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ABSTRACT: eNOS (endothelial nitric oxide synthase) is critically important enzyme responsible for regulation of cardiovascular
homeostasis. Under physiological conditions, constitutive eNOS activity and production of endothelial nitric oxide (NO) exert
essential neurovascular protective functions. In this review, we first discuss the roles of endothelial NO in prevention of
neuronal amyloid accumulation and formation of neurofibrillary tangles, hallmarks of Alzheimer disease pathology. Next, we
review existing evidence suggesting that NO released from endothelium prevents activation of microglia, stimulates glycolysis
in astrocytes, and increases biogenesis of mitochondria. We also address major risk factors for cognitive impairment including
aging and ApoE4 (apolipoprotein 4) genotype with focus on their detrimental effects on eNOS/NO signaling. Relevant to
this review, recent studies suggested that aged eNOS heterozygous mice are unique model of spontaneous cerebral small
vessel disease. In this regard, we review contribution of dysfunctional eNOS to deposition of AR (amyloid-f3) into blood vessel
wall leading to development of cerebral amyloid angiopathy. We conclude that endothelial dysfunction manifested by the loss
of neurovascular protective functions of NO may significantly contribute to development of cognitive impairment.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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>b65 million people suffer from dementia.! This dif-

ficult problem is aggravated by the lack of effec-
tive therapeutic interventions. Indeed, effective therapy
for dementia is major unmet need in modern medicine.
Prior studies established that loss of neuroprotective
function of endothelium significantly contributes to vul-
nerability of brain to neurodegeneration and dementia.
More precisely, impaired eNOS (endothelial nitric oxide
synthase)/nitric oxide (NO) signaling seems to be an
essential molecular mechanism linking cardiovascular
risk factors with altered brain function and development
of cognitive impairment3 The focus of this review is on
mechanisms underlying contribution of impaired vascular
eNOS/NO signaling to initiation and progression of cog-
nitive impairment.

According to the World Health Organization, currently,
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NITRIC OXIDE IN THE
CEREBROVASCULAR ENDOTHELIUM

Extensive studies in experimental models and human
subjects documented critically important role of eNOS
in control of vascular function.® Under pathological con-
ditions, impaired production and/or biological activity
of endothelial NO promotes vasoconstriction, platelets
aggregation, upregulation of white blood cells adhesion
molecules, and proliferation of vascular smooth muscle
cells thereby significantly contributing to pathogenesis
of hypertension, atherosclerosis, and vascular complica-
tions of diabetes.® The importance of vascular protective
functions of eNOS is further underscored by observa-
tions demonstrating that human subjects with a genetic
predisposition to enhanced endothelial NO signaling
have reduced risk of stroke.” Whether this protective
effect of eNOS polymorphisms translates into reduced
risk of cognitive impairment and dementia is unknown.
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Because capillaries are by far the longest segment of
cerebrovascular tree, majority of eNOS in the brain is local-
ized in capillary endothelium. Importantly, the number of
endothelial cells in the brain closely matches number of
neurons.® Moreover, brain capillaries are located <15 ym
from the nearest neuronal cell body® and therefore “cloud
of NO” released from the capillary endothelium may affect
function of surrounding parenchymal cells.'®"'® Indeed, prior
studies have demonstrated that release of NO from cere-
brovascular endothelium and diffusion of NO into surround-
ing environment enables communication between brain
vasculature and neuronal cells."*'® Furthermore, evidence
continues to accumulate that under pathological condi-
tions, dysfunctional communication between vascular and
neuronal compartments in the brain is an important com-
ponent of complex pathogenesis of neurodegeneration.'”

THE ROLE OF ENDOTHELIAL NO IN
DEVELOPMENT OF AMYLOID PATHOLOGY

APP (amyloid precursor protein) is highly expressed in
human and murine cerebrovascular endothelium.'? Inter-
estingly, expression of APP is significantly higher in
endothelium of cerebral blood vessels compared with
endothelium of systemic blood vessels.'"® High expres-
sion and strong evolutionary conservation of APP implies
important functional relevance. Studies in cultured human
brain endothelial cells indicate that under physiological
conditions, endothelial APP is for the most part cleaved
by a-secretase thus resulting in the release of sAPPa
(soluble APPa) from endothelium into local environment

Endothelial NO and Cogpnitive Impairment

(Figure 1).'® Importantly, a-secretase cleaves APP within
AB (amyloid-B)-sequence thereby contributing to low
formation of AP peptides in healthy endothelium.'®2°
However, in human brain endothelial cells, genetic or
pharmacologic inactivation of eNOS function increases
expression of APP and BACE1 (B-site APP-cleaving
enzyme 1), thereby shifting APP processing toward
B-cleavage and increased production of AP peptides
(Figure 2).122" Reduced activity of sGC (soluble guanyl-
ate cyclase) and reduction of cGMP (cyclic guanosine
monophosphate) levels are responsible for increased
amyloidogenic processing of APP'222 Resulting high
local concentration of Af may exert detrimental effects
on endothelial function mediated by increased formation
of reactive oxygen species.?® Moreover, the results of prior
studies suggest that elevated production of AR may also
adversely affect endothelium-mediated AP clearance.?*
Importantly, genetic inactivation of eNOS in mice
(eNOS~~ mice) increases expression of APP and BACE1
as well as levels of Ap peptides in the brain parenchyma.’
Of note, genetic inactivation of endothelial NO in mice does
not affect expression of a-, and y-secretase proteins, or
AP degradation enzymes, thereby demonstrating selectiv-
ity of endothelial NO modulatory effect for $-processing of
APP2 Agreement between data generated in brain blood
vessels derived from humans and mice, demonstrates that
observed endothelial NO modulation of APP and BACE1
expression is evolutionary conserved mechanism. Impor-
tantly, prior studies in eNOS™~ mice established that the
loss of endothelial NO production in the cerebral circula-
tion does not affect global cerebral blood flow.?*? Based
on these observations, we speculate that in eNOS™~ mice,

Nonamyloidogenic pathway

APP sAPPa

C59
Y

Amyloidogenic pathway

APP sAPPR

C99
C59
Y

Figure 1. Proteolytic cleavage of APP (amyloid precursor protein) by a nonamyloidogenic pathway (left) or an amyloidogenic

pathway (right).

In the nonamyloidogenic pathway, APP is cleaved by a-secretase, thereby releasing the sAPPa (soluble APP-a) ectodomain. Following

a-secretase cleavage, y-secretase releases the p3 fragment and the APP intracellular domain C59. In the amyloidogenic pathway, -secretase
(BACE1 [B-site APP-cleaving enzyme 1]) cleaves APP and releases the sAPPp ectodomain. Subsequent processing by y-secretase generates
the cytotoxic peptide, AB, as well as the C59.
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Figure 2. Schematic representation of the inhibitory effects of endothelial nitric oxide (NO) on expression of APP (amyloid
precursor protein) and BACE1 (B-site APP-cleaving enzyme 1), and production of AB (amyloid-) in endothelial and neuronal cells.

increased expression of APP and BACE1 might be the pri-
mary effect of impaired endothelial NO production rather
than secondary effect caused by global hypoperfusion of
the brain. However, although cerebral blood flow is not
affected, eNOS~~ mice suffer from localized microvascu-
lar occlusions that apparently contribute to development
of cerebral amyloid angiopathy?” How much microvascu-
lar occlusions may contribute to development of amyloid
pathology in neuronal tissue is unclear at the present time.

Because aging is a major risk factor for cognitive impair-
ment, studies in aged eNOS™~ mice are critically impor-
tant for understanding vascular and cognitive mechanisms
impaired by joint loss of eNOS and aging. Indeed, new
insights emerged from studies of 14 to 15 month (late mid-
dle aged [LMA]) eNOS~~ mice. Levels of APR, BACE1, and
AP are significantly higher in the brains of LMA eNOS™~
mice as compared with LMA wild-type mice. In addition,
increased levels of APP and AB, ,, were detected in hip-
pocampus of aged-matched eNOS™~ mice.® Most notably,
brain tissue derived from LMA eNOS™~ mice demonstrated
significantly higher levels of microglial markers, cluster of
differentiation 68, ionized calcium-binding adaptor molecule
1, and major histocompatibility complex 118 Further analy-
sis of brain tissue identified elevation of pro-inflammatory
cytokines GM-CSF (granulocyte-macrophage colony-stim-
ulating factor), IL-1a: (interleukin-1a), and MIP-18 (macro-
phage inflammatory protein-1f3). These observations were
confirmed with individual ELISA essays for GM-CSF, IL-1q,
and MIP-1f thereby proving that loss of endothelial NO in
aged mice is associated with microglial activation. We also
wish to point out that LMA eNOS™~ mice suffered from
spatial memory deficit consistent with prior reports demon-
strating importance of NO pathway in formation of long-
term potentiation and normal function of hippocampus.'®?®
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Thus, studies in LMA eNOS™~ mice revealed previously
unrecognized mechanism, whereby loss of endothelial NO
promotes amyloid pathology and activation of microglia.

Itis important to note that LMA eNOS~~ mice displayed
a phenotype consistent with metabolic syndrome (elevated
blood pressure, high circulating total cholesterol, density
lipoprotein, triglycerides, and glucose detected in LMA
eNOS~~ mice).?® The exact role of metabolic changes in
development of amyloid pathology and microglial activation
is unclear. However, it is unlikely that only metabolic factors
and/or hypertension are responsible for development of
amyloid pathology in LMA eNOS™~ mice. Indeed, pharma-
cological inhibition or genetic deletion of eNOS in cultured
human brain microvascular endothelial cells increased
expression of APP, BACET, and Af levels independently
of alterations of blood pressure and/or altered metabolic
factors.”? In agreement with these findings, increased brain
APP, BACET, and AP, were detected in young eNOS™~
mice which displayed normal metabolic profile thus sug-
gesting that loss of direct NO effects on endothelium is
critical mechanism underlying alterations in cerebrovascu-
lar and neuronal expression and processing of APP.

Interestingly, several studies reported increased expres-
sion of eNOS protein in brains of patients with Alzheimer dis-
ease (AD) and experimental animals with AD pathology.3°-%
However, studies in murine model of AD indicate that despite
significant upregulation of eNOS protein, eNOS enzyme
activity is uncoupled from production of NO.%* Instead of NO,
uncoupled eNOS generates superoxide anion and peroxyni-
trite thereby leading to dysfunctional NO signaling. Indeed,
in cerebral microvessels of AD mice, uncoupling of eNOS
results in significantly reduced levels of cGMP® As we have
already noted, impairment of NO/cGMP signaling pathway
promotes development of amyloid pathology.
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Aging, a major nonmodifiable risk factor for cardio-
vascular disease and AD, increases expression of eNOS
mRNA in large cerebral arteries and brain capillaries®”
but does not affect expression of eNOS protein.®®3° How-
ever, aging causes shift in eNOS protein phosphorylation
patterns, thereby promoting inhibition of eNOS activity.®®
Importantly, aging also causes inactivation of endothe-
lial NO by superoxide anion generated by upregulated
nicotinamide adenine dinucleotide (NADPH) oxidase
and uncoupled eNOS.*4" Similarly, increased production
of superoxide anion by NADPH oxidase and uncoupled
eNOS impairs NO signaling in endothelium exposed to
cardiovascular risk factors including hypertension, diabe-
tes, and hyperlipidemia.*? In aggregate, these observa-
tions suggest that loss of endothelial NO signaling in the
brain may be a molecular mechanism linking cardiovas-
cular risk factors with higher risk for development of AD
pathology and cognitive impairment.*?

Ongoing efforts to develop new drugs for prevention
and treatment of cognitive impairment resulted in discovery
of the first central nervous system (CNS)-penetrant solu-
ble guanylate cyclase (sGC) stimulators, which are posi-
tive allosteric modulators of sGC.**4® They can sensitize
the sGC enzyme to NO, thereby preserving and amplifying
spatiotemporal control of endogenous NO signaling.*® Pre-
clinical studies have established that the CNS-penetrant
sGC stimulators exert beneficial effects in experimental
models of neuroinflammation and neurodegeneration.**4
Currently, clinical trial with CNS-penetrant sGC stimulator,
CY6463, is enrolling patients with AD, and associated vas-
cular pathology (URL: https://www.clinicaltrials.gov; Unique
identifier: NCT047989809). Of note, single-center, proof of
concept study reported that treatment of AD patients with
3 medications, simvastatin, L-arginine, and tetrahydrobiop-
terin (known to stimulate eNOS/NO signaling) was well-
tolerated and resulted in modest increase in cerebral blood
flow and improved cognitive function (URL: https://www.
clinicaltrials.gov; Unique identifier: NCTO1439555).4

Over many vyears, targeting cyclic guanosine mono-
phosphate (cGMP)/NO signaling with phosphodiesterase
inhibitors have been extensively investigated in preclinical
models and in patients with cognitive impairment and/or
dementia including AD. While several phosphodiesterase
inhibitors have shown some promising beneficial effects,
none of tested phosphodiesterase inhibitors have been
approved for prevention or treatment of cognitive impair-
ment and dementia. Recently, Tropea et al*® comprehen-
sively reviewed potential of phosphodiesterase inhibitors
as future therapeutic approach to impaired cognition.

THE ROLE OF ENDOTHELIAL NO IN
DEVELOPMENT OF TAU PATHOLOGY

In neuronal cells, dissociation of hyperphosphory-
lated tau (tubulin associated unit) protein from the
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microtubules causes formation of neurofibrillary tan-
gles, a hallmark of AD pathology.”® Excessive phos-
phorylation of tau and formation of tau aggregates are
critically important steps in development of cognitive
impairment in AD. Existing literature supports the con-
cept that impairment of endothelial NO production and
signaling promotes tau phosphorylation thereby con-
tributing to pathogenesis of AD.°°*? Indeed, genetic
inactivation of eNOS in murine model of AD (APP/
presenilin/eNOS™~ mice) increases phosphoryla-
tion of tau in neuronal cells.*® This effect is driven by
increased Cdkb (cyclin-dependent kinase b) activator,
p25, and increased activity of Cdkb, enzyme respon-
sible for phosphorylation of tau.’® These observations
suggest that impaired production of NO in cerebrovas-
cular endothelium may initiate and/or exacerbate tau
pathology. Indeed, extensive analyses of vascular and
cognitive function in mouse model of endothelial dys-
function induced by high salt diet, provided several new
mechanistic insights into the role of eNOS in tau phos-
phorylation.®"®? Historically, brain hypoperfusion has
been considered major mechanism by which impaired
vascular function contributes to cognitive impairment.?
However, more recent findings indicate that high salt
diet causes endothelial dysfunction by phosphorylation
of eNOS at Threonine 495, thereby inhibiting eNOS
activity and reducing endothelial production of NO.5'5?
Most importantly, in this model, suppression of eNOS
activity increases phosphorylation of tau thus leading to
impairment of cognitive function. Comprehensive anal-
ysis of vascular and cognitive functions reinforced the
conclusion that tau phosphorylation rather than cere-
bral hypoperfusion contributes to the cognitive dys-
function induced by high salt diet®? More precisely, it
was demonstrated that loss of endothelial NO reduces
neuronal calpain nitrosylation thereby elevating levels
of Cdkb activator, p25 (Figure 3). Thus, loss of endo-
thelial NO promotes phosphorylation of tau protein and
formation of neurofibrillary tangles in murine model
of endothelial dysfunction. Whether this mechanism
contributes to pathogenesis of cognitive impairment in
humans remains to be determined.

LOSS OF ENDOTHELIAL NO, CHRONIC
MILD HYPOPERFUSION, AND WHITE
MATTER DAMAGE

Recent study by Dr Liao’s group confirmed that eNOS
deficiency does not reduce cerebral blood flow?%; how-
ever, genetic inactivation of eNOS causes microvascu-
lar occlusions apparently leading to localized mild brain
hypoperfusion.?5%3 Moreover, the authors also provided
evidence that loss of endothelial NO impairs mitochon-
drial function, increases permeability of blood-brain-
barrier (BBB) and causes damage of the brain white
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Figure 3. Schematic representation of the role of endothelial nitric oxide (NO) deficiency in stimulation of tau protein
phosphorylation and formation of neurofibrillary tangles in neuronal cells.

Cdkb indicates cyclin-dependent kinase 5.

matter?6%® These observations significantly expanded
understanding of cerebrovascular mechanisms contrib-
uting to pathogenesis of vascular cognitive impairment
and dementia.5* Most notably, treatment of eNOS-defi-
cient mice with sodium nitrate (supplementation with
exogenous NO) completely prevented microvascular
occlusions, leakage of BBB, damage of white mat-
ter, and normalized gait performance indicating that
loss of endothelial NO is major perpetrator of vascu-
lar and CNS pathology.® Impairment of BBB is entirely
in agreement with reported increased expression of
BACE1 in eNOS-deficient human and murine cerebro-
vascular endothelium.'?®® Indeed, most recent findings
demonstrate that BACE1 cleaves occludin, a criti-
cally important protein responsible for preservation of
intact BBB.%® This observation establishes link between
eNOS-deficiency and loss of BBB integrity (another
major mechanism of endothelial dysfunction). It is also
important to note that elevation of BACE1 exerts detri-
mental effect on expression and function of eNOS and
therefore may further exacerbate loss of endothelial
NO, leakage of BBB, and attendant cerebrovascular
and neuronal pathology.56

ENDOTHELIAL NO AND A-BETA
CYTOTOXICITY

Formulation of amyloid hypothesis®®®® provided foun-
dation for the studies designed to define exact role of
expression and processing of APP (amyloid precur-
sor protein) in pathogenesis of AD. The recognition of
cytotoxic characteristics of AB peptides (AB1-40 and
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AB1-42) was followed by the studies demonstrating det-
rimental effects of AP peptides on cerebrovascular func-
tion.59-%* The mechanisms underlying these detrimental
effects were recently reviewed by Cortes-Conteli and
ladecola, 2020. Briefly, AR peptides increase expres-
sion of NADPH oxidase-2 (NOX-2) in perivascular and
meningeal macrophages.®® Enzyme activity of NOX-2
is major source of superoxide anion. Chemical reaction
between superoxide anion and NO generates powerful
oxidant, peroxynitrite,®” thereby significantly reducing
local concentration of NO thus leading to impairment
of endothelium-dependent vasodilatation.®® Most impor-
tantly, loss of endothelial NO increases sensitivity of
endothelial cells to apoptosis.f8%° Indeed, more recent
studies suggest that cerebrovascular tree is the primary
target of pro-apoptotic effects of Ap peptides in patients
with AD.9" Moreover, and in contrast to parenchymal
cells/"" extensive loss of vascular cells including endo-
thelium was detected in brains of patients with AD.™
Only about half as many endothelial cells were isolated
from AD brain as compared to number of cells isolated
from normal brain.” Disappearance of endothelial cells in
AD brain is consistent with vascular regression reported
by Religa and colleagues (2013).4” We would like to
emphasize that endothelial NO is a major antiapoptotic
molecule and endothelial cell survival factor®® This vas-
cular protective effect of endothelial NO is impaired by
aging.f® Aging also impairs stimulatory effect of shear
stress on expression of eNOS thereby increasing sen-
sitivity of endothelium to apoptosis.®® The antiapoptotic
effect of shear stress is restored by overexpression of
eNOS in senescent endothelial cells.**¢°® Consistent with
loss of eNOS signaling, patients with AD have lower
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levels of cyclic GMP in their cerebrospinal fluid and
higher expression of PDED (phosphodiesterase 5) in the
temporal cortex than healthy, age-matched controls.™7®
As mentioned earlier, eNOS/sGC/cGMP signaling is
therapeutic target for CNS-penetrant sGC stimulator,
CYB6463. This compound is currently being evaluated
in clinical trial designed to improve cognitive function in
patients with AD.

THE ROLE OF ENDOTHELIAL NO
IN CONTROL OF GLYCOLYSIS IN
ASTROCYTES

Prior studies established that NO enhances glycolysis
in astrocytes but not in neurons; however, exact cel-
lular source of NO was not identified.”®"” Relevant to
this review, Brix et al'® demonstrated that NO produced
in endothelium enhances aerobic glycolysis in astro-
cytes. This observation was confirmed and extended to
show that nanomolar concentration of NO is capable
of modulating energy metabolism in astrocytes with
the speed, reversibility, and potency of physiologi-
cal signal.”® Notably, the stimulatory effect of NO on
aerobic glycolysis is not mediated by activation of
soluble guanylate cyclase and production of cyclic
GMP.3™ Further analysis of signal transduction path-
ways demonstrated that co-culturing of astrocytes with
primary brain vascular endothelial cells caused stabi-
lization of HIF-1a (hypoxia-inducible factor-1a) and
enhancement of glucose transporter-1, hexokinase-1
and monocarboxylate transporter-4 expression.™
Most importantly, endothelium derived NO stimulated
glycolysis and production of lactate in astrocytes.™
Lactate is then exported from astrocytes to neurons
via MCT4 and it serves as an important substrate for
production of pyruvate and adenosine triphosphate in
neurons. Moreover, lactate is signaling molecule in the
brain involved in regulation of wide range of cellular
and physiological homeostatic mechanisms.”™ Whether
impairment of endothelial NO production may reduce
glycolysis in astrocytes is unknown. Of note, expres-
sion of GFAP (glial fibrillary acidic protein), marker for
astrocytes, is not altered in aged eNOS™~ mice.?® The
effects of eNOS deficiency on expression of glycolytic
enzymes and production of lactate in aged eNOS™~
mice remain to be determined.

THE ROLE OF ENDOTHELIAL NO IN
MITOCHONDRIAL BIOGENESIS

Dysfunctional mitochondria are believed to play a major
role in pathogenesis of AD.8°82 Existing evidence indi-
cate that endothelial NO activates the transcriptional
mechanisms driving mitochondrial biogenesis (the
process designed to increase cellular mitochondrial
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mass).2% Notably, the brain, kidney, liver, heart, and gas-
trocnemius muscle isolated from eNOS™~ mice display
significantly reduced mitochondrial content associated
with lower oxygen consumption and reduced levels of
adenosine triphosphate® This effect is mediated by
impairment of NO/sGC/cyclic GMP signaling path-
way leading to downregulation of PGC-1a (peroxi-
some proliferator-activated receptor gamma coactivator
1-alpha).?* Importantly, the stimulatory effect of calo-
rie restriction on mitochondrial biogenesis is abolished
in eNOS™~ mice, thereby demonstrating that intact
eNOS function is critically important for mitochondrial
adaptation to low calorie intake.?®* The NO-dependent
signaling responsible for mitochondrial biogenesis
are not very well defined, however, stimulatory effects
of NO on PGC-1a, CREB (cyclic AMP-responsive
element-binding protein-1), and nuclear respiratory
factor-1 are believed to be of major importance.®®
Moreover, mitochondria from hepatocytes of eNOS™~
mice have decreased markers of mitochondrial bio-
genesis PGC-1a, mitochondrial transcription factor A,
and autophagy/mitophagy (BNIP3 [BCL-2-interacting
protein-3], and 1A/1B light chain 3B), suggesting
decreased mitochondrial turnover rate.®”

The stimulatory effect of endothelial NO on mito-
chondrial biogenesis has also been described in human
cells® More precisely, genetic inactivation of eNOS
blocks mitochondrial biogenesis and adipogenesis in
human mesenchymal stem cells. Remarkably, the transfer
of mitochondria from normal human mesenchymal stem
cells to eNOS-deficient human mesenchymal stem cells
restored adipogenesis, thus showing that mitochondrial
remodeling can be employed in treating abnormalities in
energy metabolism caused by dysfunctional eNOS.2®

DETRIMENTAL EFFECTS OF AGING AND
APOE4 ON ENOS FUNCTION

Aging

In cerebral blood vessels, aging impairs endothelium-
dependent relaxations mediated by activation of eNOS
(recently reviewed by De Silva and Faraci*©). Several
mechanisms have been implicated in aging-induced
dysregulation of eNOS/NO signaling. The renin-angio-
tensin-system is responsible for production of angio-
tensin I, and activation of NOX-2-containing NADPH
oxidase leading to increased formation of superoxide
anion.® Chemical reaction between superoxide anion
NO decreases local concentration of NO and results in
formation of powerful oxidant, peroxynitrite. In addition,
the adaptor protein, p66°" and activated Rho kinase
exert inhibitory effects on eNOS in aged blood ves-
sels.29°" Interestingly, aging causes significant increase
in vascular expression of APP protein? Increased
expression of APP in aged blood vessels is associated
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with elevation of circulating levels of sAPPa.®? In con-
trast, B-processing of APP is not affected.®? Since APP
and sAPPa are considered vascular protective mole-
cules, 929 upregulation of APP is most likely adaptive
response to aging, designed to protect and preserve
normal vascular function. In contrast, in cerebral
microvessels derived from aged heterozygous eNOS*~
mice, impaired production of sAPPa has been detected
in cerebral microvessels. Most importantly, proteolytic
cleavage of APP is shifted towards (3-processing and
increased production of AB1-40.2* Thus, it appears that
in mice, healthy aging of blood vessel wall is associated
with increased vascular protective function of sAPPa.
However, partial loss of eNOS impairs production of
sAPPa and increases vascular production of cytotoxic
AP peptides in aged arteries.®* We therefore speculate
that long-lasting impairment of eNOS function associ-
ated with chronic increase in amyloidogenic processing
of APP may help explain epidemiological findings dem-
onstrating that mid-life exposure to cardiovascular risk
factors increases vulnerability to AD.%

Aging-induced impairment of eNOS signaling contrib-
utes to increased arterial stiffening,*®-'® increase in pulse
pressure, and mechanical stress on capillaries, thereby
damaging the capillary wall of strongly perfused organs
such as brain, heart, and kidneys.'®" Moreover, increased
stiffness itself suppresses eNOS signaling thus further
exacerbating endothelial dysfunction.’®'%2 Importantly,
existing literature supports relevance of aging-induced
increase in arterial stiffness to development of cognitive
decline and AD.'01.103-105

APOE4

Three different ApoE (apolipoprotein) isoforms (ApoE2,
ApoE3, and ApoE4) confer different risk for AD.!06:107
Prior studies established that carriers of ApoE4 alleles
have increased risk for AD as compared with the carriers
of more common ApoE3 variant, whereas ApoE2 is pro-
tective against AD.'%" Importantly, ApoE4 is considered
the strongest genetic risk for late-onset AD.'" Despite
intensive investigation, the exact mechanisms underly-
ing contribution of ApoE4 to pathogenesis of AD remain
incompletely defined.

In the context of this review, we wish to draw atten-
tion to the study demonstrating that circulating ApoE4
inhibits enzyme activity of eNOS.'% In addition to direct
inhibitory effect on eNOS activity, ApoE4 exerts domi-
nant-negative effect against ApoE3, thus preventing
ApoE3-induced stimulation of eNOS activity in endothe-
lium. These detrimental vascular effects of ApoE4 are
mediated by binding of ApoE4 to endothelial apolipopro-
tein receptor 2 (ApoER2 encoded by LRP8 [low-density
lipoprotein receptor-related protein 8] gene).'°® More-
over, ApoE4 and genetic variant of ApoER2-R952Q
attenuate eNOS activity thereby leading to impairment
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of reparative and anti-inflammatory capacity of endo-
thelium.’®® Since human brain endothelial cells express
ApoER2 it is likely that circulating ApoE4 may bind to
endothelial ApoER2 thereby inhibiting activity of cere-
brovascular eNOS.

Prior studies in systemic arteries established that
CypA (cyclophilin A) , a protein secreted in response to
inflammatory stimuli, promotes atherosclerosis in aorta of
ApoE-deficient mice.' This effect is mediated by CypA-
induced impairment of eNOS protein expression.'®®
Existing evidence support the concept that ApoE4-
induces activation of CypA-matrix metalloproteinase-9
signaling in cerebrovascular pericytes, thus leading to
BBB breakdown, impairment of cerebral blood flow, neu-
rodegeneration, and cognitive dysfunction.'®'"" Notably,
these detrimental effects are independent of Af3 produc-
tion. Given the results of prior studies demonstrating that
CypA mRNA and protein are expressed in endothelium
of cerebral and systemic blood vessels,3'%%''2 it appears
likely that circulating ApoE4 might contribute to impair-
ment of eNOS function by increasing cerebrovascular
endothelial production of CypA. Consistent with this
hypothesis are the results of previous study demonstrat-
ing elevated levels of CypA in endothelial cells of ApoE4
carriers with AD.'"3

ENDOTHELIAL NO AND CAA

Sporadic cerebral amyloid angiopathy (CAA) is small ves-
sel brain disease caused by cerebrovascular deposition of
AR.""* CAA is common in elderly, and it is an important con-
tributor to age-related cognitive decline."'* Importantly, CAA
is detected in 90% of patients with AD. The brain injury
caused by CAA is the result of cerebrovascular dysfunc-
tion leading to reduced brain blood supply and ischemia.
Moreover, CAA may cause large symptomatic intracerebral
hemorrhages and small (mostly asymptomatic) cerebral
microbleeds.'® It is important to note that CAA makes an
independent contribution to AD dementia. Indeed, patients
with AD suffer more severe cognitive impairment in the
presence of CAA"'® Currently, there is no disease-specific
treatment available to patients with CAA.

Studies on aged eNOS*~ mice provided new insights
into contributions of dysfunctional eNOS to pathogene-
sis of cerebral small vessel disease.?”® Traditional under-
standing of CAA pathogenesis is based on evidence
demonstrating that AP deposition and accumulation in
the blood vessel wall is largely driven by impaired clear-
ance of AP from the brain interstitial fluid.2*"'%"7 More
recent discoveries suggest that partial loss of endothe-
lial NO production in aged (18-month-old) heterozygous
eNOS*~ mice significantly contributes to develop-
ment of CAA pathology.?®® Indeed, aged heterozygous
eNOS*~ mice exhibit CAA pathology including intra-
cerebral hemorrhage and siderosis.?™® Aged eNOS*~
also suffer from microinfarcts, increased permeability of
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blood-brain-barrier, and white matter pathology.>® In fact,
aged eNOS*~ mice are currently considered a model of
age-dependent, spontaneous cerebral small vessel dis-
ease including CAA®S

Increased production of AB in cerebral microvessels
of aged eNOS*~ mice appears to be very early event in
pathogenesis of CAA®* AB1-40 levels are increased in
microvascular tissue of aged eNOS*~ mice, and produc-
tion and secretion of AB1-40 from cerebral microvessels
is elevated before any changes in Af3 concentration could
be detected in neuronal tissue.®* This suggests that cere-
brovascular alterations of A may occur independently of
AP changes within the brain, and that cerebral blood ves-
sels are more vulnerable than neurons to injury imposed
by partial deficiency of eNOS. We also wish to point out
that partial loss of endothelial NO is a clinically relevant
as complete loss of endothelial NO does not occur in
human disease.® It is also important to emphasize that
metabolic parameters body weight, glucose, total and
HDL (high-density lipoprotein) cholesterol of 18-month-
old eNOS*~ mice are comparable to their littermate wild-
type control mice.® In addition, arterial blood pressure
is not elevated in aged eNOS*~ mice.®* These findings
rule out hypertension and alterations in glucose and lipid
metabolism as mechanisms responsible for increased
amyloidogenic processing of APP observed in cerebral
microvessels of 18-month-old eNOS*~ mice. Indeed,
these findings confirm the importance of reduced local
concentration of NO in blood vessel wall (rather than
systemic metabolic or hemodynamic dysfunction) as an
important early event in development of CAA.

Notably, adaptive responses were identified in cere-
bral microvessels of 18-month-old eNOS*~ mice.
Expression of IDE (insulin-degrading enzyme) and low-
density LRP1 (lipoprotein receptor-related protein 1)
are significantly upregulated in cerebral microvessels
of aged eNOS™~ mice® This is most likely, adaptive
response designed to lower elevated local concentration
of AP in the brain blood vessel wall. In addition, signifi-
cant upregulation of copper-zinc superoxide dismutase
and catalase was also present in cerebral microvessels
of aged eNOS*~ mice. This upregulation of ant-oxidant
enzymes system also appears to be adaptive response
to oxidative stress imposed by increased Ap.°* Of note,
increased expression of IDE was detected in brain tis-
sue in the absence of increased brain AR levels. These
findings reinforce the concept that partial eNOS-defi-
ciency first causes elevation of AB within vasculature
and not in brain parenchyma.®*

The importance of endothelial expression and process-
ing of APP in pathogenesis of CAA is further supported
by recent findings demonstrating that endothelium-
specific expression of human APP (with the Swedish
[KM6B70/671NL] mutation) in mice resulted in increased
production of AP."'® Interestingly, this increased produc-
tion of AP in endothelium did not result in A deposition
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in the cortical blood vessels. However, crossing of these
animals with AD model mice (APPN-F/N™F mice overex-
pressing APP in neuronal tissue) markedly exacerbated
CAA pathology in APPNSF/NEF mice.''8 This observation is
particularly noteworthy finding because it suggests that
production of AB in endothelium may significantly exac-
erbate cerebrovascular deposition of Af in patients with
AD. Thus, inhibition of endothelial production of A} may
offer a viable therapeutic strategy designed to reduce AB
accumulation in the cerebral blood vessel wall.

CONCLUSIONS

Loss of endothelial NO signaling promotes amyloido-
genic processing of APP in the brain endothelial and
neuronal cells. Moreover, inactivation of eNOS stimu-
lates neuronal tau phosphorylation thereby suggest-
ing that dysfunctional eNOS may promote formation of
neurofibrillary tangles. Existing evidence also suggests
that loss of endothelial NO function activates microglia
and creates pro-inflammatory environment in the brain.
Furthermore, loss of endothelial NO causes microvascu-
lar occlusions, leading to localized mild hypoperfusion,
aberrant mitochondrial function, increased permeabil-
ity of BBB, and white matter damage. In addition, it
appears that endothelial NO significantly contributes
to control of glycolysis in astrocytes and neuronal bio-
genesis of mitochondria. More recent findings support
the hypothesis that partial loss of cerebrovascular NO
signaling may contribute to initiation and progression of
CAA. Growing recognition of dysfunctional endothelial
NO signaling contribution to development of cognitive
impairment provides basis for further efforts to develop,
optimize, and refine therapies designed to preserve
healthy cognition. Activation of NO/cGMP pathway
may offer cerebrovascular protective therapy that will
minimize vascular contribution to cognitive impairment.
For instance, if this approach may prevent microvascular
occlusions, reduce amyloid deposition in cerebral blood
vessels, and protect BBB, improved vascular function
may translate into significantly less severe symptoms of
CAA and cognitive impairment.
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