brain barrier
breakdown is an early biomarker of human cognitive dysfunction. Nat
Med. 2019;25(2):270-276.d0i:10.1038/541591-018-0297-y
Blanchette M, Daneman R. Formation and maintenance of the BBB.
Mech Dev. 2015;138(Pt. 1):8-16. doi:10.1016/j.m0d.2015.07.007
Kook SY, Seok Hong H, Moon M, Mook-Jung |. Disruption of
blood—brain barrier in Alzheimer disease pathogenesis. Tissue Barri-
ers.2013;1(2):€23993.d0i:10.4161/tish.23993

Alafuzoff |, Adolfsson R, Grundke-Igbal I, Winblad B. Blood—brain
barrier in Alzheimer dementia and in non-demented elderly. An
immunocytochemical study. Acta Neuropathol. 1987;73(2):160-166.
doi:10.1007/BF00693782

Shao X, Ma SJ, Casey M, D'Orazio L, Ringman JM, Wang DJJ.
Mapping water exchange across the blood—brain barrier using 3D
diffusion-prepared arterial spin labeled perfusion MRI. Magn Reson
Med. 2019;81(5):3065-3079. d0i:10.1002/mrm.27632

Lin Z, Sur S, Soldan A, et al. Brain oxygen extraction by using
MRI in older individuals: relationship to apolipoprotein E genotype
and amyloid burden. Radiology. 2019;292(1):140-148. doi:10.1148/
radiol.2019182726

St Lawrence KS, Owen D, Wang DJ. A two-stage approach for mea-
suring vascular water exchange and arterial transit time by diffusion-
weighted perfusion MRI. Magn Reson Med. 2012;67(5):1275-1284.
doi:10.1002/mrm.23104

Uchida Y, Kan H, Sakurai K, Oishi K, Matsukawa N. Contributions of
blood—brain barrier imaging to neurovascular unit pathophysiology
of Alzheimer’s disease and related dementias. Front Aging Neurosci.
2023;15:1111448. doi:10.3389/fnagi.2023.1111448

Heye AK, Culling RD, Valdes Hernandez Mdel C, Thrippleton MJ,
Wardlaw JM. Assessment of blood—brain barrier disruption using
dynamic contrast-enhanced MRI. A systematic review. Neuroimage
Clin. 2014;6:262-274. doi:10.1016/j.nicl.2014.09.002

Ward RJ, Zucca FA, Duyn JH, Crichton RR, Zecca L. The role of
iron in brain ageing and neurodegenerative disorders. Lancet Neurol.
2014;13(10):1045-1060.d0i:10.1016/51474-4422(14)70117-6
Georgieff MK. Long-term brain and behavioral consequences of early
iron deficiency. Nutr Rev. 2011;69 Suppl! 1.(Suppl. 1):543-8. doi:10.
1111/j.1753-4887.2011.00432.x

Uchida VY, Kan H, Sakurai K, Oishi K, Matsukawa N. Quantitative sus-
ceptibility mapping as an imaging biomarker for Alzheimer’s disease:
the expectations and limitations. Front Neurosci. 2022;16:938092.
doi:10.3389/fnins.2022.938092

Langkammer C, Schweser F, Krebs N, et al. Quantitative susceptibil-
ity mapping (QSM) as a means to measure brain iron? A post mortem
validation study. Neuroimage. 2012;62(3):1593-1599. doi:10.1016/j.
neuroimage.2012.05.049

Uchida Y, Kan H, Furukawa G, et al. Relationship between brain
iron dynamics and blood—brain barrier function during childhood: a
quantitative magnetic resonance imaging study. Fluids Barriers CNS.
2023;20(1):60. doi:10.1186/512987-023-00464-x

Uchida Y, Kan H, Sakurai K, et al. APOE varepsilon4 dose associates
with increased brain iron and beta-amyloid via blood—brain barrier
dysfunction. J Neurol Neurosurg Psychiatry. 2022. doi:10.1136/jnnp-
2021-328519

Li M, Li Y, Zuo L, Hu W, Jiang T. Increase of blood—brain barrier
leakage is related to cognitive decline in vascular mild cognitive
impairment. BMC Neurol. 2021;21(1):159.d0i:10.1186/s12883-021-
02189-6

146.

147.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

van de Haar HJ, Jansen JFA, Jeukens C, et al. Subtle blood—brain
barrier leakage rate and spatial extent: considerations for dynamic
contrast-enhanced MRI. Med Phys. 2017;44(8):4112-4125. doi:10.
1002/mp.12328

Montagne A, Barnes SR, Sweeney MD, et al. Blood—brain bar-
rier breakdown in the aging human hippocampus. Neuron.
2015;85(2):296-302. doi:10.1016/j.neuron.2014.12.032

Ford JN, Zhang Q, Sweeney EM, et al. Quantitative water permeabil-
ity mapping of blood—brain-barrier dysfunction in aging. Front Aging
Neurosci. 2022;14:867452.d0i:10.3389/fnagi.2022.867452

Gold BT, Shao X, Sudduth TL, et al. Water exchange rate across
the blood—brain barrier is associated with CSF amyloid-beta 42 in
healthy older adults. Alzheimers Dement. 2021;17(12):2020-2029.
doi:10.1002/alz.12357

Chakraborty A, de Wit NM, van der Flier WM, de Vries HE. The blood
brain barrier in Alzheimer’s disease. Vascul Pharmacol. 2017;89:12-
18.d0i:10.1016/j.vph.2016.11.008

Kuwahara H, Nishida Y, Yokota T. [Blood—brain barrier and
Alzheimer’s disease]. Brain Nerve. 2013;65(2):145-151.

Johnson AC. Hippocampal vascular supply and its role in vascu-
lar cognitive impairment. Stroke. 2023;54(3):673-685. doi:10.1161/
STROKEAHA.122.038263

Ji X, Ferreira T, Friedman B, et al. Brain microvasculature has a
common topology with local differences in geometry that match
metabolic load. Neuron. 2021;109(7):1168-1187.e13. doi:10.1016/j.
neuron.2021.02.006

Zhang X, Yin X, Zhang J, et al. High-resolution mapping of brain vascu-
lature and its impairment in the hippocampus of Alzheimer’s disease
mice. Natl Sci Rev. 2019;6(6):1223-1238.doi:10.1093/nsr/nwz124
Johnson AC, Hammer ES, Sakkaki S, Tremble SM, Holmes GL, Cipolla
MJ. Inhibition of blood—brain barrier efflux transporters promotes
seizure in pregnant rats: role of circulating factors. Brain Behav
Immun. 2018;67:13-23.d0i:10.1016/j.bbi.2017.07.017

Kuntner C, Bankstahl JP, Bankstahl M, et al. Dose-response
assessment of tariquidar and elacridar and regional quan-
tification of P-glycoprotein inhibition at the rat blood—brain
barrier using (R)-[(11)C]verapamil PET. Eur J Nucl Med Mol
Imaging.  2010;37(5):942-953.  doi:10.1007/s00259-009-1332-
5

Cao Y, Ni C, Li Z, et al. Isoflurane anesthesia results in reversible
ultrastructure and occludin tight junction protein expression changes
in hippocampal blood—brain barrier in aged rats. Neurosci Lett.
2015;587:51-56.d0i:10.1016/j.neulet.2014.12.018

Liu Y, Zhang S, Li X, et al. Peripheral inflammation promotes brain
tau transmission via disrupting blood—brain barrier. Biosci Rep.
2020;40(2):BSR20193629. doi:10.1042/BSR20193629

Bower NI, Koltowska K, Pichol-Thievend C, et al. Mural lymphatic
endothelial cells regulate meningeal angiogenesis in the zebrafish.
Nat Neurosci. 2017;20(6):774-783. doi:10.1038/nn.4558

Randolph GJ, Ivanov S, Zinselmeyer BH, Scallan JP. The lymphatic
system: integral roles inimmunity. Annu Rev Immunol. 2017;35:31-52.
doi:10.1146/annurev-immunol-041015-055354

Huisman Y, Uphoff K, Berger M, et al. Meningeal lymphatic endothe-
lial cells fulfill scavenger endothelial cell function and cooperate with
microglia in waste removal from the brain. Glia. 2022;70(1):35-49.
doi:10.1002/glia.24081

Desland FA, Hormigo A. The CNS and the brain tumor microenvi-
ronment: implications for glioblastoma immunotherapy. Int J Mol Sci.
2020;21(19):7358. doi:10.3390/ijms21197358

lliff JJ, Wang M, Liao Y, et al. A paravascular pathway facil-
itates CSF flow through the brain parenchyma and the clear-
ance of interstitial solutes, including amyloid beta. Sci Transl Med.
2012;4(147):147ra111. doi:10.1126/scitranslmed.3003748

lliff JJ, Wang M, Zeppenfeld DM, et al. Cerebral arterial pul-
sation drives paravascular CSF-interstitial fluid exchange in the


https://doi.org/10.7150/thno.68304
https://doi.org/10.17219/acem/149897
https://doi.org/10.1038/s41591-018-0297-y
https://doi.org/10.1016/j.mod.2015.07.007
https://doi.org/10.4161/tisb.23993
https://doi.org/10.1007/BF00693782
https://doi.org/10.1002/mrm.27632
https://doi.org/10.1148/radiol.2019182726
https://doi.org/10.1148/radiol.2019182726
https://doi.org/10.1002/mrm.23104
https://doi.org/10.3389/fnagi.2023.1111448
https://doi.org/10.1016/j.nicl.2014.09.002
https://doi.org/10.1016/S1474-4422(14)70117-6
https://doi.org/10.1111/j.1753-4887.2011.00432.x
https://doi.org/10.1111/j.1753-4887.2011.00432.x
https://doi.org/10.3389/fnins.2022.938092
https://doi.org/10.1016/j.neuroimage.2012.05.049
https://doi.org/10.1016/j.neuroimage.2012.05.049
https://doi.org/10.1186/s12987-023-00464-x
https://doi.org/10.1136/jnnp-2021-328519
https://doi.org/10.1136/jnnp-2021-328519
https://doi.org/10.1186/s12883-021-02189-6
https://doi.org/10.1186/s12883-021-02189-6
https://doi.org/10.1002/mp.12328
https://doi.org/10.1002/mp.12328
https://doi.org/10.1016/j.neuron.2014.12.032
https://doi.org/10.3389/fnagi.2022.867452
https://doi.org/10.1002/alz.12357
https://doi.org/10.1016/j.vph.2016.11.008
https://doi.org/10.1161/STROKEAHA.122.038263
https://doi.org/10.1161/STROKEAHA.122.038263
https://doi.org/10.1016/j.neuron.2021.02.006
https://doi.org/10.1016/j.neuron.2021.02.006
https://doi.org/10.1093/nsr/nwz124
https://doi.org/10.1016/j.bbi.2017.07.017
https://doi.org/10.1007/s00259-009-1332-5
https://doi.org/10.1007/s00259-009-1332-5
https://doi.org/10.1016/j.neulet.2014.12.018
https://doi.org/10.1042/BSR20193629
https://doi.org/10.1038/nn.4558
https://doi.org/10.1146/annurev-immunol-041015-055354
https://doi.org/10.1002/glia.24081
https://doi.org/10.3390/ijms21197358
https://doi.org/10.1126/scitranslmed.3003748

wso21 | Alzheimer’s & Dementia’

165.
166.

167.
168.

169.
170.
171.

172.
173.
174.

175.

176.
177.

178.

179.

180.
181.

182.

HUANG ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

murine brain. J Neurosci. 2013;33(46):18190-18199. doi:10.1523/
JNEUROSCI.1592-13.2013

lliff JJ, Lee H, Yu M, et al. Brain-wide pathway for waste clearance
captured by contrast-enhanced MRI. J Clin Invest. 2013;123(3):1299-
1309. doi:10.1172/JCI167677

Xie L, Kang H, Xu Q, et al. Sleep drives metabolite clearance from the
adult brain. Science. 2013;342(6156):373-377. doi:10.1126/science.
1241224

Johnson VE, Stewart W, Smith DH. Widespread tau and amyloid-beta
pathology many years after a single traumatic brain injury in humans.
Brain Pathol. 2012;22(2):142-149. doi:10.1111/j.1750-3639.2011.
00513.x

lliff JJ, Chen MJ, Plog BA, et al. Impairment of glymphatic path-
way function promotes tau pathology after traumatic brain injury.
J Neurosci. 2014;34(49):16180-16193. doi:10.1523/JNEUROSCI.
3020-14.2014

Louveau A, Smirnov |, Keyes TJ, et al. Structural and functional
features of central nervous system lymphatic vessels. Nature.
2015;523(7560):337-341. doi:10.1038/nature 14432

Aspelund A, Antila S, Proulx ST, et al. A dural lymphatic vascular sys-
tem that drains brain interstitial fluid and macromolecules. J Exp Med.
2015;212(7):991-999. doi:10.1084/jem.20142290

Venero Galanternik M, Castranova D, Gore AV, et al. A novel perivas-
cular cell population in the zebrafish brain. Elife. 2017;6:e24369.
doi:10.7554/eLife.24369

van Lessen M, Shibata-Germanos S, van Impel A, Hawkins TA, Rihel
J, Schulte-Merker S. Intracellular uptake of macromolecules by brain
lymphatic endothelial cells during zebrafish embryonic development.
Elife. 2017;6:€25932.d0i:10.7554/eLife.25932

Liu Q, Wu C, Ding Q, et al. Age-related changes in meningeal
lymphatic function are closely associated with vascular endothelial
growth factor-C expression. Brain Res. 2024;1833:148868. doi:10.
1016/j.brainres.2024.148868

Da Mesquita S, Louveau A, Vaccari A, et al. Functional aspects of
meningeal lymphatics in ageing and Alzheimer’s disease. Nature.
2018;560(7717):185-191. doi:10.1038/s41586-018-0368-8
Oakley H, Cole SL, Logan S, et al. Intraneuronal beta-amyloid aggre-
gates, neurodegeneration, and neuron loss in transgenic mice with
five familial Alzheimer’s disease mutations: potential factors in amy-
loid plaque formation. J Neurosci. 2006;26(40):10129-10140. doi: 10.
1523/JNEUROSCI.1202-06.2006

Patel TK, Habimana-Griffin L, Gao X, et al. Dural lymphatics regu-
late clearance of extracellular tau from the CNS. Mol Neurodegener.
2019;14(1):11. doi:10.1186/s13024-019-0312-x

Padovani A, Pastorino L, Borroni B, et al. Amyloid precursor protein
in platelets: a peripheral marker for the diagnosis of sporadic AD.
Neurology. 2001;57(12):2243-2248.d0i:10.1212/wnl.57.12.2243

Li QX, Berndt MC, Bush Al, et al. Membrane-associated forms of
the beta A4 amyloid protein precursor of Alzheimer’s disease in
human platelet and brain: surface expression on the activated human
platelet. Blood. 1994;84(1):133-142.

Li QX, Whyte S, Tanner JE, Evin G, Beyreuther K, Masters CL.
Secretion of Alzheimer’s disease abeta amyloid peptide by activated
human platelets. Lab Invest. 1998;78(4):461-469.

Van Nostrand WE, Wagner SL, Suzuki M, et al. Protease nexin-
I, a potent antichymotrypsin, shows identity to amyloid beta-
protein precursor. Nature. 1989;341(6242):546-549. doi:10.1038/
341546a0

Sutcliffe JG, Hedlund PB, Thomas EA, Bloom FE, Hilbush BS.
Peripheral reduction of beta-amyloid is sufficient to reduce brain
beta-amyloid: implications for Alzheimer’s disease. J Neurosci Res.
2011;89(6):808-814. doi:10.1002/jnr.22603

Eisele YS, Obermuller U, Heilbronner G, et al. Peripherally applied
Abeta-containing inoculates induce cerebral beta-amyloidosis. Sci-
ence. 2010;330(6006):980-982. doi:10.1126/science.1194516

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Sonkar VK, Kulkarni PP, Dash D. Amyloid beta peptide stimulates
platelet activation through RhoA-dependent modulation of acto-
myosin organization. FASEB J. 2014;28(4):1819-1829. doi:10.1096/
fj.13-243691

Canobbio |, Guidetti GF, Oliviero B, et al. Amyloid beta-peptide-
dependent activation of human platelets: essential role for Ca2+
and ADP in aggregation and thrombus formation. Biochem J.
2014;462(3):513-523.d0i:10.1042/BJ20140307

Shen MY, Hsiao G, Fong TH, Chou DS, Sheu JR. Expression of amy-
loid beta peptide in human platelets: pivotal role of the phospholipase
Cgamma2-protein kinase C pathway in platelet activation. Pharmacol
Res. 2008;57(2):151-158. doi:10.1016/j.phrs.2008.01.004
Kniewallner KM, Wenzel D, Humpel C. Thiazine Red(+) platelet inclu-
sions in cerebral blood vessels are first signs in an Alzheimer’s disease
mouse model. Sci Rep. 2016;6:28447.doi:10.1038/srep28447
Borroni B, Akkawi N, Martini G, et al. Microvascular damage and
platelet abnormalities in early Alzheimer’s disease. J Neurol Sci.
2002:203-204.189-93.d0i:10.1016/s0022-510x(02)00289-7

Piletz JE, Sarasua M, Whitehouse P, Chotani M. Intracellular mem-
branes are more fluid in platelets of Alzheimer’s disease patients.
Neurobiol Aging. 1991;12(5):401-406. doi:10.1016/0197-4580(91)
90064-q

Canobbio I, Visconte C, Oliviero B, et al. Increased platelet adhesion
and thrombus formation in a mouse model of Alzheimer’s disease.
Cell Signal. 2016;28(12):1863-1871. doi:10.1016/j.cellsig.2016.08.
017

Gawaz M, Langer H, May AE. Platelets in inflammation and atheroge-
nesis. J Clin Invest. 2005;115(12):3378-3384.doi:10.1172/JCI27196
Akiyama H, Barger S, Barnum S, et al. Inflammation and Alzheimer’s
disease. Neurobiol Aging. 2000;21(3):383-421. doi:10.1016/s0197-
4580(00)00124-x

Mathew JP, Rinder HM, Smith BR, Newman MF, Rinder CS. Tran-
scerebral platelet activation after aortic cross-clamp release is linked
to neurocognitive decline. Ann Thorac Surg. 2006;81(5):1644-1649.
doi:10.1016/j.athoracsur.2005.12.070

Ellis EF, Oelz O. Coronary arterial smooth muscle contraction by
a substance released from platelets: evidence that it is thrombox-
ane A2. Science. 1976;193(4258):1135-1137. doi:10.1126/science.
959827

Claassen JA, Diaz-Arrastia R, Martin-Cook K, Levine BD, Zhang R.
Altered cerebral hemodynamics in early Alzheimer disease: a pilot
study using transcranial Doppler. J Alzheimers Dis. 2009;17(3):621-
629.doi:10.3233/JAD-2009-1079

Neumann K, Farias G, Slachevsky A, Perez P, Maccioni RB. Human
platelets tau: a potential peripheral marker for Alzheimer’s dis-
ease. J Alzheimers Dis. 2011;25(1):103-109. doi:10.3233/JAD-2011-
101641

Sarg B, Korde DS, Marksteiner J, Humpel C. Platelet TAU is associ-
ated with changes in depression and Alzheimer’s disease. Front Biosci.
2022;27(5):153.d0i:10.31083/j.fbl2705153

Parodi-Rullan RM, Javadov S, Fossati S. Dissecting the
crosstalk between endothelial mitochondrial damage, vascu-
lar inflammation, and neurodegeneration in cerebral amyloid
angiopathy and Alzheimer's disease. Cells. 2021;10(11):2903.
doi:10.3390/cells10112903

Canepa E, Fossati S. Impact of tau on neurovascular pathology
in Alzheimer’s disease. Front Neurol. 2020;11:573324. doi:10.3389/
fneur.2020.573324

Kim SK, Tran LT, NamKoong C, et al. Mitochondria-derived pep-
tide SHLP2 regulates energy homeostasis through the activation of
hypothalamic neurons. Nat Commun. 2023;14(1):4321. doi:10.1038/
s41467-023-40082-7

Santos MS, Moreno AJ, Carvalho AP. Relationships between ATP
depletion, membrane potential, and the release of neurotransmitters
in rat nerve terminals. An in vitro study under conditions that mimic


https://doi.org/10.1523/JNEUROSCI.1592-13.2013
https://doi.org/10.1523/JNEUROSCI.1592-13.2013
https://doi.org/10.1172/JCI67677
https://doi.org/10.1126/science.1241224
https://doi.org/10.1126/science.1241224
https://doi.org/10.1111/j.1750-3639.2011.00513.x
https://doi.org/10.1111/j.1750-3639.2011.00513.x
https://doi.org/10.1523/JNEUROSCI.3020-14.2014
https://doi.org/10.1523/JNEUROSCI.3020-14.2014
https://doi.org/10.1038/nature14432
https://doi.org/10.1084/jem.20142290
https://doi.org/10.7554/eLife.24369
https://doi.org/10.7554/eLife.25932
https://doi.org/10.1016/j.brainres.2024.148868
https://doi.org/10.1016/j.brainres.2024.148868
https://doi.org/10.1038/s41586-018-0368-8
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1186/s13024-019-0312-x
https://doi.org/10.1212/wnl.57.12.2243
https://doi.org/10.1038/341546a0
https://doi.org/10.1038/341546a0
https://doi.org/10.1002/jnr.22603
https://doi.org/10.1126/science.1194516
https://doi.org/10.1096/fj.13-243691
https://doi.org/10.1096/fj.13-243691
https://doi.org/10.1042/BJ20140307
https://doi.org/10.1016/j.phrs.2008.01.004
https://doi.org/10.1038/srep28447
https://doi.org/10.1016/s0022-510x(02)00289-7
https://doi.org/10.1016/0197-4580(91)90064-q
https://doi.org/10.1016/0197-4580(91)90064-q
https://doi.org/10.1016/j.cellsig.2016.08.017
https://doi.org/10.1016/j.cellsig.2016.08.017
https://doi.org/10.1172/JCI27196
https://doi.org/10.1016/s0197-4580(00)00124-x
https://doi.org/10.1016/s0197-4580(00)00124-x
https://doi.org/10.1016/j.athoracsur.2005.12.070
https://doi.org/10.1126/science.959827
https://doi.org/10.1126/science.959827
https://doi.org/10.3233/JAD-2009-1079
https://doi.org/10.3233/JAD-2011-101641
https://doi.org/10.3233/JAD-2011-101641
https://doi.org/10.31083/j.fbl2705153
https://doi.org/10.3390/cells10112903
https://doi.org/10.3389/fneur.2020.573324
https://doi.org/10.3389/fneur.2020.573324
https://doi.org/10.1038/s41467-023-40082-7
https://doi.org/10.1038/s41467-023-40082-7

HUANG ET AL.

Alzheimer’s &Dementia® | 1so21

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

anoxia, hypoglycemia, and ischemia. Stroke. 1996;27(5):941-950.
doi:10.1161/01.str.27.5.941

van Hameren G, Muradov J, Minarik A, et al. Mitochondrial dysfunc-
tion underlies impaired neurovascular coupling following traumatic
brain injury. Neurobiol Dis. 2023;186:106269. doi:10.1016/j.nbd.
2023.106269

Velmurugan GV, Vekaria HJ, Hartz AMS, Bauer B, Hubbard WB.
Oxidative stress alters mitochondrial homeostasis in isolated brain
capillaries. Fluids Barriers CNS. 2024;21(1):81. doi:10.1186/s12987-
024-00579-9

Ferrarelli LK. The Goldilocks effect of glial tau. Sci
Signal. 2024;17(858):eadt7163. doi:10.1126/scisignal.
adt7163

An H, Zhou B, Hayakawa K, et al. ATF5-Mediated mitochon-

drial unfolded protein response (UPR(mt)) protects neurons
against oxygen-glucose deprivation and cerebral ischemia. Stroke.
2024;55(7):1904-1913.d0i:10.1161/STROKEAHA.123.045550
Seegren PV, Harper LR, Downs TK, et al. Reduced mitochondrial
calcium uptake in macrophages is a major driver of inflammaging.
Nat Aging. 2023;3(7):796-812. doi:10.1038/s43587-023-00436-
8

Sohn YK, Ganju N, Bloch KD, Wands JR, de la Monte SM. Neuritic
sprouting with aberrant expression of the nitric oxide synthase Il
gene in neurodegenerative diseases. J Neurol Sci. 1999;162(2):133-
151.d0i:10.1016/50022-510x(98)00297-4

Takashima M, Kanamori Y, Kodera Y, Morihara N, Tamura K, Aged
garlic extract exerts endothelium-dependent vasorelaxant effect
on rat aorta by increasing nitric oxide production. Phytomedicine.
2017;24:56-61.d0i:10.1016/j.phymed.2016.11.016

Cabrera-Pastor A, Malaguarnera M, Taoro-Gonzalez L, Llansola M,
Felipo V. Extracellular cGMP modulates learning biphasically by
modulating glycine receptors, CaMKIl and glutamate-nitric oxide-
cGMP pathway. Sci Rep. 2016;6:33124.doi:10.1038/srep33124
Faraci FM. Protecting the brain with eNOS: run for your life. Circ Res.
2006;99(10):1029-1030. doi:10.1161/01.RES.0000250961.47984.
80

Abhinand CS, Raju R, Soumya SJ, Arya PS, Sudhakaran PR. VEGF-
A/VEGFR2 signaling network in endothelial cells relevant to angio-
genesis. J Cell Commun Signal. 2016;10(4):347-354. doi:10.1007/
s12079-016-0352-8

Matsumoto T, Claesson-Welsh L. VEGF receptor signal transduction.
Sci STKE. 2001;2001(112):re21. doi:10.1126/stke.2001.112.re21
Hasan R, Lasker S, Hasan A, et al. Canagliflozin ameliorates renal
oxidative stress and inflammation by stimulating AMPK-Akt-eNOS
pathway in the isoprenaline-induced oxidative stress model. Sci Rep.
2020;10(1):14659. doi:10.1038/s41598-020-71599-2

Areche C, Zapata F, Gonzalez M, et al. Anthraquinone derivative
reduces tau oligomer progression by inhibiting cysteine-cysteine
interaction. ChemistryOpen. 2019;8(5):554-559. doi:10.1002/open.
201800222

Sawa T, Zaki MH, Okamoto T, et al. Protein S-guanylation by the bio-
logical signal 8-nitroguanosine 3’,5’-cyclic monophosphate. Nat Chem
Biol. 2007;3(11):727-735.doi:10.1038/nchembio.2007.33
Yoshitake J, Soeda Y, Ida T, et al. Modification of tau by 8-
nitroguanosine  3'5’-cyclic  monophosphate  (8-Nitro-cGMP):
EFFECTS OF NITRIC OXIDE-LINKED CHEMICAL MODIFICATION
ON TAU AGGREGATION. J Biol Chem. 2016;291(43):22714-22720.
doi:10.1074/jbc.M116.734350

Austin SA, Katusic ZS. Loss of endothelial nitric oxide synthase pro-
motes p25 generation and tau phosphorylation in a murine model
of Alzheimer’s disease. Circ Res. 2016;119(10):1128-1134. doi:10.
1161/CIRCRESAHA.116.309686

Khachaturian ZS. Calcium hypothesis of Alzheimer’s disease and
brain aging. Ann N Y Acad Sci. 1994;747:1-11. doi:10.1111/j.1749-
6632.1994.tb44398.x

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231

232.

233.

234.

235.

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

Cheng J,Wen J,Wang N, Wang C, Xu Q, Yang Y. lon channels and vas-
cular diseases. Arterioscler Thromb Vasc Biol. 2019;39(5):e146-e156.
doi:10.1161/ATVBAHA.119.312004

Hall CN, Reynell C, Gesslein B, et al. Capillary pericytes regulate cere-
bral blood flow in health and disease. Nature. 2014;508(7494):55-60.
doi:10.1038/nature13165

Yemisci M, Gursoy-Ozdemir Y, Vural A, Can A, Topalkara K, Dalkara
T. Pericyte contraction induced by oxidative-nitrative stress impairs
capillary reflow despite successful opening of an occluded cerebral
artery. Nat Med. 2009;15(9):1031-1037. d0i:10.1038/nm.2022
Korte N, llkan Z, Pearson CL, et al. The Ca2+-gated channel
TMEM16A amplifies capillary pericyte contraction and reduces cere-
bral blood flow after ischemia. J Clin Invest. 2022;132(9):e154118.
doi:10.1172/JCI154118

Liu Q, Radwanski R, Babadjouni R, et al. Experimental chronic
cerebral hypoperfusion results in decreased pericyte coverage and
increased blood—brain barrier permeability in the corpus callo-
sum. J Cereb Blood Flow Metab. 2019;39(2):240-250. doi:10.1177/
0271678X17743670

Al-Hosni R, Kaye R, Choi CS, Tammaro P. The TMEM16A chan-
nel as a potential therapeutic target in vascular disease. Curr
Opin Nephrol Hypertens. 2024;33(2):161-169. doi:10.1097/MNH.
0000000000000967

Behringer EJ, Segal SS. Spreading the signal for vasodilatation:
implications for skeletal muscle blood flow control and the effects
of ageing. J Physiol. 2012;590(24):6277-6284. doi:10.1113/jphysiol.
2012.239673

Hakim MA, Buchholz JN, Behringer EJ. Electrical dynamics of isolated
cerebral and skeletal muscle endothelial tubes: differential roles of G-
protein-coupled receptors and K(+) channels. Pharmacol Res Perspect.
2018;6(2):e00391.d0i:10.1002/prp2.391

Marrelli SP, Eckmann MS, Hunte MS. Role of endothelial intermedi-
ate conductance KCa channels in cerebral EDHF-mediated dilations.
Am J Physiol Heart Circ Physiol. 2003;285(4):H1590--H1599. doi:10.
1152/ajpheart.00376.2003

Hakim MA, Behringer EJ. Development of Alzheimer’s disease
progressively alters sex-dependent KCa and sex-independent KIR
channel function in cerebrovascular endothelium. J Alzheimers Dis.
2020;76(4):1423-1442.d0i:10.3233/JAD-200085

Pike CJ. Sex and the development of Alzheimer’s disease. J Neurosci
Res.2017;95(1-2):671-680.doi:10.1002/jnr.23827

Vina J, Lloret A. Why women have more Alzheimer’s disease than
men: gender and mitochondrial toxicity of amyloid-beta peptide. J
Alzheimers Dis. 2010;20(Suppl 2):5527-33. doi:10.3233/JAD-2010-
100501

Nemoto T, Miyazaki S, Kanai T, et al. Nav1.7-Ca2+ influx-induced
increased phosphorylations of extracellular signal-regulated kinase
(ERK) and p38 attenuate tau phosphorylation via glycogen syn-
thase kinase-3beta: priming of Nav1.7 gating by ERK and p38. Eur J
Pharmacol. 2010;640(1-3):20-28. doi: 10.1016/j.ejphar.2010.04.048
Gotru SK, Chen W, Kraft P, et al. TRPM7 kinase controls calcium
responses in arterial thrombosis and stroke in mice. Arterioscler
Thromb Vasc Biol. 2018;38(2):344-352. doi:10.1161/ATVBAHA.117.
310391

Hill-Eubanks DC, Gonzales AL, Sonkusare SK, Nelson MT. Vascular
TRP channels: performing under pressure and going with the flow.
Physiology. 2014;29(5):343-360. doi: 10.1152/physiol.00009.2014
Du K, Dou Y, Chen K, Zhao Y. Activation of TRPV4 induces intraneu-
ronal tau hyperphosphorylation via cholesterol accumulation. Exp
Neurol. 2023;364:114392. d0i:10.1016/j.expneurol.2023.114392
Moccia F, Negri S, Faris P, Angelone T. Targeting endothelial ion sig-
nalling to rescue cerebral blood flow in cerebral disorders. Vascul
Pharmacol. 2022;145:106997. doi:10.1016/j.vph.2022.106997
Zhang T, Tian Y, Zheng X, et al. Activation of transient receptor
potential vanilloid 1 ameliorates tau accumulation-induced synaptic


https://doi.org/10.1161/01.str.27.5.941
https://doi.org/10.1016/j.nbd.2023.106269
https://doi.org/10.1016/j.nbd.2023.106269
https://doi.org/10.1186/s12987-024-00579-9
https://doi.org/10.1186/s12987-024-00579-9
https://doi.org/10.1126/scisignal.adt7163
https://doi.org/10.1126/scisignal.adt7163
https://doi.org/10.1161/STROKEAHA.123.045550
https://doi.org/10.1038/s43587-023-00436-8
https://doi.org/10.1038/s43587-023-00436-8
https://doi.org/10.1016/s0022-510x(98)00297-4
https://doi.org/10.1016/j.phymed.2016.11.016
https://doi.org/10.1038/srep33124
https://doi.org/10.1161/01.RES.0000250961.47984.80
https://doi.org/10.1161/01.RES.0000250961.47984.80
https://doi.org/10.1007/s12079-016-0352-8
https://doi.org/10.1007/s12079-016-0352-8
https://doi.org/10.1126/stke.2001.112.re21
https://doi.org/10.1038/s41598-020-71599-2
https://doi.org/10.1002/open.201800222
https://doi.org/10.1002/open.201800222
https://doi.org/10.1038/nchembio.2007.33
https://doi.org/10.1074/jbc.M116.734350
https://doi.org/10.1161/CIRCRESAHA.116.309686
https://doi.org/10.1161/CIRCRESAHA.116.309686
https://doi.org/10.1111/j.1749-6632.1994.tb44398.x
https://doi.org/10.1111/j.1749-6632.1994.tb44398.x
https://doi.org/10.1161/ATVBAHA.119.312004
https://doi.org/10.1038/nature13165
https://doi.org/10.1038/nm.2022
https://doi.org/10.1172/JCI154118
https://doi.org/10.1177/0271678X17743670
https://doi.org/10.1177/0271678X17743670
https://doi.org/10.1097/MNH.0000000000000967
https://doi.org/10.1097/MNH.0000000000000967
https://doi.org/10.1113/jphysiol.2012.239673
https://doi.org/10.1113/jphysiol.2012.239673
https://doi.org/10.1002/prp2.391
https://doi.org/10.1152/ajpheart.00376.2003
https://doi.org/10.1152/ajpheart.00376.2003
https://doi.org/10.3233/JAD-200085
https://doi.org/10.1002/jnr.23827
https://doi.org/10.3233/JAD-2010-100501
https://doi.org/10.3233/JAD-2010-100501
https://doi.org/10.1016/j.ejphar.2010.04.048
https://doi.org/10.1161/ATVBAHA.117.310391
https://doi.org/10.1161/ATVBAHA.117.310391
https://doi.org/10.1152/physiol.00009.2014
https://doi.org/10.1016/j.expneurol.2023.114392
https://doi.org/10.1016/j.vph.2022.106997

wot21 | Alzheimer’s &Dementia®

236.

237.
238.
239.
240.

241.

242.
243.

244,

245.

246.

247.
248.
249.

250.

251.

HUANG ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

damage and cognitive dysfunction via autophagy enhancement. CNS
Neurosci Ther. 2024;30(3):e14432. d0i:10.1111/cns. 14432

Cakir M, Yuksel F, Mustafa Ozkut M, et al. Neuroprotective
effect of transient receptor potential Vanilloid 1 agonist cap-
saicin in Alzheimer’s disease model induced with okadaic acid.
Int Immunopharmacol. 2023;118:109925. doi:10.1016/j.intimp.2023.
109925

Shi Q, Chowdhury S, Ma R, et al. Complement C3 deficiency pro-
tects against neurodegeneration in aged plaque-rich APP/PS1 mice.
Sci Transl Med. 2017;9(392).eaaf6295. doi:10.1126/scitranslmed.
aaf6295

Shi Q, Colodner KJ, Matousek SB, et al. Complement C3-Deficient
mice fail to display age-related hippocampal decline. J Neurosci.
2015;35(38):13029-13042. doi:10.1523/JNEUROSCI.1698-
15.2015

Propson NE, Roy ER, Litvinchuk A, Kohl J, Zheng H. Endothelial C3a
receptor mediates vascular inflammation and blood—brain barrier
permeability during aging. J Clin Invest. 2021;131(1):e140966. doi: 10.
1172/JCI1140966

Shi Y, Zhang L, Pu H, et al. Rapid endothelial cytoskeletal reorgani-
zation enables early blood—brain barrier disruption and long-term
ischaemic reperfusion brain injury. Nat Commun. 2016;7:10523.
doi:10.1038/ncomms10523

Tietz S, Engelhardt B. Brain barriers: crosstalk between complex tight
junctions and adherens junctions. J Cell Biol. 2015;209(4):493-506.
doi:10.1083/jch.201412147

Wei YP, Ye JW, Wang X, et al. Tau-induced Ca(2+)/calmodulin-
dependent protein kinase-IV activation aggravates nuclear tau
hyperphosphorylation. Neurosci Bull. 2018;34(2):261-269. doi:10.
1007/s12264-017-0148-8

Moreira GG, Cantrelle FX, Quezada A, et al. Dynamic interactions
and Ca(2+)-binding modulate the holdase-type chaperone activity
of S100B preventing tau aggregation and seeding. Nat Commun.
2021;12(1):6292.d0i:10.1038/541467-021-26584-2

Moreira GG, Gomes CM. Tau liquid-liquid phase separation is mod-
ulated by the Ca(2+) -switched chaperone activity of the S100B
protein. J Neurochem. 2023;166(1):76-86.d0i:10.1111/jnc.15756
Shen XY, Luo T, Li S, et al. Quercetin inhibits okadaic acid-induced tau
protein hyperphosphorylation through the Ca2+-calpain-p25-CDK5
pathway in HT22 cells. Int J Mol Med. 2018;41(2):1138-1146. doi:10.
3892/ijmm.2017.3281

LiuZ,JiJ,Zheng D, Su L, Peng T, Tang J. Protective role of endothelial
calpain knockout in lipopolysaccharide-induced acute kidney injury
via attenuation of the p38-iNOS pathway and NO/ROS production.
Exp Mol Med. 2020;52(4):702-712. doi:10.1038/512276-020-0426-
9

Yu L, Yin M, Yang X, Lu M, Tang F, Wang H. Calpain inhibitor |
attenuates atherosclerosis and inflammation in atherosclerotic rats
through eNOS/NO/NF-kappaB pathway. Can J Physiol Pharmacol.
2018;96(1):60-67.doi:10.1139/cjpp-2016-0652

Won JS, Annamalai B, Choi S, Singh |, Singh AK. S-nitrosoglutathione
reduces tau hyper-phosphorylation and provides neuroprotec-
tion in rat model of chronic cerebral hypoperfusion. Brain Res.
2015;1624:359-369. doi:10.1016/j.brainres.2015.07.057

Sawma T, Shaito A, Najm N, et al. Role of RhoA and Rho-associated
kinase in phenotypic switching of vascular smooth muscle cells: impli-
cations for vascular function. Atherosclerosis. 2022;358:12-28. doi: 10.
1016/j.atherosclerosis.2022.08.012

Loirand G, Pacaud P. The role of Rho protein signaling in hyper-
tension. Nat Rev Cardiol. 2010;7(11):637-647. doi:10.1038/nrcardio.
2010.136

Loirand G, Pacaud P. Involvement of Rho GTPases and their regula-
tors in the pathogenesis of hypertension. Small GTPases. 2014;5(4):1-
10.doi:10.4161/sgtp.28846

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

Kataoka C, Egashira K, Inoue S, et al. Important role of Rho-kinase
in the pathogenesis of cardiovascular inflammation and remodel-
ing induced by long-term blockade of nitric oxide synthesis in rats.
Hypertension. 2002;39(2):245-250. doi:10.1161/hy0202.103271
Fleming |, Fisslthaler B, Dimmeler S, Kemp BE, Busse R. Phosphoryla-
tion of Thr(495) regulates Ca(2+)/calmodulin-dependent endothelial
nitric oxide synthase activity. Circ Res. 2001;88(11):E68-E75. doi:10.
1161/hh1101.092677

Breuzard G, Pagano A, Bastonero S, et al. Tau regulates the
microtubule-dependent migration of glioblastoma cells via the Rho-
ROCK signaling pathway. J Cell Sci. 2019;132(3):jcs222851. doi:10.
1242/jcs.222851

Karki P,Ke Y, Tian Y, et al. Staphylococcus aureus-induced endothe-
lial permeability and inflammation are mediated by microtubule
destabilization. J Biol Chem. 2019;294(10):3369-3384. doi:10.1074/
jbc.RA118.004030

Hamano T, Shirafuji N, Yen SH, et al. Rho-kinase ROCK inhibitors
reduce oligomeric tau protein. Neurobiol Aging. 2020;89:41-54.
doi:10.1016/j.neurobiolaging.2019.12.009

Castro-Alvarez JF, Gutierrez-Vargas J, Darnaudery M, Cardona-
Gomez GP. ROCK inhibition prevents tau hyperphosphorylation and
p25/CDKS5 increase after global cerebral ischemia. Behav Neurosci.
2011;125(3):465-472.doi:10.1037/a0023167

Singh A, Ansari VA, Mahmood T, et al. Receptor for advanced gly-
cation end products: dementia and cognitive impairment. Drug Res.
2023;73(5):247-250. doi:10.1055/a-2015-8041

Ramasamy R, Shekhtman A, Schmidt AM. The multiple faces of
RAGE-opportunities for therapeutic intervention in aging and
chronic disease. Expert Opin Ther Targets. 2016;20(4):431-446.
doi:10.1517/14728222.2016.1111873

Lopez-Diez R, Shekhtman A, Ramasamy R, Schmidt AM. Cellular
mechanisms and consequences of glycation in atherosclerosis and
obesity. Biochim Biophys Acta. 2016;1862(12):2244-2252. doi:10.
1016/j.bbadis.2016.05.005

MacLean M, Derk J, Ruiz HH, Juranek JK, Ramasamy R, Schmidt
AM. The receptor for advanced glycation end products (RAGE) and
DIAPH1: implications for vascular and neuroinflammatory dysfunc-
tion in disorders of the central nervous system. Neurochem Int.
2019;126:154-164.d0i:10.1016/j.neuint.2019.03.012

Gasparotto J, Ribeiro CT, da Rosa-Silva HT, et al. Systemic inflam-
mation changes the site of RAGE expression from endothelial cells
to neurons in different brain areas. Mol Neurobiol. 2019;56(5):3079-
3089.doi:10.1007/s12035-018-1291-6

Lai SWT, Bhattacharya S, Lopez Gonzalez EJ, Shuck SC.
Methylglyoxal-derived nucleoside adducts drive vascular dys-
function in a RAGE-dependent manner. Antioxidants. 2024;13(1):85.
doi:10.3390/antiox13010085

LiW,XuH,HuY, et al. Edaravone protected human brain microvascu-
lar endothelial cells from methylglyoxal-induced injury by inhibiting
AGEs/RAGE/oxidative stress. PLoS One. 2013;8(9):e76025. doi:10.
1371/journal.pone.0076025

Han C, Zhai L, Shen H, Wang J, Guan Q. Advanced glycation end-
products (AGEs) promote endothelial cell pyroptosis under cerebral
ischemia and hypoxia via HIF-1alpha-RAGE-NLRP3. Mol Neurobiol.
2023;60(5):2355-2366.d0i:10.1007/512035-023-03228-8

Dobi A, Rosanaly S, Devin A, et al. Advanced glycation end-products
disrupt brain microvascular endothelial cell barrier: the role of
mitochondria and oxidative stress. Microvasc Res. 2021;133:104098.
doi:10.1016/j.mvr.2020.104098

Kim Y, Park H, Kim Y, et al. Pathogenic role of rage in tau trans-
mission and memory deficits. Biol Psychiatry. 2023;93(9):829-841.
doi:10.1016/j.biopsych.2022.10.015

Seryogina ES, Kamynina AV, Koroev DO, Volpina OM, Vinokurov
AY, Abramov AY. RAGE induces physiological activation of NADPH


https://doi.org/10.1111/cns.14432
https://doi.org/10.1016/j.intimp.2023.109925
https://doi.org/10.1016/j.intimp.2023.109925
https://doi.org/10.1126/scitranslmed.aaf6295
https://doi.org/10.1126/scitranslmed.aaf6295
https://doi.org/10.1523/JNEUROSCI.1698-15.2015
https://doi.org/10.1523/JNEUROSCI.1698-15.2015
https://doi.org/10.1172/JCI140966
https://doi.org/10.1172/JCI140966
https://doi.org/10.1038/ncomms10523
https://doi.org/10.1083/jcb.201412147
https://doi.org/10.1007/s12264-017-0148-8
https://doi.org/10.1007/s12264-017-0148-8
https://doi.org/10.1038/s41467-021-26584-2
https://doi.org/10.1111/jnc.15756
https://doi.org/10.3892/ijmm.2017.3281
https://doi.org/10.3892/ijmm.2017.3281
https://doi.org/10.1038/s12276-020-0426-9
https://doi.org/10.1038/s12276-020-0426-9
https://doi.org/10.1139/cjpp-2016-0652
https://doi.org/10.1016/j.brainres.2015.07.057
https://doi.org/10.1016/j.atherosclerosis.2022.08.012
https://doi.org/10.1016/j.atherosclerosis.2022.08.012
https://doi.org/10.1038/nrcardio.2010.136
https://doi.org/10.1038/nrcardio.2010.136
https://doi.org/10.4161/sgtp.28846
https://doi.org/10.1161/hy0202.103271
https://doi.org/10.1161/hh1101.092677
https://doi.org/10.1161/hh1101.092677
https://doi.org/10.1242/jcs.222851
https://doi.org/10.1242/jcs.222851
https://doi.org/10.1074/jbc.RA118.004030
https://doi.org/10.1074/jbc.RA118.004030
https://doi.org/10.1016/j.neurobiolaging.2019.12.009
https://doi.org/10.1037/a0023167
https://doi.org/10.1055/a-2015-8041
https://doi.org/10.1517/14728222.2016.1111873
https://doi.org/10.1016/j.bbadis.2016.05.005
https://doi.org/10.1016/j.bbadis.2016.05.005
https://doi.org/10.1016/j.neuint.2019.03.012
https://doi.org/10.1007/s12035-018-1291-6
https://doi.org/10.3390/antiox13010085
https://doi.org/10.1371/journal.pone.0076025
https://doi.org/10.1371/journal.pone.0076025
https://doi.org/10.1007/s12035-023-03228-8
https://doi.org/10.1016/j.mvr.2020.104098
https://doi.org/10.1016/j.biopsych.2022.10.015

HUANG ET AL.

oxidase in neurons and astrocytes and neuroprotection. FEBS J.

2024;291:1944-1957.doi:10.1111/febs. 17086

269. Naser N, Lonj CK, Rikard-Bell M, Sandow SL, Murphy TV. Advanced
glycated end-products inhibit dilation through constitutive endothe-
lial RAGE and Nox1/4 in rat isolated skeletal muscle arteries.
Microcirculation. 2024;31(1):e12837. doi:10.1111/micc.12837

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

Alzheimer’s &Dementia® | z1or21

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

How to cite this article: Huang C, Wei Z, Zheng N, et al. The
interaction between dysfunction of vasculature and tauopathy
in Alzheimer’s disease and related dementias. Alzheimer’s
Dement. 2025;21:e14618. https://doi.org/10.1002/alz.14618


https://doi.org/10.1111/febs.17086
https://doi.org/10.1111/micc.12837
https://doi.org/10.1002/alz.14618

	The interaction between dysfunction of vasculature and tauopathy in Alzheimer’s disease and related dementias
	Abstract
	1 | INTRODUCTION AND BACKGROUND
	2 | RELATIONSHIP BETWEEN TAU AND VASCULAR RISK FACTORS IN ADRD
	2.1 | Diabetes mellitus
	2.2 | Abnormal blood pressure
	2.3 | Hypercholesterolemia

	3 | CORRELATION BETWEEN CEREBROVASCULAR MECHANISM AND TAU
	3.1 | Endothelial cell
	3.2 | Mural cell
	3.3 | Blood-brain barrier
	3.4 | Glymphatic system and meningeal lymphatics
	3.4.1 | Glymphatic system
	3.4.2 | Meningeal lymphatics

	3.5 | Tau and platelet
	3.6 | Tau and mitochondria

	4 | MOLECULAR MECHANISM BETWEEN CEREBRAL VASCULATURE AND TAU
	4.1 | eNOS/NO
	4.2 | Calcium
	4.2.1 | Ca2+-related channel
	4.2.2 | Ca2+ related regulators

	4.3 | Rho/Rock
	4.4 | RAGE

	5 | CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICTS OF INTEREST STATEMENT
	REFERENCES
	SUPPORTING INFORMATION


