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The endothelium performs a crucial role in maintaining vascular integrity leading to whole organ metabolic ho-
meostasis. Endothelial dysfunction represents a key etiological factor leading to moderate to severe vasculopa-
thies observed in both Type 2 diabetic and Alzheimer’s Disease (AD) patients. Accordingly, evidence-based ep-
idemiological factors support a compelling hypothesis stating that metabolic rundown encountered in Type 2
diabetes engenders severe cerebral vascular insufficiencies that are causally linked to long term neural degen-
erative processes in AD. Of mechanistic importance, Type 2 diabetes engenders an immunologically mediat-
ed chronic pro-inflammatory state involving interactive deleterious effects of leukocyte-derived cytokines and
endothelial-derived chemotactic agents leading to vascular and whole organ dysfunction. The long term neg-
ative consequences of vascular pro-inflammatory processes on the integrity of CNS basal forebrain neuronal
populations mediating complex cognitive functions establish a striking temporal comorbidity of AD with Type
2 diabetes. Extensive biomedical evidence supports the pivotal multi-functional role of constitutive nitric oxide
(NO) production and release as a critical vasodilatory, anti-inflammatory, and anti-oxidant, mechanism with-
in the vascular endothelium. Within this context, we currently review the functional contributions of dysregu-
lated endothelial NO expression to the etiology and persistence of Type 2 diabetes-related and co morbid AD-
related vasculopathies. Additionally, we provide up-to-date perspectives on critical areas of AD research with
special reference to common NO-related etiological factors linking Type 2 diabetes to the pathogenesis of AD.
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Introduction: Diabetes

Diabetes mellitus (DM), one of the major leading chronic mor-
bidities worldwide, is continually increasing with a high prev-
alence from 100 million in 1999 to 382 million in 2013, and
to over 592 million by 2035 estimated by the International
Diabetes Federation (IDF) [1,2]. Maturity-onset DM (Type 2 DM
or T2DM), the most common form of diabetes, accounts for
over 85% cases in all diagnosed patients, and tends to increase
in children and adolescents [1]. In the United States, approx-
imately 10% to 20% of the population older than 45 years of
age were diagnosed with T2DM in 1999 [1]; by the year 2013,
a total of 25.8 million Americans (some 8.3% of the population)
were diabetic, of which, approximately 90-95% have T2DM
[2]. Great progress has been made regarding the pathogen-
esis of T2DM in the past decade with particular attention on
the intertwining relationship between vasopathies and T2DM.

Diabetes-associated vascular dysfunction in multiple organs
has long been considered as the sequelae of the progressive
disease [3], whereas some other disorders like hypertension,
hypercholesterolemia, retinopathy, etc. were regarded as co-
morbidities of diabetes [4], and more recently, new evidence
indicated that the genesis of diabetes is most likely a result
of vascular dysfunction [5], and the heterogeneity property of
diabetes was also highlighted [6]. Although the risk factors
of T2DM have been known for many years, the vascular dys-
function-associated aspect has become a new factor, consid-
ered to be an essential contributor to the new-onset T2DM.

A well-functioning vascular system plays a pivotal role in keep-
ing the organs healthy under both non- and genetic condi-
tions. However, when this normal state is affected by differ-
ent extrinsic or/and intrinsic factors, and then some pathologic
changes occur, especially when predisposing factors exist, they
work chronically to enhance the pathology. One example for
this relationship is that the major four classes of drugs that
are commonly used for cardiovascular risk reduction (statins,
niacin, thiazide diuretics, and B-blockers) have been shown to
increase the risk of new-onset diabetes by 9% to 43% [5]. The
stability of vascular function largely depends on the prompt
action of different mediators working precisely on the whole.
Solid evidence has confirmed the importance of a functional-
ly intact endothelium for preventing vascular dysfunction [7].

Dysfunction of multiple aspects of the endothelium has been
identified in diabetes mellitus. In human retinal endothelial
cells, modulation of plasminogen activator synthesis by insu-
lin-like growth factor-1 (IGF-1), epidermal growth factor (EGF)
or acidic fibroblast growth factor (AFGF) is known to be influ-
enced by diabetes [8]. Alterations in the synthesis and release
of von Willebrand factor (vWF), an important factor for effi-
cient platelet adhesion, are common in diabetic endothelium
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[9]. Abnormal glycosylation of intracellular and plasma pro-
teins occurs and affects endothelial function in diabetic pa-
tients [10,11]. Recently, cumulating evidence indicated that
endothelium-dependent vasomotion was affected by DM and
also contributed to the new onset DM.

In this review, we will summarize the new developments on
the interrelationship between T2DM and vascular dysfunc-
tion, and provide evidence that vascular-functioning media-
tors are involved in the pathogenetic regulation of T2DM, and
discuss complicated disorders with vascular dysfunction that
are strongly associated with T2DM.

Causal Relationship Between Vascular
Dysfunction and Type 2 Diabetes

It is ascertained, at least in part, that a correlation exists be-
tween vascular dysfunction and the occurrence of T2DM, but
we still do not know the precise causal relationship between
them. Indeed, the pathology may be initiated metabolic dys-
regulation, leading to poor energy production in the microen-
vironment. Thus, the association may have existed in the be-
ginning of the disorder and in Alzheimer’s disease (AD) as well.

Vascular dysfunction, including microvascular and macrovascu-
lar, results from DM affecting several organs (muscle, skin, heart,
brain, eyes, and kidneys, et al.) [3]. The common etiology link
for the different types of diabetes-associated vascular diseases
is the chronic hyperglycemia that evokes pathologic responses
in the vasculature, which finally cause constitutive nitric oxide
(cNO) inhibition, smooth muscle cell dysfunction, overproduc-
tion of vascular endothelial growth factor (VEGF), chronic in-
flammation, hemodynamic dysregulation, impaired fibrinolytic
ability, and enhanced platelet aggregation. In these situations,
diabetes, specifically T2DM, was considered as the initiating fac-
tor for the series of vascular diseases with the contribution of
common risk factors like hypertension, tobacco use, and obesity.

Although it has been confirmed that the on-going diabe-
tes plays a crucial part in inducing subsequent vascular dys-
function through affecting endothelium [3,12], the concerns
regarding the priority (i.e. which comes first — vascular dys-
function or diabetes) was raised recently. The question was
derived from the evidence that statin therapy increased the
risk of new onset diabetes (NOD), of which belongs to T2DM,
by 9% to 21% [13,14], and this was validated by a more re-
cent study, in which if the patients had 2-4 risk factors for
NOD, atorvastatin 80 mg increased the risk of NOD by 24%
compared with standard therapy [15]. From these studies, at
least in part, it can be deduced that vascular dysfunction it-
self could initiate diabetes even though the underlying mech-
anisms are not yet unknown.
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Figure 1. Interrelationship between diabetes and vascular
system. Diabetes originally evokes disturbance in vaso-
endothelium function that eventually changes vascular
responses, which in turn form a positive feedback
circuit with diabetes. In normal patients, vascular drugs
can function as an initiator of new onset diabetes
through mediating vascular and vaso-endothelium
function. Almost simultaneously, pathologies
associated with Alzheimer’s Disease may emerge given
the discussed commonalities since all can be linked to
mitochondrial responses.

One potential mutual link between diabetes and vascular en-
dothelium exists which determines the outcomes of the pa-
tients. In this proposed link, DM affects vascular endothelium
functions through serious vaso-associated systems and path-
ways (see details on “Diabetes Endothelium” below), which
results in changes in vascular function. Significantly, the al-
tered endothelium and blood vessels positively are deterio-
rating in diabetes, i.e. a positive feedback formed. Moreover,
exogenous cardiovascular medications may cause new onset
diabetes through impacting endothelium and overall vascu-
lar function (Figure 1).

Dynamic Diabetic Endothelium

Endothelium is the major part of the vasculature in regulat-
ing vascular function. In the context of T2DM, chronic stim-
ulation of hyperglycemia activates clusters of intrinsic vaso-
regulating systems or pathways in vascular endothelium [16].
Understanding the dynamic underlying mechanisms is critical
for understanding the diabetes-associated vascular dysfunc-
tion so that preventive strategies can be developed.

Renin-angiotensin system

The renin-angiotensin system (RAS) is linked to local regulatory
mechanisms that contribute to a great number of homeostatic
pathways, including cellular growth, extracellular matrix forma-
tion, and apoptosis, whereas particular concerns were raised
on its role in endothelium and vascular function. Blockade of
the RAS can improve visual acuity and a short-term reduction
in central macular thickness in patients with refractory diabetic
macular edema [17], and blockade of angiotensin Il attenuates
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VEGF-mediated blood-retinal barrier breakdown in diabetic ret-
inopathy [18]. Furthermore, inhibition of RAS may ameliorate
islets function of diabetic rats by increasing the microvessel
density in islets [19], and can increase the resistance to strep-
tozotocin-induced diabetes, reduce inflammatory markers, and
improve islet cell function [20]. Additionally, evidence accumu-
lated to date indicates that reduction in RAS activity can pre-
vent NOD, and the blockers are considered as the first choice
drugs in hypertensive patients with diabetes to prevent the
occurrence and progression of complications in diabetes [21].

Reactive oxygen species

Reactive oxygen species (ROS) are important secondary mes-
sengers for signaling pathways associated with apoptosis, pro-
liferation, damage and inflammation. Diabetes is a condition
of increased oxidative stress and requires antioxidants [22].
In diabetic condition, the delicate equilibrium between ROS
production and antioxidant capability is distorted resulting in
oxidative stress and further tissue injury. Vascular cells func-
tion as the major part of reactive oxygen species production,
which underlies the pathogenic progression of diabetes [23].
Increased generation of reactive oxygen species from multiple
enzymatic sources promotes insulin resistance, specifically at
the level of the endothelium, and leads to acceleration of ath-
erosclerosis in areas with disturbed flow patterns [24]. Based
on these findings, counter regulating of ROS was studied to
reverse associated vascular dysfunction. a-Melanocyte-stim-
ulating hormone, a naturally occurring endogenous peptide
hormone of the melanocortin family, can normalize oxida-
tive stress, reduce apoptosis and ultrastructural injuries, and
correct gene expression levels in early diabetic retinas [25].
Augmented superoxide dismutase 2 (SOD2) ubiquitination
leads to the increase in mitochondrial ROS concentration in
coronary endothelium from T2DM mice and attenuates coro-
nary vascular relaxation [26]. Moreover, direct anti-ROS treat-
ment can prevent exacerbation of inflammation and insulin re-
sistance that alleviates diabetic pathologies [27]. Amelioration
and/or prevention of vascular endothelial and contractile dys-
function by doxycycline is strongly associated with a clear re-
duction in oxidative stress markers of diabetes, suggesting a
therapeutic intervention for amelioration and/or prevention
of vascular disorders in diabetic subjects [28].

Protein kinase C pathway

The regulatory enzyme protein kinase C (PKC) is known to
play a key role in vascular tone regulation in physiological and
pathological conditions[30]. The association of protein kinase
C (PKC) with vascular alterations such as increases in perme-
ability, contractility, extracellular matrix synthesis, cell growth
and apoptosis, angiogenesis, leukocyte adhesion, and cyto-
kine activation and inhibition has been confirmed [30]. These
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perturbations in vascular cell homeostasis, caused by different
PKC isoforms (PKC-a, -B1/2, and PKC-§), are linked to the de-
velopment of pathologies affecting large vessel (atherosclero-
sis, cardiomyopathy) and small vessel (retinopathy, nephropa-
thy and neuropathy) complications in the context of diabetes
[29]. Activated PKC in diabetes increases VEGF expression and
activates NADPH oxidases leading to raised ROS production.
In addition, PKC in DM is involved in enhancement of vascular
contractility in an endothelium-independent manner by inacti-
vation of K+ channels and Ca2+ sensitization of myofilaments
in vascular smooth muscle cells [30]. PKC-B phosphorylates
occludin regulating tight junction trafficking in VEGF-induced
permeability in vivo [31]. Silencing of the PKC-3 gene expres-
sion using siRNAs led to restoration of vasodilator potential in
rats with diabetes [32]. PKC inhibition ameliorates functional
endothelial insulin resistance and smooth muscle cell hyper-
sensitivity to insulin, but does not restore acetylcholine-ac-
tivated endothelium-dependent vasodilation in diabetic rats
[33]. The function of PKC pathway in diabetic context is intri-
cate. How to reach an ideal function of PKC in the regulation
of vascular function needs in-depth investigation.

Heme oxygnase-1/carbon monoxide

The intracellular levels of carbon monoxide (CO) can increase
under stressful conditions following the induction of heme
oxygnase-1 (HO-1), a ubiquitous enzyme responsible for the
catabolism of heme. Although CO does not contain free elec-
trons, it may still be involved in oxidative stress, and Heme ox-
ygenase-1 (HO-1) was found to be a key defense mechanism
against oxidative injury [34]. HO-1 possesses a protective ef-
fect against aortic endothelial dysfunction in the insulin resis-
tance (IR) state by inducing antioxidation and promoting reg-
ulative effect of vasoactive substances [35]. Induction of HO-1
with hemin ameliorates the abnormality of endothelium-de-
pendent vascular relaxation in T2D rats through suppressing
reactive oxygen species production and inhibiting COX-2 up-
regulation induced by diabetes mellitus [36], and ameliorat-
ing exaggerated vascular contractility by reducing TNF-a and
aortic ROS levels [37] and pulmonary artery by involving a re-
duction in inducible NO synthase-derived NO production [38].

Further studies found the enhancement of the HO system facil-
itates insulin sensitivity and glucose metabolism in diabetic an-
imals [39,40]. HO-1-induced increase in eNOS and decrease in
iNOS are potentially contributing to restoration of vascular re-
sponses in diabetic rats [41], and HO-1 up regulation in diabet-
ic rats brings about an increase in serum bilirubin, a reduction
in O*-2 production, and a decrease in endothelial cell sloughing
[42], and amelioration in postprandial and fasting hyperglycemia
in T2DM rats [43]. Therefore, attention is being paid to the use
of selective HO inhibitors that were considered very important
tools to clarify the role of the HO system and the mechanisms
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underlying its physiological effects and pathological involve-
ment; due to the inducible nature of HO-1, selective inhibition
of HO-1 isoforms is generally preferable. Notably, HO-1 inhibi-
tors may be also beneficial in therapeutic applications.

Nitric oxide system

The vascular endothelium is a multifunctional organ and is
critically involved in modulating vascular tone and structure.
Nitric oxide (NO) is a short-lived gaseous signaling molecule
in mammals. The regulation of NO bioavailability is critical to
maintain blood vessel function. Endothelium-derived NO has
been demonstrated to mediate many important endothelial
properties [44]. NO inhibits the adhesion and aggregation of
platelets and the release of their contained growth factors, the
chemotaxis and activation of mononuclear leukocytes, the ex-
pression of leukocyte adhesion molecules by activated vascu-
lar endothelium, and the migration and proliferation of smooth
muscle cells. It decreases endothelial permeability for macro-
molecules and lipoproteins [44-46]. In addition, NO is essen-
tial for the maintenance of basal vascular tone and its regula-
tion in response to various physiologic and pathologic stimuli
[47,48]. Therefore it has been surmised that impaired activi-
ty of NO diminishes the resistance of the vascular wall to dis-
ease and disrupts vascular homeostasis.

Initially, studies in animals were performed which found both
conduit and resistance arteries of chemically induced diabe-
tes to have attenuated endothelium-dependent relaxation
[49,50]. Subsequently, evidence of impaired endothelium-
mediated smooth muscle relaxation in humans was discov-
ered in the penile corpora cavernosa [51]. To date, numerous
studies have confirmed that endothelium-dependent relax-
ation is impaired in DM. Early reports have examined NO ac-
tivity in diabetic endothelium, but contradicting results have
emerged [52-56]. One possible reason was that all of these
studies have used indirect methods in an attempt to deter-
mine NO’s presence and thus its role. As a result, no conclu-
sive direct evidence was reached on the levels of NO release
in diabetic endothelium.

One indirect method is the administration of NO trapping agents,
which were used to assess the basal NO activity in the rat aor-
ta[57,58]. These scavengers bind and eliminate NO after its re-
lease without altering NOS activity. Analysis of tension in rings
pre-contracted with phenylephrine revealed that the applica-
tion of NO trapping agents produced an additional increment in
tension that was greater in the control than the diabetic rings.
These findings were thought to suggest that the basal NO ac-
tivity in diabetics is less than that in non-diabetics. Another in-
direct means used in assessing information regarding potential
deficits in NO synthesis is the measurements of cGMP in vas-
cular tissue [59]. Decreases in acetylcholine-stimulated cGMP
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production were observed in multiple diabetic animal mod-
els. No apparent intrinsic change in either guanylate cyclase
or phosphodiesterase activity of the vascular smooth muscle
was found to account for defective cGMP production in these
blood vessels. Therefore, the conclusion was suggested that the
basal NO bioactivity in experimental diabetes was decreased.
Unfortunately, all of these investigations in both animal mod-
els and human studies make the assumption that endothelium-
dependent relaxation in both control and diabetic blood ves-
sels is exclusively mediated via NO to reach their conclusions.

Beside these developments, we first, in 2002, reported on the
NO stimulated cNOS activation by morphine in diabetic hu-
man saphenous vein [7]. In this early study [7], we first em-
ployed the real-time NO release using an amperometric probe,
real-time technology, to conclusively provide information on
NO levels, from which we found that diabetic endothelium ex-
hibits a diminished basal NO release in comparison to non-
diabetic controls. Through the application of a NO synthase
inhibitor, further information on the actual basal level of NO
release was obtained. Diabetic endothelium showed no de-
crease in its basal release level. We believed this signifies that
the actual level of NO release is negligible. By exposing the
tissues to superoxide dismutase (SOD) we confirmed that the
depressed levels of released NO seen were not the result of
extracellular NO scavengers. Unfortunately, though we could
not exclude the possibility of intracellular scavengers. Lastly,
we evaluated the capacity of diabetic endothelium to produce
NO when stimulated by an agonist — morphine sulfate. The re-
sults obtained were consistent with the premise that the pre-
vious findings support, NO metabolism is impaired in DM. A
lower peak level and shorter duration of stimulated release,
as well as a decreased expression of mu opiate receptors was
seen in diabetic compared to non-diabetic tissue.

In considering the consequences of these findings in DM, a
negligible basal level and a diminished capacity for stimulat-
ed endothelial NO release, some of the possible potentially
pathologic resultant alterations in cellular metabolism should
be mentioned. Firstly, NO has been shown to have antioxidant
actions [59-62]. This scavenging property gives NO a major
intracellular and extracellular action against oxidative stress
[61,63-70]. Emerging evidence attested the role of endothelial
NO in diabetic vascular pathologies. First, endogenous NO sup-
presses vascular inflammation, via inhibition of p47(phox) ex-
pression, leading to attenuation of NADPH oxidase-dependent
superoxide production [71]. However, selective endothelial in-
sulin resistance itself is sufficient to induce a reduction in NO
bioavailability and endothelial dysfunction that is secondary
to increased generation of reactive oxygen species [72]. Third,
diabetes produces a cascade of events involving production of
reactive oxygen species from the NADPH oxidase leading to
oxidation of BH4 and uncoupling of NOS, which promotes the
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oxidative inactivation of NO with subsequent formation of per-
oxynitrite [73]. As thus, in the absence of NO, reactive chemi-
cal species may occur and cause tissue damage [7].

Heme proteins (e.g., hemoglobin, cytochromes, etc.) reacting
with H,0, results in ferryl cation (FE**=0), a toxic substance
[74]. However, once in contact with NO, this compound is re-
duced (FE** + NO,)[61,75], suggesting the antioxidant action
of NO. NO also has the potential to diminish the formation of
OH°, demonstrating once more an antioxidant action [60,76].
Here again we note that in the absence of NO, as potential-
ly occurring in diabetes, these reactive chemical species may
cause the tissue damage associated with diabetes’s patho-
logical progression.

Meanwhile, NO interacts with heme proteins to activate solu-
ble guanylyl cyclase and cyclooxygenase and also has the abil-
ity to inhibit lipoxygenase [77-80]. Inducible nitric oxide syn-
thase (iNOS) driven NO production regulates expression of
iNOS, suppresses cyclooxygenase-2 (COX-2) levels, and main-
tains Hemeoxygenase-1 (HO-1) levels in nephritic animals [81].
However, in the context of pouchitis, another type of inflam-
matory disease, the increased COX-2 and NOS were not asso-
ciated with HO-1 induction [82]. A more recent study showed
that HO-1 regulates lipopolysaccharide (LPS) and nicotine in-
duced the production of NO and PGE2 through affecting the
expression of iNOS and COX-2 in human periodontal ligament
cells [83]. These data suggest, at least in part, that altered NO
functions through connecting with COX and HO-1 systems,
which is involved in the mediation of subsequent inflamma-
tory processes. One of the mechanisms is the altered forma-
tion and release of the induced substances secondary to the
impaired NO levels could adversely impact the important reg-
ulation of the pro-inflammatory processes.

Additionally, NO is an inhibitor of cytochrome c oxidase, the
terminal enzyme in the electron transport chain, in a manner
that is reversible and competitive with oxygen, by reacting
with both the two-electron and single-electron reduced active
sites [84-93]. Diminished NO levels could alter the modula-
tion of oxygen utilization, in a similar manner to how the in-
hibition of c-NOS derived NO increases oxygen consumption
in many animal species [94-98]. Besides, the endogenously
released endothelial NO, either basal or stimulated, can mod-
ulate oxygen consumption both throughout the thickness of
conductance vessels and in the microcirculation, which may
be implicated in the origin of vascular pathologies such as ath-
erosclerosis [99]. Moreover, inflammatory mediators such as
IL-1 hampers glucose-stimulated insulin secretion (GSIS) in
Cohen diabetic rat islets through mitochondrial cytochrome ¢
oxidase inhibition by NO. Reduced islet COX activity renders
vulnerability to GSIS inhibition on high-sucrose, low-copper-
diet (HSD) through inducing the expression of iNOS and nitric
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Figure 2. Illustration of the interconnectivity
of health and pathology and their
dependence, in part, on mitochondrial
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oxide-mediated COX inhibition [100] (Figure 2). Intriguingly,
the blunted endothelial NO in patients suffering from insulin
resistance T2DM played an interaction between endothelial
insulin sensitivity, of which the increased insulin signaling in
endothelium increases the generation of superoxide anion via
activation of NOX2 NADPH oxidase and reduced NO produc-
tion in response to insulin due to increased endothelial pro-
line-rich tyrosine kinase (PYK2) activity leading to a pro-ath-
erosclerotic state [101].

Therefore, we surmise that basal NO levels promote the health
of the endothelium by limiting its immune and vascular acti-
vating potential, i.e., decreasing the appearance of an uncalled
for pro-inflammatory response [7,44]. Thus, in diabetic indi-
viduals, the decrease in the capacity for this vital action leads
to both enhanced vascular and immune activity, as noted by
increased platelet-derived plaque formation for example [44].
The fact that stimulated NO levels are significantly diminished,
but still exist, denotes the progressive nature of the vascu-
lar pathology associated with diabetes. The remaining capac-
ity for stimulated NO release may help down-regulate media-
tors in the vascular and immune tissues [44]. However, since
it is not continuous and diminished in the diabetic, its effect
is probably only partial, allowing for a progressive decrease in
the ability to down-regulate these tissues over the long term.
Certainly, this may not be the only explanation for the vascular
abnormalities found in diabetes mellitus given the complexity
of the pathological processes, however, we do believe that this
impaired NO metabolism plays a significant role.

NO and superoxide free radicals in diabetes

Additionally, NO is emerging as a central regulator of energy
metabolism and body composition. In considering the con-
sequence of a general lack of NO in severe diabetics on the
cellular level, we surmise an alteration of endothelial cellular
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components, which can be considered
holistically as a medical target.

metabolism. NO can interact with oxygen, metals and other
free radicals [44,102,103]. NO can form peroxynitrite (ONOO-)
and dinitrogen trioxide (N,0,), following an interaction with
the superoxide radical (02-) and oxygen, respectively [61,104].
NO and ONOO- have inhibitory effects on purified cytochrome
b5 reductase (Cb5R), a pleiotropic flavoprotein that catalyzes
multiple one-electron reduction reactions with various redox
partners, providing the basis for a feedback cellular protection
mechanism through modulation of excessive extramitochondri-
al superoxide anion production by Cb5R [105]. In this regard,
NO’s actions are directly felt when its level is low and of short
duration, occurring under physiological conditions [61]. For ex-
ample, NO interaction with the heme proteins represents the
activation of soluble guanylyl cyclase (sGC) and/or COX [77-79].
The sGC-cGMP signaling is one of the major pathways of NO-
related vascular function mediation [106]. NO-associated COX
activation is of importance in the regulation of a pro-inflam-
matory process [79,107]. Additionally, at low NO concentra-
tions it modulates the redox form of COX, converting the fer-
rous iron to the ferric active form, acting also as a scavenger
of superoxide [61]. Meanwhile, NO functions as a weak ligand
to ferric heme, which, at the same time, forms a strong Fe-NO
bond to regulate the reactivities of ferrous and ferric heme-
nitrosyls [108]. NO also has the ability to inhibit lipoxygenase
[80,109]. It can also reversibly inhibit the heme moiety of cy-
tochrome P-450, preventing the binding of oxygen to the cat-
alytic sites [110,111]. However, a peculiar P450, P450nor, can
receive electrons directly from NADH for the reduction of NO
[112]. Interestingly, at low NO levels H,0, can be consumed
to yield HNO, [61,113], suggesting that H,0, might serve to
control NO levels that contribute to the development of vas-
cular diseases [61,114]. In this regard, if NO were absent, H,0,
may generate tissue damage and energy metabolism may pro-
ceed impaired as appears to occur in diabetes [115]. A more

Indexed in: [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS] [Index Copernicus]



REVIEW ARTICLES

interesting finding is that endothelium-derived hyperpolariz-
ing factor (EDHF) compensates for diminished NO-dependent
dilation in IL-6-induced endothelial dysfunction by the activa-
tion of H,0, or a K+ channel in T2DM, suggesting that the in-
teraction between NO and H,0, is not as simple as figuring
out which depends upon which [116]. We suppose that the
superoxide products in diabetic endothelium confound each
other to induce vascular pathologies.

Furthermore, mitochondria represent a NO target since NO is
an inhibitor of cytochrome oxidase of the electron transport
process [84-89,117], suggesting again a NO role in modulating
oxygen utilization [85,118]. The inhibition of cNOS-derived NO
increases oxygen consumption in many animal species [94—
98]. This last fact is critical to our NO hypothesis concerning
diabetes (see earlier discussion). Furthermore, a NOS isoform,
mtNOS, is present in mitochondria [84,119-121] supporting
an important modulatory function as well.

Alzheimer’s Disease and Type 2 Diabetes

Chronic vascular diseases are the major complications that
account for over 90% of mortality from diabetes. Alzheimer’s
disease (AD), which affects 36 million people worldwide, is
generally considered as an age-related degenerative disease.
However, the actual etiology of AD is yet unknown. Emerging
evidence indicates that the pathogenesis of AD is attributable
to the chronic vascular pathologies [122].

Vasculopathy and Alzheimer’s disease

Our previous work disclosed a causal relationship between
vascular pathologies and AD [122-133], and we evidenced
that AD may be a vascular disorder with neurodegenerative
consequences rather than a neurodegenerative disorder with
vascular consequences. Based on this proposal, two factors
are needed to be present for AD to develop: 1) advanced age-
ing, 2) presence of a condition that lowers cerebral perfusion,
such as a vascular-risk factor. The first factor introduces a
normal but potentially insidious process that lowers cerebral
blood flow in inverse relation to increased ageing; the second
factor adds a crucial burden which further lowers brain per-
fusion and places vulnerable neurons in a state of high en-
ergy compromise leading to a cascade of neuronal metabolic
turmoil. Convergence of these two factors, will culminate in a
Critically Attained Threshold of Cerebral Hypoperfusion (CATCH)
[122-133]. CATCH is a hemodynamic microcirculatory insuf-
ficiency that will destabilize neurons, synapses, neurotrans-
mission and cognitive function, creating a neurodegenerative
state characterized by the formation of senile plaques, neuro-
fibrillary tangles, amyloid angiopathy and in some cases, Lewy
bodies. Since any of a considerable number of vascular-related
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conditions must be present in the ageing individual for cogni-
tion to be disturbed, CATCH identifies an important aspect of
the heterogenic disease profile assumed to be present in the
AD syndrome [122].

It is proposed that CATCH initiates AD by distorting region-
al brain capillary structure, involving endothelial cell shape
changes and impairment of NO release, which affects signal-
ing between the immune, cardiovascular and nervous systems.
Evidence indicates that in many tissues there is a basal level
of NO being produced and that the actions of several signal-
ing molecules may initiate increases or decreases in basal NO
levels [44]. Moreover, these temporary alterations in basal NO
levels exert inhibitory cellular actions, via cellular conforma-
tional changes. Findings indicate that 1) constitutive NO is re-
sponsible for a basal or “tonal” level of NO; 2) this NO keeps
particular types of cells in a state of inhibition and 3) activa-
tion of these cells occurs through disinhibition. Consequently,
tissues not maintaining a basal NO level are more prone to
excitatory, immune, vascular and neural influences. Under
such circumstances, these tissues cannot be down-regulated
to normal basal levels, thus prolonging their excitatory state
[44]. Thus, the clinical convergence of advanced ageing in the
presence of a chronic, pre-morbid vascular risk factor, can, in
time, contribute to an endotheliopathy involving basal NO def-
icit, to the degree where regional metabolic dysfunction leads
to cognitive meltdown and to progressive neurodegeneration
characteristic of AD [122].

The conventional view proposes that AD precedes vascular
dysfunction. In this regard, an increase in the concentration
of amyloid beta (AB) above its normal physiological level in
the circulation results in decreased NO production and ves-
sel sensitivity to endothelium-dependent vasodilation, that
could lead to constricted blood vessels and ischemia in the
surrounding tissue [134]. Furthermore, increases in A lead
to cell death and decreased maximum vasodilator response
of cerebral vessels in the context of AD [134]. Nonetheless,
this conception has been challenged by our previous compel-
ling evidence discussed above, and along with our evidenced
findings, other supportive data emerged from peer institutes
upon the vascular originality of AD’s pathogenesis. A number
of review articles have provided an excellent view on the vas-
cular contribution to the genesis of AD by focusing on the role
of chronic hypoperfusion in triggering mitochondrial dysfunc-
tion in vascular cells, which, in turn, enhances the production
of ROS and reactive nitrogen species (RNS) that were driven
by NOS [122,135-138]. Therefore, NO-associated oxidative re-
sponses of the vascular system were considered as an initia-
tor of brain lesions during the development of AD [122,139].
Further, NO production is IFN-y dependent both in cognitive
impairment and Alzheimer’s patients, and the high levels of
NO, probably iNOS driven since the condition is chronic, are
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associated with an elevation of TNF-a levels in severe stag-
es of AD [140], suggesting the existence of a causal interac-
tion between NO and inflammation that underlies the sever-
ity of AD and cognition impairment. Meanwhile, the causal
relationship among NO, mitochondrial dysfunction, oxidative
stress, and AD has been highlighted as a therapeutic target
[122] (Figure 2). Widespread cerebral amyloid angiopathy and
arteriosclerosis/lipohyalinosis are associated with the devel-
opment of cognitive deficits in AD and a combination of them
may contribute to neurodegeneration in AD, suggesting that
small vessel disease due to arteriosclerosis and fibrolipohy-
alinosis is a potential target for the treatment of AD [141].
Elimination of the imbalance seen in energy production and
restoration of the normal cellular function, make the antiox-
idants powerful alternates for treating vascular pathologies
as well as neurodegenerative diseases [142].

Alzheimer’s Disease and Diabetes Type 2
Commonalities

Strong evidence demonstrates that AD shares characteris-
tics and possible origins with both cardiovascular disorders
and diabetes [44,122,143]. Given the discussion in the earli-
er reports noted, which emphasized energy metabolism due
to hypoperfusion, it is not difficult to speculate that DM may
be a major component in the pathogenesis of AD as reflected
in the associated vasculopathy, resulting in damaging the mi-
crovascular environment. In this regard, it has been suggest-
ed that DM is a risk factor for AD [44,122,144,145]. Thus, the
progression of events includes hyperglycemia leading to di-
abetic vasculopathy via glyceraldehyde-derived AGEs Glycer-
AGE. Moreover, in human AD brain, Glycer-AGE is distributed
in the cytosol of neurons in the hippocampus [145].

Furthermore, hyperglycemia-induced mitochondrial dysfunction
and oxidative stress have been associated with Ap induced pro-
inflammatory responses [44,122,146], which is expected, giv-
en the damage to the vascular conduit of glucose utilization.
Interestingly, high glucose and AB1-40 reduced cell and enhanced
mitochondrial 02¢-and H,0, production. This situation creates
an environment promoting a higher susceptibility to the delete-
rious actions of AB-40 [146] (Figure2 ). Semicarbazide-sensitive
amine oxidase/vascular adhesion protein-1 (SSAO/VAP-1) also
are implicated in AD and DM [147]. These findings support the
hypothesis that DM predisposes to cerebrovascular alterations,
cognitive decline, and development of AD [148]. In mice, cul-
tured endothelial cells exposed to both glucose and Ap gener-
ate oxygen reactive products and glycation entities, which also
have been associated with cognitive decline [149]. Thus, glu-
cose associated presence and regulation are coupled to this
pathological process and its alteration may represent the first
step in this deteriorating energy pathway in both DM and AD.
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Recently, Grammas et al. [143] proposed that in AD animal mod-
els, the cerebrovasculature is activated and overexpresses AP.
Importantly, we proposed a similar vascular theory in 2000 (see
previous section) [44,122,144]. We demonstrated that hypoper-
fusion of brain areas caused endothelial cells to loosen their
juxtaposed borders, creating “gaps” whereby greater brain ac-
cess occurred, i.e., allowing A and immunocyte entry. Given AR
immunostimulant activities a proinflammatory reaction would
go from acute to chronic over time due to the “gaps” [122].
In part, this inflammatory state was, we surmise, initiated by
a dysfunctional nitric oxide release from compromised endo-
thelia, which constitutively stabilizes endothelia and immune
cells [44,122]. Supporting this concept is the fact that rat hip-
pocampal neurons exposed to CATCH exhibit an altered nitric
oxide release [150]. In summary, an impaired microvasculature
is present in both DM and AD as well as vascular dementia
[44,122,144]. Additionally, it would appear that the vasculopa-
thy emerges early on, remaining below “detection”, leading to
the neurodegenerative processes associated with AD.

Hayden et al. [151] proposes that cognitive decline in AD results
from a combination of factors some of which have long been as-
sociated with the disorder (aging, genetic, and lifestyle), which
result in multiple injurious metabolic and immunologic toxici-
ties such as dysfunctional immune responses, oxidative stress,
inflammation, insulin resistance, and dysglycemia (systemical-
ly and in the brain). These converging abnormalities may lead
to endothelial blood-brain barrier tight junction/adherens junc-
tion complex remodeling and microglia activation, which may
result in neurodegeneration, impaired cognition, and demen-
tia. Indeed, on an individual basis, variations in susceptibility to
these alterations probably exist, leading to the variations in the
expression of characteristics associated with the disorders. The
fact that similar patterns of vascular anatomy and functional
dysfunction are quite similar in DM and AD, suggests that intrin-
sic susceptibility to both or either of these disorders also exists.

Conclusions

The early development of cardiovascular complications, including
accelerated atherosclerosis and microangiopathy, which occurs
with T2DM, is responsible for a high morbidity and mortality.
Endothelial dysfunction plays an essential role in the initiation
of cellular events, evolving into the development of vascular
complications in diabetes. Diminished production and function
of endothelium-derived NO and corresponding factors, in com-
bination with the overproduction of pro-inflammatory media-
tors and vasoconstrictors, eventually result in endothelial dys-
function, which finally elevates vascular tone that culminates
in changes to micro- and macro-vascular dysfunction. The di-
abetic context-associated NO imbalance and the subsequent
cascades of free radicals underlie the vascular dysfunction,
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which has been considered as the initiator of T2DM. In con-
sidering the potential commonalities of DM and AD, i.e. the
NO-related oxidative alterations in vascular endothelium, new
concerns have arisen on the preceded occurrence of DM and
AD. The NO-oxidative links underlying vascular dysfunction ap-
pears to contributes to the genesis and progression of T2DM.
Therapeutics targeting of ROS using antioxidants, inhibitors of
the RAS, mediators increasing eNOS activity, or methods affect-
ing vaso-function-related signaling pathways might assist in re-
versing the endothelial dysfunction that has been proposed.
This strategy may aid in reducing the related vascular morbid-
ity and mortality in diabetes, AD and possibly atherosclerosis.
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