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Despite numerous advances in health care practices, cardio-
vascular disease still remains the leading cause of morbidity
and mortality worldwide. Perhaps the most important conse-
quence of cardiovascular disease is the interruption of blood
flow to organs such as the heart and brain, resulting in the
clinical presentation of a heart attack or stroke. As such, the
regulation of vascular tone and the maintenance of vascular
patency are vital for the preservation of cardiovascular
health. Central to this process is the vascular endothelium.
The endothelium is vital for the regulation of vascular tone
and the maintenance of vascular homeostasis, as it releases
factors such as nitric oxide, hydrogen sulfide, endothelial-
dependent hyperpolarizing factor, and prostacyclin that
induce vasodilatation and keep the vasculature free of
obstructions [1]. Therefore, it should be of no surprise that
a number of the risk factors for the development of cardio-
vascular disease, such as hypertension, hypercholesterolemia,
diabetes, smoking, ageing, and atherosclerosis, correlate with
an impaired endothelium [2]. This impairment, termed
endothelial dysfunction, is characterized by the reduction in
the bioavailability of vasodilators, particularly nitric oxide,
and/or an increase in endothelium-derived contracting fac-
tors [3]. The resulting imbalance leads to an impairment
of endothelium-dependent vasodilation, as well as a com-
promised state of endothelial activation characterized by
proinflammatory, proliferative, and procoagulatory condi-
tions that favor all stages of atherogenesis [4]. Therefore, it
is critically important to develop and implement therapeutic
strategies that will combat endothelial dysfunction in an

effort to reduce the mortality and morbidity associated with
cardiovascular diseases. However, before therapeutic strate-
gies can be implemented it is important to have a clear under-
standing of the pathological mechanisms that lead to the en-
dothelial dysfunction in the first place.

This special issue of highlights the latest findings related
to the role of endothelial dysfunction in cardiovascular dis-
ease and comprises five review articles and one original re-
port. The first three articles share the common theme of
endothelial dysfunction in diabetes. Each paper offers unique
insights into the mechanisms underlying diabetes-induced
changes in endothelial biology and highlights specific path-
ways that could be novel therapeutic targets.

The review article in this series by S. D. Funk et al. dis-
cusses the mechanisms that contribute to the development of
atherosclerosis in diabetics. This paper highlights the central
role of hyperglycemia in promoting endothelial dysfunction
and discusses how cellular and animal studies have translated
to clinical development of therapeutics targeting endothelial
dysfunction in diabetes. The next paper by A. Sharma et
al. highlights the importance of alterations in endothelium-
derived nitric oxide (EDNO) production in the pathogenesis
of vascular complications in both type 1 and type 2 diabetes.
The interrelationship between reactive oxygen species (ROS)
and EDNO is described, with emphasis on the cellular
and molecular mechanisms that give rise to altered NO
bioavailability in diabetes. In their paper, G. K. Kolluru et al.
emphasize the importance of angiogenesis in diabetes and
chronicle studies that have yielded mechanistic insights into
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the development of endothelial dysfunction in diabetes. This
comprehensive paper, entitled “Endothelial dysfunction and
diabetes: effects on angiogenesis, vascular remodeling, and
wound healing,” discusses how ROS and deficiencies in NO
bioavailability contribute to altered angiogenesis in diabetes.
Therapeutic management of angiogenesis in diabetes is also
discussed.

In another review article in this series, M. Murakami
provides a comprehensive overview of the mechanisms con-
tributing to the active maintenance of the vasculature. The
role of growth factors and cytokines in mediating endothelial
and mural cell maintenance is described, with an analysis of
how genetic alterations in these pathways give rise to blood
vessel abnormalities and susceptibility to vascular disease.
The molecular and cellular mechanisms leading to restenosis
and the potential for new therapeutics targeting vascular
smooth muscle cell (VSMC) proliferation are the topic of
a review article in this series. L. Denes et al. highlight the
importance of VSMC phenotype switching and proliferation
in vascular disease and discuss the clinical diagnosis and
management of restenosis.

The original report by I. Liesmaa et al. is entitled “Brad-
ykinin type-2 receptor expression correlates with age and is sub-
jected to transcriptional regulation.” This study demonstrates
that bradykinin type-2 receptor (BK-2R) mRNA is positively
correlated with age, but is significantly reduced in human
patients with idiopathic dilated cardiomyopathy (IDC) com-
pared with healthy individuals. The study further examines
the relationship between polymorphisms in the BK-2R pro-
moter and the presence of IDC and coronary heart disease.
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The vascular disease involves imbalanced function of the blood vessels. Risk factors playing a role in development of impaired
vessel functions will be briefly discussed. In ischemia/reperfusion (I/R), ischemic hypoxia is one of the cardinal risk factors of
restenosis. Various insults are shown to initiate the phenotype switch of VSMCs. The pathological process, leading to activated
inflammatory process, complement activation, and release of growth factors, initiate the proliferation of VSMCs in the media and
cause luminal narrowing and impaired vascular function. The review summarizes the alteration process and demonstrates some
of the clinical genetic background showing the role of complement and the genotypes of mannose-binding lectin (MBL2). Those
could be useful markers of carotid restenosis after stent implantation. Gene therapy and therapeutic angiogenesis is proposed for
therapy in restenosis. We suggest a drug candidate (iroxanadine), which ensures a noninvasive treatment by reverse regulation of
the highly proliferating VSMCs and the disturbed function of ECs.

1. Introduction

A luminal narrowing in the arterial vessel wall is induced
by injury that is leading to stenosis and development of
intimal hyperplasia [1]. The balloon coronary angioplasty
has represented a revolutionary treatment that led to the
birth of interventional cardiology. This new special surgery
process with the exclusion surgical intervention produces
ischemia reperfusion, inflammation and final to restenosis
with an occlusion of arterial lumen. Proven indications for
endarterectomy as recoil are moderate-to-high grade steno-
sis, rapidly progressive stenosis with lesions revealing greater
than 70 percent in diameter of stenosis in carotid diseases.
Clinical results reveal primary success rates, less compli-
cation, and restenosis rates comparable with those of surgical
endarterectomy. The coronary stents, which were first devel-
oped in the mid-1980s, have ultimately replaced the “old
balloon angioplasty” as the preferred method of performing
percutaneous transluminal coronary angiography (PTCA)
intervention [2]. After the observed improvements (in
angiographic and clinical outcomes), this field represents the
most common major worldwide medical procedure. Several
groups have been published the similar results like as our

group. 171 interventions on 151 patients were performed
as a single surgeon’s experiences and long-term follow-up
was completed in 109 patients. The combined survival rate
was 85%, recurrent stenosis-free 88% at 5 years, respectively.
Only 9% of the patients had carotid restenosis >70% [3].

Reduction of the incidence of clinical events was only
possible if a low perioperative complication rate was accom-
plished. Nowadays involve a coronary stent, and interven-
tional cardiologists are faced with a wide choice of coronary
stents to implant, such as bare metal stents and drug-eluting
stents. Coronary stenting only became a widely accepted
technique [4]. In spite of some relevant strong points such
as greater than 90% success rate and the repeatability of the
procedure, several major drawbacks still persist, including
restenosis within the treated vessel [5–8]. The restenosis
phenomenon is currently the object of intensive research in
different areas of biomedical field and therapy.

Restenosis means the reoccurrence of stenosis, a narrow-
ing of a blood vessel, leading to restricted blood flow. Res-
tenosis usually sets to an artery or other large blood vessel
that has become narrowed. This phenomenon is grown up
after balloon intervention with an enhanced inflammatory



2 International Journal of Vascular Medicine

processes and the blood vessel subsequently becomes renar-
rowed. This term is common in vascular surgery, cardiac
surgery, and angioplasty, all branches of medicine that
frequently treat narrowing of blood vessels [9]. Restenosis
can be defined as a reduction in the circumference of the
lumen of 50% or more and had a high incidence rate (25–
50%) in patients who had undergone balloon angioplasty,
with the majority of patients needing further angioplasty
within 6 months [10].

Damage to the blood vessel wall by angioplasty triggers
physiological response that occurs immediately after tissue
trauma, is thrombosis. A blood clot forms at the site of
damage and further hinders blood flow with an inflamma-
tory response. The second stage tends to occur 3–6 months
after surgery and is the result of proliferation of cells in
the intima, a smooth muscle wall in the vessel. This is also
known as early restenosis, namely, neointimal hyperplasia
[11]. The artery can react to the stent, perceive it as a foreign
body, and respond by mounting an immune system response
(see physiology below) which leads to further narrowing
near to or inside the stent. Drug-eluted stents substantially
reduce the occurrence of restenosis clinical studies indicate
a slight incidence rate of recurrence (≥5% ) [12]. Obviously
restenosis remains a problem.

Restenosis is mainly due to neointima formation, which
is caused primarily by the effects of VSMC proliferation and
migration [12]. Cell proliferation after stenting occurs both
early, as part of the acute injury response, and late, located
around stent struts. Whereas some neointima formation is
necessary for vessel healing after stenting, excessive neoin-
tima formation narrows the lumen [13]. The function of
endothelium plays a central role in destroyed balance and
later the maintaining of vascular health by virtue of the
endothelial cells [14]. Leakage of the endothelium lining
and prolonged endothelial proliferation is characterized
after the intervention [15]. Development of restenosis has
demonstrated high proliferation activity of VSMC from the
tunica media to the intima which is the occurrence of
internal elastic lamina rupture [16, 17]. To summarize, the
adverse cardiovascular events are associated to endothelial
dysfunction and activated proliferation of VSMC [18].

Atherosclerosis is coexistence with occlusion of arterial
wall and the etiology of the disease distinct of restenosis. It
is known as vascular disease in which an artery wall thickens
as a result of the accumulation of cholesterol. It is a chronic
inflammatory response, caused largely by the accumulation
of macrophages and lymphocytes and promoted by high level
of oxidized low-density lipoproteins [19]. It is commonly
referred to as a hardening of the arteries and caused by
the formation of multiple plaques within the arteries. The
advanced atherosclerosis is chronic, slowly progressive, and
cumulative process. Most commonly, the soft plaques sud-
denly create ruptures [20] causing the formation of a throm-
bus and incidentally leading to death of the tissues (infarc-
tion).

The most important risk factors of MIH and restenosis
are ischemia/reperfusion injury, shear stress, inflammation,
diabetes, oxidative stress, hypertension, modulation of cyto-
kine, and C-reactive protein [CRP] level, together with other

environmental stimuli such as smoking. Those factors which
appear to have impact on the evaluation of restenosis will be
briefly mentioned in this review.

1.1. Ischemia/Reperfusion (I/R) Injury. I/R injury plays a
significant role in the pathophysiology of restenosis by
inducing endothelial dysfunction. Ischemia induces rapid
and gradual injuries in cells of blood vessels. The arterial
blood vessel is vulnerable to I/R injury which depends on
the ischemic time, hemodynamic status of patients, and
the reperfusion itself. I/R injury of endothelial cells (ECs)
apparently provide an initial trigger and subsequently causes
enhanced proliferation of VSMCs. Thus, diminution of I/R
injury would be a great benefit not only by inhibiting direct
cellular injury but also indirectly through the mentioned
factors that influence several processes, for example, the
immune response [21]. The injury can block the artery or
result in poor perfusion of reperfused tissue of blood vessel.
PTCA causes a significant inflammatory response compared
to angiography alone. Ischemia/reperfusion injury correlated
with restenosis and inflammatory response. Time-dependent
increased level of IL-6 and TNF-alpha has detected in PTCA
patients [22].

1.2. Shear Stress. Vascular homeostasis on arterial walls is
highly dependent on the blood flow and shear stress. Re-
sponses to shear stresses (laminal and oscillatory) are well
summarized [23]. Endothelial cells act as sensors of shear
stress and regulate its level by adapting the arterial dimen-
sions to blood flow. Shear stresses control and modify
function of cells in arterial wall. In the presence of several
risk factors, low shear stress contributes to endothelial dys-
function, whereas normal-to-high shear stress results in
protecting the function of blood vessel. High shear stress
upregulates the expression of endothelial genes and proteins
which are protected against dysfunction, and by low shear
stress an opposite effect is produced. The role of shear stress
in restenosis is less understood [23]. Disturbed flow has been
proven to result in postsurgical neointimal hyperplasia, in-
stent stenosis, and aortic valve calcification [24].

1.3. Immune Factors. The immune system plays important
roles in restenosis. Endothelial injury and activation elicits
the release of proinflammatory cytokines, chemokines, and
expression of adhesion molecules, which fosters immune cell
recruitment and transmigration of immune cells across the
EC barrier and into the intima. The role of various immune
components in restenosis is complex. The current review
will not delve into details regarding the role of immunity in
development of restenosis [25–27].

1.4. Thromboembolism. Thromboembolism, governed by
several risk factors (hypertension, diabetes, obesity, smoking,
etc.) constitutes an increased risk and complication of hos-
pitalization. The phenomena of thromboembolism overlap
with the phenomena of atherothrombosis and/or restenosis
[28].

1.5. Elevated Serum C-Reactive Protein Level. Elevated C-re-
active protein (CRP) level associated with inflammation may
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promote the restenosis process. Exogenous CRP induces
the expression of adhesion molecules [29] and decreases
endothelial NOS (eNOS) production [30]. Furthermore,
CRP upregulates SMC angiotensin-I receptors and thereby
increases the level of the reactive oxygen species as well as
proliferation [31]. In addition, monocytes/macrophages ex-
posed to CRP increase the release of tissue factor, which
potentially stimulates cell migration and adhesion to endo-
thelial cells [32] extending inflammatory process and finally
results in restenosis.

1.6. Hyperhomocysteinemia. Epidemiological evidence shows
that high level of serum homocysteine is associated with
an increased risk of cardiovascular diseases. Hyperhom-
ocysteinemia affects primarily the endothelium, which in
turn results in reduced endothelial NO production, de-
creased arterial response to vasodilators, and increased ex-
pression of procoagulant factors. Normalization of serum
homocystein level might be an effective therapeutic approach
[33].

1.7. Further Risk Factors. Among others, hypertension,
smoking, and diabetes mellitus are risk factors associated to
the development of restenosis. Hypertension causes endothe-
lial injury by promoting the formation of intimal hyperplasia
[2]. In spite of our increasing knowledge on the nature and
effect of numerous risk factors, partially covered above, fur-
ther studies are clearly needed to establish important features
of their mode of action as well as their interactions in the
pathogenesis of myointimal hyperplasia and restenosis. We
suggest that I/R injury and hypoxia are one of the initiative
risk factors of restenosis, acting by disturbing the normal
functioning of the endothelial monolayer. As a result, en-
dothelial cells release enhanced levels of inflammatory cy-
tokines and growth factors, leading to phenotype switch
of the vascular smooth muscle cells, followed by their in-
creased migration and/or proliferation. This suggestion will
be further developed below.

2. Cellular and Physiological Events
during Restenosis

2.1. Endothelial Cells. The endothelium regulates many im-
portant functions in the cardiovascular system including vas-
cular tone, coagulation, and inflammatory responses. In ad-
dition, the endothelium limits local thrombosis by produc-
ing tissue plasminogen activator, maintaining a negative-
ly charged surface, and secreting heparans, NO, and throm-
bomodulin [34].

NO, a paracrine factor produced by the endothelial NO
synthase enzyme (eNOS) is well known as vasodilator [35].
In addition, its effect is crucial for several other processes
as well, involving the prevention of platelet aggregation/ad-
hesion and reduction of the expression of several proinflam-
matory genes. Pharmacological inhibition or genetic defi-
ciency of eNOS hampers endothelium-dependent vasodila-
tation, impairs tissue blood flow, and raises the blood
pressure [36].
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Figure 1: Correlation of phenotype, mechanical and functional
plasticity of VSMCs (figure from [41]).

NO plays a key role in maintaining vascular homeostasis,
by exerting a wide variety of effects on the endothelial and
smooth muscle cells of the vessel wall. It stimulates endo-
thelial cell proliferation, mainly by potentiating the mito-
genic effect of vascular endothelial growth factor. On the
contrary, in the case of VMSCs, NO inhibits their prolifera-
tion and migration. As a consequence, enhanced NO produc-
tion in the vessel wall slows down or even reverses restenosis
[37, 38].

Beside NO, mitogens (e.g., PDGF) produced by ECs are
also important regulators of VSMCs. Selective inhibition of
PDGF production by low-density lipoprotein has potentially
profound implications for the clinical control of MIH [39].

In summary, endothelial dysfunction (mechanical injury
to the endothelium) is an important early feature of vascular
injury with serious impact on the pathogenesis of restenosis.

2.2. Vascular Smooth Muscle Cells and Phenotype Switch.
Induced proliferation of VSMCs contributes to the pathobi-
ology of restenosis and linked also to other cellular processes
such as inflammation, apoptosis, and matrix alterations. In
fact, beside inflammation enhanced proliferation of VSMCs
is one of the key processes of restenosis and atherosclerosis
[40].

Enhanced proliferation of VSMCs is most probably the
consequence of phenotype switch of these cells. Phenotype
switch is a complex cellular mechanism providing the pos-
sibility of adult smooth muscle cells to fluctuate reversibly
between a contractile and an “immature” (also called “pro-
liferative”) phenotype. In response to various inner and envi-
ronmental signals, these two phenotypes exert different
activities: contractile smooth muscle cells stiffen, shorten and
relax, whereas the immature ones have a tendency to prolif-
erate, to migrate, and to synthesize extracellular matrix com-
ponents. It is to be noted, that within both phenotypes func-
tional diversity occurs, that is, distinct populations might
coexist which respond differently to given stimuli [41]. This
is schematized in Figure 1.
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Molecular mechanisms underlying the functional plas-
ticity of the contractile phenotype are centered on (a) remod-
eling of the actomyosin filaments constituting the contractile
apparatus [42], and (b) variation of the expression of pro-
teins regulating cell responses to environmental cues. Nu-
merous proteins belong to this latter group, involving re-
ceptors, signaling effectors, ion channels, and so forth, pre-
ferentially sequestered in caveolae, flask-shaped invagina-
tions of the plasma membrane. Caveolae are of primary im-
portance in regulating the phenotype switch of VSMCs [43].
Caveolae components are differently organized in the distinct
myocyte phenotypes; they are more abundant in contractile
vascular myocytes [44]. In contractile VSMCs they regulate
processes leading to functional plasticity, and they are sug-
gested to be involved the integration of events leading to
phenotype switch.

At least two transmembrane adhesion receptors, the in-
tegrins and the dystrophin-glycoprotein complex (DGC) are
present in caveolae, which constitute a link between the ex-
tracellular matrix (ECM) components, (e.g., laminins) and
the intracellular actin filament system, being therefore key
players in the communication of the cells with their envi-
ronment. Noticeably, different types of integrins and DGC
components are expressed in VSMCs of different phenotypes
(for a review, cf. [45]).

In the course of restenosis, one of the first steps of the
lesion development is the focal accumulation of VSMCs
within the intima. The local inflammatory milieu can induce
expression of collagenase and inhibit expression of prote-
olytic inhibitors [46]. In advanced lesions, fibroblasts and
VSMCs with extracellular calcification form a fibrocalcific
plaque. The origin of VSMCs in the atherosclerotic plaque
is controversial. The VSMC population in intimal lesions has
been proposed to arise from medial VSMCs [47], adventitial
cells [48], preexisting intimal clones [49], and precursor cells
derived from the vessel wall itself or from circulating vascular
progenitors [50]. Several factors have been found to affect
VSMCs. Principal factors among these are platelet-derived
growth factor (PDGF), somatomedin-C, epithelial growth
factor, and insulin. Lipoproteins may be also important
substrates for VSMC proliferation, while heparin directly
inhibits VSMC protein synthesis [51, 52]. Internal lesion
of arterial wall EC results in subsequent proliferation of
VSMCs. The degree of VSMC proliferation appears to be
dependent mainly on the degree of initial injury and par-
tially, but not in all cases on loss the confluence of overlying
endothelium. Heparin and other EC products appear to
inhibit VSMC proliferation independently of platelet-VSMC
interaction. Platelets may play a role in the early response to
arterial injury and development of MIH, but their long-term
role appears to be minor [52, 53]. Hypertension results in
a marked proliferation of VSMC enhancing the proliferative
response to injury.

Structural organization and signaling of VSMCs and
thereby phenotype switch are influenced by externally
applied mechanical force as well. The predominant mechan-
ical force acting this way is cyclic stretch, which regulates the
activity of their contractile apparatus. Drug therapy directed
at the components of the signaling pathways influenced by

stretch may prevent myointimal hyperplasia and thereby
restenosis [54].

Recently, we have discovered that hypoxia; one of the car-
dinal risk factors of restenosis influences both the endothelial
monolayer and the VSMCs. These cell types are inverse
regulated by a single short duration of hypoxia. Endothelial
cells undergo apoptosis, whereas the proliferative activity of
VSMCs increases significantly [55]. The contractile pheno-
type of VSMCs is changed to proliferative type.

3. Clinical Features of the Restenosis

3.1. Clinical Analysis and Diagnostic Markers. In the last
decades surgery techniques have been routinely performed
[2, 56]. The restenosis is one of the most common and dan-
gerous postoperative complication of these interventions.
Pathology of coronary diseases in general comprises several
distinct features involving, among others, degenerative and
cell proliferation/differentiation processes. Cell proliferation
and differentiation disturb the cellular morphogenesis [57]
leading to the formation of a multilayered compartment
internally to the elastic membrane of the arterial wall, com-
posed of cells expressing alpha-smooth-muscle actin [58].
This process is termed as “arterial intimal hyperplasia” “my-
ointimal hyperplasia,” or “neointima formation,” and it is the
leading pathological mechanism leading to the narrowing of
the arterial lumen. Arterial intimal hyperplasia is one of the
main factors of coronary artery diseases [59]. It is destructive
event of the postoperative complications after angioplasty,
bypass operations, or stenting as well [60, 61]. Several at-
tempts have been made to interfere with the development
of postoperative intimal hyperplasia, of which application of
drug-eluting stents (DES) seems to be the most promising
approach [57, 62].

Our vascular surgeon team has been performing endo-
vascular interventions since decades. In a comprehensive
retrospective study [3, 61], it was shown that the 5-year
patient survival rate after carotid endarterectomy (CEA) was
85%, and the restenosis-free rate among the survivors was
88%.

Physiological and pathophysiological factors leading to
restenosis were studied. Changes in the levels of two acute
phase proteins, plasma fibrinogen, and serum C-reactive
protein (s-CRP) were determined in 117 patients with severe
carotid stenosis after eversion endarterectomy [63]. During
the postoperative period sharp, highly significant drop oc-
curred in the serum concentrations of both acute phase
proteins. These findings indicate that the removal of athero-
sclerotic plaques from the carotid arteries markedly decreases
the production of the two acute phase proteins. This
phenomenon is due to the decrease of the inflammatory
burden.

3.2. Role of Mannose-Binding Lectin and Complement on
Restenosis. The role of mannose-binding lectin (MBL2) gen-
otype in restenosis after eversion endarterectomy in pa-
tients with severe carotid atherosclerosis has been also stud-
ied [64]. MBL is thought to influence the pathophysiology
of the cardiovascular system by decreasing the risk of
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advanced atherosclerosis and by contributing to enhanced
ischemia reperfusion injury. Our data show that carotid du-
plex scan (CDS) values in patients homozygous for the nor-
mal (A) MBL2 genotype were significantly higher 14 months
postsurgery as compared to the values measured 6 weeks
after surgery. On the other hand, only a slight increase was re-
gistered in patients carrying variant MBL2 alleles. The
frequency of MBL2 variant genotype was significantly higher
in patient’s not experiencing restenosis as compared with pa-
tients with restenosis. These results indicate that reoccur-
rence of stenosis after carotid endarterectomy is influenced
by genetic factors and imply that MBL2 contributes to the
pathophysiology of this condition.

In our previous study, we analyzed the relationship of C3
complement component with early restenosis, detected by
CDS, after eversion endarterectomy by analysing three non-
complement acute-phase reactants (APRs) (C-reactive pro-
tein, haptoglobin, and alpha2-HS glycoprotein/fetuin-A)
as control [65]. In MBL2 A/A allele carriers C3 levels in-
creased during the follow-up period and correlated with
the occurrence of restenosis at 14 months postsurgery. Even
after adjusting for MBL2 genotype, age and gender, patients
with high C3 levels had nearly five-fold higher odds for the
development of significant restenosis (>50% reduction in
diameter) By contrast, no such associations were detected be-
tween early restenosis and the noncomplement APRs. C3 is
thus associated with the development of an early restenosis
after eversion endarterectomy, which is related to an intact
MBL lectin pathway. These results suggest that C3 levels
probably have clinical importance and indicate that the
regulation of C3 differs from noncomplement APRs.

Several growth factors are also suggested to contribute
to restenosis. We investigated whether early postoperative
changes in serum vascular endothelial growth factor (VEGF)
and platelet-derived growth factor (PDGF) concentrations
are in correlation with the MBL2 genotype in the context
of the development of restenosis [66]. The data indicated
that pronounced significant increases in both VEGF and
PDGF-predicted restenosis exclusively in patients who were
homozygous for the normal MBL2 genotype. In this group,
the adjusted odds ratio of restenosis at 14 months was
27.7 (2.4 to 317.2) in patients with high early VEGF and
PDGF increases, while in patients with low early growth
factor increases the odds ratio was 9.2 (1.4 to 58.7). These
findings indicate that in patients disposed to restenosis by
MBL2 genotype pathologic processes leading to enhanced
production of VEGF and PDGF during the very early
postoperative period exert more harmful effect as compared
to patients with the “protective” MBL2 genotype [66].

Considering the impact of MBL2 genotype on the occur-
rence of early restenosis after CEA, the role of C1-inhibitor
(C1-INH), known as an inhibitor of the lectin pathway, has
been also studied [67]. The aim of the study was to de-
termine whether the C1-INH levels have predictive value
for restenosis after CEA. Patients with >50% restenosis had
significantly lower C1-INH levels at 6 weeks and at 4 days
postsurgery. C1-INH levels at 6 weeks correlated inversely
with the CDS values at 14 months (r = −0.3415), but only
in MBL2 A/A homozygotes (r = −0.5044). Patients with

low C1-INH levels had higher CDS values already at 7
months postsurgery. Patients with MBL2 A/A and low C1-
INH levels at 6 weeks postsurgery had 13.9 times higher risk
developing an early restenosis. These data indicate that MBL2
genotyping together with measuring the C1-INH level at 6
weeks postsurgery should be useful for identifying patients
with high risk for early carotid restenosis.

4. Therapy

Pharmacological treatments currently in use include anti-
coagulants, antiplatelet agents, immunosuppressants, and
antiproliferation agents. Unfortunately, none of these ap-
proaches has been conclusively shown to prevent coronary
restenosis after balloon angioplasty or graft restenosis after
peripheral arterial bypass. Consequently, the treatment of
vascular stenosis remains today predominantly within the
domain of the surgery. However, numerous successful animal
experiments and promising proposals, as well as initial
clinical results have been published lately. Here we review
some remarkable contributions to this field.

4.1. Preclinical Investigations. As unfolded earlier, hypoxia is
one of the risk factors which initiate the pathological mech-
anism leading to restenosis. The obvious target cells of
restenosis therapy are the permanent proliferating VSMCs
and the endothelial cells with injured function. The possi-
bility of influencing the process of the phenotype switch of
VSMCs to proliferative form during pathological, ischemic
conditions would open up new vistas in the prevention
and/or therapy of restenosis. Techniques addressing directly
the proliferating VSMCs or injured endothelial cells have
demonstrated significant degrees of clinical success.

A recent review has summarizied the present status of
cellular and animal studies aimed at preventing restenosis
by using protein kinase C (PKC) inhibitors. These agents
are expected to exert therapeutically beneficial effects on
restenosis causing factors of various kinds, including VSMCs
[68].

Angiogenesis, that is, the growth of new blood vessels
from existing host vessels, is recognized more and more as
an important factor in the growth and progression of reste-
nosis. Neovascularization as a pathological process was al-
ready known in the 19th century. The phenomenon occurs
when the intima thickens beyond the diffusion limits of
oxygen and nutrients, as a response to tissue hypoxia and
consists of growth and extension of adventitial blood vessels
into the intima [69]. Under hypoxic conditions the hypoxia-
inducible factor alpha is upregulated and promotes hypoxia-
dependent neovascularization. Blood vessels are destabilized,
and this leads ultimately to vessel regression. In the pres-
ence of vascular endothelial growth factor (VEGF), Ang2
facilitates vascular sprouting with enhanced migration and
proliferation of ECs. A high Ang2/Ang1 ratio has been found
in vulnerable neovascularized plaques [70]. Other molecules
and growth factors (VEGF and FGF) have also been shown
to induce neovascularization and thereby increase nutrient
perfusion. Treatment with these agents was named ther-
apeutic angiogenesis by Freedman and Isner [71]. VEGF
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has therapeutic potential in cardiovascular gene therapy,
the enhancement of arterioprotective endothelial functions,
prevention postangioplasty restenosis. VEGF promotes the
cell growth and survival, regeneration of endothelial cells.
Whereas the production of NO in endothelial cells is induced
by VEGF, the proliferation of vascular smooth muscle cell
is inhibited. Inhibition of neointimal hyperplasia may also
be achieved by gene transfer of endothelial NO synthase
(eNOS), PGI synthase, or cell-cycle regulators cyclin-de-
pendent kinase inhibitors, p53, and transcription factors
such as nuclear factor kappaB [72]. The opposite effects are
resulted by VEGF-inhibited angiogenesis in oncology.

It has been suggested that bone marrow-derived endo-
thelial progenitor cells (EPCs) or circulating endothelial pro-
genitor cells play a role in neovascularization [73, 74]. Never-
theless, it is not yet clear whether these progenitor cells
should be considered as therapeutic targets in vascular dis-
eases [75].

Iroxanadine (5,6-dihydro-5-(1-piperidinyl)methyl-3-(3-
pyridil)-4H-1,2,4-oxadiazine) is a drug candidate with a
marked cytoprotection by heat shock protein (HSP) coin-
duction. It has been originally synthesized by Biorex-Hun-
gary (BRX-235) [76], and the worldwide rights have been
recently sold by CytRx/California/USA to Orphazyme ApS/
Novo A/S, Copenhagen, Denmark. In a recent work we have
shown that BRX-235 stimulates the migration of ECs via p38
stress-activated-protein-kinase (SAPK) and enhanced ex-
pression of HSPs and heat-shock transcription factors [77].
After treatment by BRX-235, the vigorous proliferation of
MIH cells decreased while the proliferation of deregulated
EC cells increased. Simultaneously, the expression of both
HSP72 and Cdkn1a was upregulated. This finding harmo-
nizes with a clinical report demostrating compromised EC
proliferation, and HSP72 expression was upregulated in
VSMCs [78]. Neointima formation due to enhanced VMSC
proliferation is suggested to be associated with reduced cyclic
guanosine monophosphate signaling. We have undertaken
to study the effect of the inhibition of cyclic guanosine
monophosphate degradation on neointima formation in a
rat model of endarterectomy, by using the selective phos-
phodiesterase-5 inhibitor vardenafil as a pharmacologi-
cal inhibitor. The results were evaluated by conventional
microscopy with hematoxylin and eosin staining and by im-
munohistochemical analysis to confirm neointima forma-
tion and the local cyclic guanosine monophosphate content
[79]. Immunohistochemical analysis demonstrated intensive
staining for transforming growth factor beta1 (TGF beta1)
and alpha-smooth muscle actin in the control neointima.
Vardenafil significantly reduced the stenosis grade (24.64%
versus 54.12% in the control group) and expression of TGF
beta1, as well as alpha-smooth muscle actin in the neointima.
On the basis of these results it was suggested to consider
the treatment with vardenafil as a new possibility to prevent
neointimal hyperplasia after endarterectomy.

4.2. Clinical Observations. Stent insertion, one of the most
common surgical techniques applied in vascular diseases,
is too often followed by early, as well as late restenosis. To
attenuate this complication, instead of conventional stents,

drug-eluting stents (DESs) are more and more frequently
applied [80].

Stents generally attenuate endothelial recovery, altering
thereby the natural biology of the vessel wall and increasing
the associated risk of stent thrombosis [81]. DESs, similarly
to brachytherapy, target proliferating VSMCs at the site of
injury and have been successful in reducing the forma-
tion of neointimal lesion [80–82]. DESs releasing various
antiproliferative drugs represent also a useful strategy for
the prevention of restenosis. VEGF-2 gene-eluting stents
accelerate reendothelization, thereby offering an alternative
strategy for the prevention of restenosis. This type of treat-
ment, when applied in hypercholesterolemic rabbits, resulted
in transgene expression in the vessel wall and a 2.4-fold
increase in NO production by the ECs, along with improved
functional recovery of stented segments [82].

The DES technique significantly decreases the incidence
of restenosis. Follow-up studies, however, show the possible
onset of late stent thrombosis [81]. Delayed arterial healing
most probably associated with poor endothelialization of
stent struts seems to be the underlying mechanism of this
complication [83]. As recent results indicate, balloon angio-
plasty and stent implantation might still go hand in hand
with severe postoperative complications. Several drugs have
been suggests to use in DES, for example, antitumor agents
(paclitaxel, doxorubicine, rapamycin, erythromycin, etc.),
cholesterin lowering drugs (statins), immunosuppressants
(cyclosporin), anti-inflammatory agents (Rapamycin), anti-
biotics (amphotericin B), and natural products (shikonin).
Rapamycin is considered to be extremely useful in preventing
restenosis [84].

4.3. Gene Therapy. Finally, we briefly summarize the achieve-
ments of gene therapy, as an emerging approach to coun-
teract the pathological processes leading to restenosis. None
of the gene therapy agents have been approved for clinical
use up to now, but several promising animal experiments
and preclinical studies have been recently published. The
great potential advantage of the gene therapy resides in its
potential to ensure specific, controlled expression of selected
proteins within the targeted cell types. The panoply of gene
therapy possibilities, among others the potential of promot-
ing a functional epithelium, inhibiting SMC proliferation
and therapeutic angiogenesis has been summarized in a
review [85]. Several approaches of gene transfer have been
designed for the treatment of postangioplasty restenosis.
Adenoviruses (Ads) and adeno-associated viruses (AAVs) are
currently the most efficient vectors for delivering therapeutic
genes into the vascular system [86, 87]. Gene therapy is often
associated with the drug-eluting stent (DES) technique; that
is, the therapeutic gene is delivered by the stent [85, 87].
Along this line, local delivery of NOS gene seems to be
the most promising approach. On the basis of successful
animal application of iNOS gene transfer, a single-blind,
multicenter clinical study has been recently performed by
iNOS lipoplex gene therapy [88]. The results suggest that the
technique applied provide a safe therapeutic principle for the
prevention of coronary restenosis. Consequently, the authors
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suggest further clinical research to develop this promising
possibility.

5. Conclusion

As a conclusion, we predict that significant clinical benefits
are to be expected when using complex therapeutically ap-
proaches, which stimulate physical and functional recovery
of the endothelial monolayer and in the same time inhibit
the proliferation of vascular smooth muscle cells.
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A clear relationship between diabetes and cardiovascular disease has been established for decades. Despite this, the mechanisms by
which diabetes contributes to plaque formation remain in question. Some of this confusion derives from studies in type 2 diabetics
where multiple components of metabolic syndrome show proatherosclerotic effects independent of underlying diabetes. However,
the hyperglycemia that defines the diabetic condition independently affects atherogenesis in cell culture systems, animal models,
and human patients. Endothelial cell biology plays a central role in atherosclerotic plaque formation regulating vessel permeability,
inflammation, and thrombosis. The current paper highlights the mechanisms by which hyperglycemia affects endothelial cell
biology to promote plaque formation.

1. Cardiovascular Disease and
Diabetes Mellitus

Treatment of cardiovascular disease (CVD), manifesting in
the form of myocardial infarction, stroke, and peripheral
artery disease, represents one of biomedical sciences best
success stories over the past several decades [1, 2]. Through
clinical trials, epidemiology, and basic science, we have iden-
tified a host of risk factors and designed drugs targeting these
risk factors that improve patient survival. The cholesterol-
lowering statin family of therapeutics reduces the 5-year risk
of cardiovascular-associated mortality by ∼25% in patients
with a history of prior CVD [3]. However, statins have not
shown similar protection in patients without a prior history
of CVD [4, 5], and CVD remains the leading cause of death in
developed countries [2, 6]. Furthermore, the current obesity
epidemic threatens to worsen the incidence of CVD in the
coming years, undoing the progress we have made to this
point [7].

More than 80% of the CVD-associated death and disabil-
ity is attributed to atherosclerosis, the excessive accumulation
of lipids, cholesterol, inflammatory cells, and connective tis-
sue in the vessel wall [8, 9]. While clinically silent for decades,

atherosclerotic plaques can grow to occlude the vessel lumen
reducing blood flow to target tissues [8, 9]. Although this
form of vessel occlusion can result in significant discomfort
(e.g., angina pectoris), clinical events most often result from
thrombus formation due to plaque deterioration or rupture
resulting in a rapid cessation in blood flow to target tissue.
Theories concerning the pathogenesis of atherosclerosis have
changed over the years, maturing concomitantly with our
understanding of vascular biology. We now know that ath-
erosclerosis is a chronic inflammatory disease with multiple
risk factors, such as hypercholesterolemia, dyslipidemia, dia-
betes, hypertension, and smoking, all playing roles in prop-
agating the local inflammatory response [9, 10].

Mouse models resulting in hypercholesterolemia, such as
the ApoE knockout mouse and the low density lipoprotein
(LDL) receptor knockout mouse, have allowed us to better
understand the pathogenesis of atherosclerotic plaque for-
mation and gain mechanistic insight into various biochemi-
cal pathways in mediating this response [11]. Atherosclerotic
plaque production in both mice and humans localizes to
discrete regions of the vascular tree that experience alter-
ations in blood flow, such as vessel curvatures, branch points,
and bifurcations [12]. Coupled with endothelial cell culture



2 International Journal of Vascular Medicine

Atheroma 

Early 
atheroma 

Normal 
vessel 

Diffuse 
intimal 

thickening 

Deposition 
of apoB- 

containing 
lipoproteins 

Endothelial activation/ 
monocyte recruitment 

Foam cell formation 
“fatty streak” 

Complicated 
plaque, 

clinical Event 

Thrombosis

Rupture 

Erosion
 

N
ec

ro
ti

c 
co

re

Figure 1: Stages of atherosclerotic plaque formation. Early apoB-containing lipoprotein accumulation and monocyte binding drive the early
stages of plaque development forming fatty streaks in the vessel wall. While these processes continue in advanced atherosclerosis, monocyte
cell death, smooth muscle recruitment, and matrix deposition are hallmarks of atheroma formation. Superficial plaque erosion and rupture
of the smooth muscle-rich fibrotic cap cause plaque-associated thrombosis culminating in a clinical event.

models, we now understand that shear stress, the frictional
force generated by flowing blood, exerts a protective effect on
the vascular endothelium to limit inflammation, thrombosis,
and endothelial turnover [12, 13]. In contrast, turbulent flow
promotes endothelial permeability and proinflammatory re-
sponses. Increased endothelial permeability and altered inti-
mal matrix protein composition promote deposition of
apoB-containing LDL particles within the intimal matrix
(Figure 1) [14, 15]. Oxidation of LDL within the vessel wall
enhances its proinflammatory properties resulting in local
endothelial cell expression of inflammatory proteins (e.g.,
intercellular adhesion molecule (ICAM-1), vascular cell
adhesion molecule (VCAM-1)) [8, 16]. Monocytes target
to these regions of local inflammation and engulf the
lipid deposits forming foam cells (Figure 1). These early
plaque precursors, visible histologically as fatty streaks,
accumulate smooth muscle cells, necrotic foam cell debris,
lipids, and ECM proteins as they transition to advanced
atherosclerotic plaques [8, 9]. While current methods to
detect atherosclerosis rely on plaque stenosis, more than 60%
of myocardial infarctions are caused by plaques showing
less than 50% stenosis [17]. Consistent with this, plaque
growth alone rarely results in vessel blockage as blood
vessels adapt by expanding to maintain lumen size and
affected tissues promote new blood vessel growth (termed
angiogenesis) to restore blood supply [8]. Rather, cardio-
vascular events most often result from thrombus forma-
tion and acute vessel occlusion following plaque rupture
or superficial plaque erosion (Figure 1) [18]. Plaque rup-
ture is hindered by the plaque’s fibrotic cap, a smooth
muscle cell and extracellular matrix-rich region overlying
the thrombotic necrotic core. Local smooth muscle cell
apoptosis and enhanced matrix proteolysis by leukocyte-
derived proteases weaken the cap enhancing the likelihood

of plaque rupture; this is termed the “vulnerable plaque”
[18, 19]. While plaque rupture accounts for approximately
70% of all thrombotic CVD events, the remaining 30%
occurs following superficial plaque erosion resulting in
the loss of the protective endothelial cell layer and expo-
sure of the highly thrombogenic intimal matrix (Figure 1)
[18, 19].

1.1. Diabetes Mellitus and CVD. The ancient Greek physician
Aretaeus of Cappadocia used the term diabetes to refer to dis-
eases associated with the excess production of urine [20]. The
English physician Thomas Willis coined the term diabetes
mellitus, literally translated “honey-sweet diabetes,” in 1645
in reference to the sweet-tasting urine of one of his patients
[20]. Today, the term diabetes mellitus refers to the family
of metabolic conditions associated with the loss of normal
glucose regulation resulting in hyperglycemia. In 2000, there
were 171 million diabetics worldwide comprising 2.8% of the
population; this number is projected to reach 366 million
(4.4% of the population) by 2030 [21]. Type 1 diabetes,
also known as insulin-dependent diabetes mellitus (IDDM),
typically results from autoimmune destruction of pancreatic
islet cells responsible for insulin secretion within the first few
decades of life. In contrast, type 2 diabetes, or non-insulin-
dependent diabetes mellitus (NIDDM), involves progressive
insulin resistance as target tissues become insensitive to
insulin resulting in chronic hyperglycemia and hyperinsu-
linemia. Chronic hyperglycemia in patients is measured by
determining the level of glycated hemoglobin (HbA1c). Since
red blood cells have a 3-month life-span, HbA1c values pro-
vide an estimation of average blood glucose levels over time
[22]. In healthy patients, HbA1c levels range from 4.0
to 5.9% corresponding to a blood glucose level of 68 to
123 mg/dL. An HbA1c level greater than 6.5% (140 mg/dL
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blood glucose) is used as a criterion for the diagnosis of
diabetes. However, the HbA1c level does not provide any
information concerning periodic spikes in hyperglycemia
which may be just as harmful as a sustained higher average
glucose. As such, continuous blood glucose monitoring sys-
tems are becoming more and more common.

Diabetics have a 2- to 4-fold higher risk for cardiovascu-
lar events [23], and nearly 80% of diabetes-associated deaths
are caused by CVD [24]. As such, diabetes is regarded as a
coronary heart disease risk equivalent, meaning that the risk
for CVD is the same as an individual with a previous CVD
event [25]. The enhanced CVD risk in diabetic patients is
larger for women than men because women generally en-
joy a protection from CVD during their reproductive years,
and this protection is lost in diabetics [26]. Type 1 and type
2 diabetic patients show a similar atherosclerotic plaque
profile with an increase in necrotic core size and a de-
crease in the fibrotic cap size [27, 28]. However, type 2 dia-
betics show enhanced atherosclerotic plaque burden with
more distal plaques compared to type 1 diabetics [28].
Consistent with this disparity, type 2 diabetes represents a
multifactorial proatherogenic effect involving various aspects
of metabolic syndrome, a combination of hyperglycemia, hy-
perlipidemia, obesity, and hypertension [29]. Obesity, par-
ticularly abdominal obesity, results in enhanced expres-
sion of systemic circulating proinflammatory cytokines ex-
pression and reduced levels of protective factors such as
adiponectin [30, 31]. Furthermore, obesity is linked with
the hyperlipidemia and hypercholesterolemia classically as-
sociated with atherosclerotic plaque formation [30, 31]. Due
to the presence of these confounding factors, the specific
role of hyperglycemia on atherosclerotic plaque formation
in type 2 diabetics has been difficult to discern.

Despite these complications, considerable data exist link-
ing hyperglycemia alone to accelerated atherosclerosis in type
1 diabetics, where these confounding atherogenic factors are
often absent. Children with type 1 diabetes show enhanced
carotid intimal-medial thickness (IMT) compared to nondi-
abetics [32]. Postmortem studies of young patients and
children with type 1 diabetes show enhanced fatty streak
formation in the absence of dyslipidemia suggesting that
hyperglycemia is an independent risk factor for early plaque
development [33, 34]. Animal models of type 1 diabetes
include pancreatic β-cells destruction by the DNA-alkylating
mechanism of streptozotocin [35], targeted autoimmune
destruction of β-cells due to transgenic expression of viral
proteins (RIP-GP mice) [36], and decreased proinsulin
production and processing due to mutations in the insulin
2 gene (Ins2Akita (Mody) mouse) [37]. Diabetes alone in
these animals does not appear to be sufficient for significant
atherosclerotic progression. However, when coupled with
genetic modifications to the LDL-R or ApoE genes to in-
duce a more human lipoprotein profile, diabetic mice show
enhanced atherosclerotic plaque production compared to
their nondiabetic littermates [38–40]. Hyperglycemia is
strongly associated with early fatty streak formation in
atherosclerosis-prone mice, while progression to advanced
atherosclerotic plaques requires dyslipidemia [41]. However,
diabetes in these models is often associated with elevated

hypercholesterolemia compared to nondiabetic controls,
making it difficult to elucidate whether the observed effects
on atherogenesis are due to hyperglycemia specifically.

Clinical trials have both corroborated and complicated
the role of hyperglycemia in atherosclerosis. The DECODE
trial showed an association between hyperglycemia and im-
paired glucose tolerance and CVD [42, 43]. However, studies
to elucidate whether tight glycemia control reduces CVD risk
have produced mixed results, likely attributed to the timing
of the treatment and the inclusion of low CVD risk or high
CVD risk patients. The Diabetes Control and Complications
Trial (DCCT) examined the effect of tight glycemic control in
young type 1 diabetics with low CVD risk. Within the initial
time period of the study, the authors demonstrated reduced
microvascular complications but only demonstrated an
insignificant (41%) reduction in CVD events [44]. However,
the event rate for CVD in this population was very low. In the
Epidemiology of Diabetes Interventions and Complications
(EDIC) study, a 10-year followup of the DCCT trial, the
investigators found a significant 42% reduction in CVD
events [45]. The UK Prospective Diabetes Study (UKPDS)
examined the role of tight glycemic control in newly
diagnosed type 2 diabetics. Similarly, this group found a
nonsignificant reduction in CVD events (16%) during the
course of the trial [46] but a significant reduction in CVD
events in a 10-year follow-up study [47]. However, clinical
trials examining stringent glycemic control in patients with
an already high CVD risk (Action to Control Cardiovascular
Risk in Diabetes (ACCORD), Action in diabetes and Vascular
disease: Preterax and Diamicron MR controlled evalua-
tion (ADVANCE), Veterans Affairs Diabetes Trial (VADT))
showed no beneficial effect on CVD [48, 49]. Furthermore,
the ACCORD trial demonstrated an increase in CVD-asso-
ciated death in the intensively controlled group (HbA1c < 6);
this effect has been attributed to enhanced weight gain, in-
creased insulin injections, and increased incidence of hypo-
glycemia. These differential responses may result from the
timing of glycemic control, as patients in the VADT trial
that were within the first 12 years of diagnosis showed a
benefit in the intensive treatment arm [50]. Taken together,
data from clinical trials suggest that glucose control early fol-
lowing the diagnosis of diabetes confers protection that is
often not evident for decades despite the cessation of dif-
ferential treatment; consistent with the hypothesis that hy-
perglycemia plays a larger role in plaque initiation than
plaque progression.

2. Endothelial Cell Activation and
Dysfunction in Atherosclerosis

The endothelial cell layer regulates multiple aspects of vas-
cular physiology such as maintaining a semipermeable
blood-tissue barrier, coordinating leukocyte trafficking, pre-
venting thrombosis, and altering vascular tone [51]. During
inflammatory responses, endothelial cells undergo a phe-
notypic conversion, termed endothelial cell activation, char-
acterized by enhanced permeability, elevated leukocyte adhe-
sion molecule expression, and reduced antithrombotic prop-
erties [52]. Mediators of endothelial cell activation are
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Figure 2: Interplay between endothelial cell dysfunction and endothelial cell activation. (a) Cytokines and oxidized LDL stimulate
endothelial cell permeability and NF-κB-dependent inflammatory gene expression. ROS appear to play a central role mediating both
responses. (b) In addition to its vasodilatory properties, NO promotes barrier stability, limits inflammation, inhibits platelet aggregation, and
limits SMC proliferation. Loss of these protective properties in endothelial cell dysfunction therefore perpetuates endothelial cell activation.

diverse and include proinflammatory cytokines (tumor
necrosis factor α (TNFα), interleukin-1β (IL-1β)), bacte-
rial (lipopolysaccharide) and endogenous toxins (oxLDL),
vasoconstrictors (angiotensin II, endothelin-1), mechani-
cal forces (shear stress, stretch), and extracellular matrix
proteins (fibronectin, fibrinogen) [13, 52–54]. The early
rapid phase of endothelial cell activation, termed type 1
activation, involves the remodeling of endothelial cell-cell
junctions enhancing monolayer permeability (Figure 2(a))
and the export of Weibel-Palade bodies presenting P-Selectin
and vWF at the endothelial cell surface [52]. Activation
of proinflammatory transcription factors such as nuclear
factor κB (NF-κB) drives the latter phase, termed type 2 ac-
tivation, invoking the transcription and expression of proin-
flammatory genes such as E-selectin, ICAM-1, VCAM-1,
chemokines (interleukin-8 (IL-8), monocyte chemotactic
protein-1 (MCP-1)), and cytokines (IL-1β, TNFα) [52]
(Figure 2(a)). The selectin family of cell adhesion molecules
induces capture and tethering of leukocytes in the circulation
resulting in leukocyte rolling across the endothelium. Rolling
provides sufficient reduction in velocity for leukocyte firm
adhesion to ICAM-1 and VCAM-1 on the endothelial sur-
face and subsequent transendothelial migration [55]. Presen-
tation of chemokines on the endothelial cell surface activates
the leukocyte integrins VLA-4, LFA-1, and Mac-1 increas-
ing their affinity for their ICAM-1/VCAM-1 ligands [55].
Transgenic mice lacking MCP-1, ICAM-1, or the fourth Ig
domain of VCAM-1 (VCAM-1 expression is necessary for
chorioallantoic fusion, rendering VCAM-1 knockouts lethal)
severely limits atherosclerosis [56–60]. These data suggest
that atherosclerotic plaque development requires endothelial
cell activation involving enhanced expression of proinflam-
matory adhesion molecules and chemokines.

Endothelial cell dysfunction is defined by a decrease in
the bioavailability of nitric oxide (NO), a critical regulator of
vascular tone [61]. Multiple stimuli, including shear stress
[62], acetylcholine [63], bradykinin [64], insulin [65, 66],
and adiponectin [67], activate endothelial cell NO synthase

(eNOS) to convert L-arginine into NO and citrulline. Endo-
thelial cell dysfunction typically occurs when these protective
stimuli are diminished, such as at sites of turbulent blood
flow (decreased shear stress), in diabetes (decreased insulin
signaling), and in obesity (decreased adiponectin). Decreases
in eNOS activity and expression, increases in eNOS uncou-
pling, and direct NO scavenging all mediate endothelial cell
dysfunction [61]. eNOS uncoupling appears to be particu-
larly deleterious due to simultaneous decrease in NO produc-
tion and increased production of the free radical superoxide.
Multiple mechanisms have been proposed to mediate eNOS
uncoupling, such as diminished bioavailability of L-arginine
[68], accumulation of the endogenous eNOS inhibitor asym-
metric dimethyl L-arginine (ADMA) [69], oxidation of the
critical eNOS cofactor tetrahydrobiopterin [68, 70], and di-
rect S-glutathionylation of critical cysteine residues in eNOS
[71]. These modifications disrupt electron flow in eNOS
causing incomplete catalysis of L-arginine and superoxide
production [72, 73]. Superoxide can react with remaining
intracellular NO further reducing cellular NO levels and
resulting in the formation of peroxynitrite, a potent oxidant.

Endothelial cell dysfunction is regarded as an early
step in atherosclerotic plaque formation primarily due
to its effect on endothelial cell activation. Endothelial-
derived NO reduces integrin activation on platelets [74, 75]
and leukocytes [76] preventing thrombosis and leukocyte
adhesion (Figure 2(b)). NO signaling in the endothelium
promotes endothelial barrier integrity [77] and reduces
both Weibel-Palade body exocytosis (type 1 activation)
[78] and NF-κB-dependent proinflammatory gene expres-
sion (type 2 activation) [79, 80] (Figure 2(b)). Turbu-
lent flow, cytokines, and oxLDL reduce eNOS expres-
sion and shorten the half-life of eNOS mRNA perpetu-
ating endothelial cell dysfunction and promoting inflam-
mation (Figure 2(b)) [81]. Transgenic mice deficient in
eNOS exhibit multiple vascular defects, such as hyper-
tension, enhanced leukocyte rolling and firm adhesion,
and vascular remodeling [82, 83]. Conversely, transgenic
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eNOS overexpression paradoxically enhanced atherosclerotic
plaque formation due to eNOS uncoupling and superoxide
production; supplementation with critical eNOS cofactor
tetrahydrobiopterin reduced this uncoupling and diminished
plaque formation in these mice [84]. Subsequent studies
with tetrahydrobiopterin supplementation in ApoE mice
demonstrated reduced plaque progression suggesting that
eNOS uncoupling may be involved in atherosclerotic plaque
progression in the absence of eNOS overexpression as well
[85, 86]. Taken together, these data suggest a critical role
for endothelial cell dysfunction in the propagation of both
endothelial cell activation and atherosclerotic plaque forma-
tion.

3. Hyperglycemia in Endothelial Cell
Dysfunction and Activation

The effect of hyperglycemia on endothelial cells closely mim-
ics that of inflammatory initiators. Endothelial cells exposed
to hyperglycemic cell culture media show reduced NO pro-
duction [87, 88] with enhanced NF-κB activation [89–91],
inflammatory gene expression [92–95], and leukocyte re-
cruitment [93, 94, 96]. Transient hyperglycemia causes epi-
genetic modifications in the promoter of the NF-κB p65
subunit inducing a sustained increase in NF-κB expression
and NF-κB-dependent VCAM-1 and MCP-1 expression for 6
days after restoration of normoglycemia [97], a phenomena
termed epigenetic memory. Animal models and studies on
human patients have similarly demonstrated an association
between hyperglycemia and endothelial cell dysfunction and
activation. However, it should be noted that most cell culture
systems and animal models tend to utilize glucose levels
(20–25 mM; 360 to 450 mg/dL) above that seen in diabetic
humans (typically 7.8 to 10 mM; 140–180 mg/dL) to acceler-
ate the occurrence of diabetic complications, and care must
be taken when extrapolating results from these experimental
systems to the human disease. In the subsequent sections, we
will describe the roles of reactive oxygen species, advanced
glycation end products (AGEs), metabolic pathway flux, and
protein kinase C signaling in mediating the effects of hy-
perglycemia-induced endothelial cell dysfunction and acti-
vation.

3.1. Reactive Oxygen Species (ROS). Multiple atherogenic
stimuli promote endothelial cell dysfunction and activation
through enhanced production of ROS. Several ROS play im-
portant roles in endothelial pathophysiology including the
free radicals superoxide (O•−

2 ) and the hydroxyl radical
(OH•) as well as the non-free radical species hydrogen per-
oxide (H2O2), peroxynitrite (ONOO-/ONOOH), and hy-
pochlorous acid (HClO) [98]. Turbulent flow [99, 100],
atherogenic cytokines (TNFα, IL-1β) [101, 102], vasocon-
strictors (angiotensin II) [103] and oxidized LDL [104] all
induce ROS-dependent NF-κB activation to drive endothe-
lial cell expression of proinflammatory and prothrombot-
ic genes [105, 106]. In addition to inflammatory gene ex-
pression, ROS reduce endothelial barrier function [107, 108]
contributing to lipoprotein deposition and subsequent
oxidative modification of LDL particles in the vessel wall

[98, 109]. Furthermore, ROS stimulates endothelial cell
dysfunction by scavenging NO directly or by oxidative modi-
fication of tetrahydrobiopterin resulting in eNOS uncoupling
[110]. Thus, ROS reduce endothelial cell NO production
(scavenging, eNOS uncoupling) while activating both direct
(NF-κB activation) and indirect mediators (LDL oxidation)
of endothelial cell activation.

Hyperglycemia stimulates cellular ROS production by
four major sources including direct glucose autooxidation
[111], mitochondrial superoxide production [112], eNOS
uncoupling [113], and AGE-dependent NADPH oxidase
activation (Figure 3(a)) [72, 73]. Glucose autooxidation and
mitochondrial superoxide are likely to be the initial contribu-
tors to ROS-mediated dysfunction elicited by hyperglycemia
[72]. Trace amounts of free metals catalyze glucose auto-
oxidation resulting in systemic oxidant stress [114]. Glucose
oxidation during glycolysis produces ROS that are generally
held in check by the cell’s antioxidant defenses, including
superoxide dismutase (SOD), thioredoxin, glutathione per-
oxidase (GP), and catalase [115]. However, these systems be-
come overloaded during hyperglycemia. Whereas many cells
downregulate glucose transporters (GLUTs) in response to
hyperglycemia, endothelial cells retain expression of non-
insulin-dependent GLUTs allowing intracellular glucose to
rise concomitantly with extracellular glucose concentrations
(Figure 3(a)) [116]. Enhanced glycolytic oxidation and the
disruption of the mitochondrial electron transport chain
promoting electron shuttling into molecular oxygen stimu-
lates oxidant stress. eNOS uncoupling in response to ROS
production further perpetuates oxidant stress under hyper-
glycemic conditions (Figure 3(b)) [117]. During chronic
hyperglycemia, AGE production contributes to ROS pro-
duction through receptor-mediated NADPH oxidase acti-
vation (Figure 3(b)). It should be noted however, that
ROS production through distinct cellular sources (NADPH
oxidase, mitochondria) can lead to ROS production at sec-
ondary sites [72, 118], and the relative contributions of each
source are likely to fluctuate with disease state and control
(hyperglycemic spikes versus AGEs).

Multiple studies have found that preventing ROS pro-
duction or enhancing the cell’s antioxidant systems limits
the capacity of hyperglycemia to promote endothelial dys-
function and activation. Inhibiting mitochondrial superox-
ide production prevents hyperglycemia-induced ROS pro-
duction, AGE accumulation, and PKC activation suggest-
ing this pathway plays a central role in hyperglycemia-
induced endothelial cell responses [119]. Addition of the
antioxidant N-acetyl-L-cysteine prevented hyperglycemia-
associated endothelial cell apoptosis [120], whereas the anti-
oxidant coenzyme Q10 inhibits high-glucose-induced proin-
flammatory gene expression and monocyte binding [121].
Reducing hyperglycemia-induced ROS production using a
mitochondrial complex II inhibitor (thenoyltrifluoroacetone
(TTFA)) or a Mn SOD mimetic (Mn(III)tetrakis(4-benzoic
acid) porphyrin chloride (MnTBAP)) abrogates inflamma-
tory gene expression [122, 123] and enhances NO produc-
tion [123]. Taken together, these studies suggest that limiting
ROS production reduces hyperglycemia-induced endothelial
cell dysfunction and activation.
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Consistent with cell culture models, mouse models of
type 1 diabetes show enhanced endothelial oxidative stress,
inflammatory gene expression, and leukocyte recruitment
[124–126]. Pharmacological and genetic modifications of
antioxidant pathways support a role for oxidative stress in
hyperglycemia-associated endothelial cell dysfunction and
activation. Rings of rabbit aorta treated for 6 hours in
hyperglycemic media show reduced ACh-mediated vaso-
dilation compared to normoglycemic controls, and multiple
antioxidants (superoxide dismutase, catalase, deferoxamine,
or allopurinol) were sufficient to reverse hyperglycemia-
associated impairment in vasodilation [127]. Similarly, mul-
tiple antioxidants restored vasodilation in aortic rings
isolated from diabetic rats [128, 129]. Diabetic ApoE/glu-
tathione peroxidase-1 double KO mice show enhanced ather-
osclerosis compared to diabetic mice deficient in ApoE
alone associated with enhanced VCAM-1 expression and
macrophage recruitment [130]. Conversely, the GP-1 mim-
etic ebselen reduces endothelial dysfunction, proinflamma-
tory gene expression, and atherosclerotic plaque formation
in diabetic mice [131, 132]. Antioxidant treatments also
reduce endothelial permeability resulting from hypergly-
cemia [133, 134]. Taken together, these data provide strong

evidence that antioxidants protect endothelial cells from
hyperglycemia-induced endothelial cell dysfunction and
activation.

Although many antioxidant therapies targeting multiple
sources of ROS in experimental models have shown promise,
several clinical trials utilizing antioxidants appear to confer
no significant protection [73, 135]. In the Heart Outcomes
Prevention Evaluation (HOPE) trial, 3654 diabetic patients
receiving supplementation with vitamin E or placebo for
4.5 years failed to show any cardiovascular benefit for vit-
amin E [136]. Similarly, the Secondary Prevention with
Antioxidants of Cardiovascular Disease in End Stage Renal
Disease (SPACE) trial [137], Study to Evaluate Carotid
Ultrasound Changes in Patients Treated with Ramipril and
Vitamin E (SECURE) trial [138], and the Primary Prevention
Project (PPP) trial [139] all failed to show beneficial effects
of antioxidants in diabetes-associated cardiovascular disease.
However, the lack of a clinical benefit in these trials does not
disprove the role of ROS in CVD as there are several reasons
why these studies may have failed including uncertain dose
requirements for vitamin E, short time frame of clinical
trials, and the use of high risk patients with advanced CVD
[140].
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3.2. AGE/RAGE. Another major mechanism of diabetes-
associated endothelial cell dysfunction and activation in-
volves hyperglycemia-associated formation of AGEs. Glyca-
tion involves the nonenzymatic addition of a carbohydrate
moiety onto proteins; this should not be confused with
glycosylation that takes place in the ER and Golgi resulting
in protein maturation. The nonreversible formation of AGEs
results from several reversible reactions, collectively termed
the Maillard reaction. First, a reducing sugar, such as glu-
cose or fructose, attaches to the α-amino group of either
the amino terminus of proteins or lysine residues via nucle-
ophilic attack: the product is known as a Schiff base [141].
This can undergo an Amadori rearrangement forming keto-
amines. From here, these ketoamines, synonymously ter-
med Amadori products, take one of two pathways: an
oxidative or nonoxidative pathway forming irreversible AGE
modifications [142, 143]. Hyperglycemia causes excessive
glycation of proteins found in serum (e.g., albumin, hemo-
globin, and LDL) and in the vessel wall (e.g., collagen, fi-
bronectin). However, AGE formation by intracellular glyco-
lysis-derived dicarbonyl precursors (glyoxal, methylglyoxal,
and 3-deoxyglucosone) occurs at a rate several orders of
magnitude higher than nonenzymatic glycation, suggest-
ing that these intermediates may be primarily responsible
for both intracellular and extracellular AGE production
(Figure 3(b)) [144, 145]. Glyoxal arises from glucose au-
tooxidation, whereas methylglyoxal formation occurs in
response to glyceraldehyde-3-phosphate and dihydroxy-
acetone phosphate fragmentation [146–148]. While en-
hanced during hyperglycemia, AGE formation is a naturally
occurring process with endogenous negative regulators (ex.
glyoxalase I) that degrade the AGE-inducing dicarbonyl in-
termediates [146]. Interestingly, AGE accumulation during
normal aging occurs concomitant with a decrease in glyox-
alase I expression [149], and glyoxalase I expression is associ-
ated with enhanced lifespan of Caenorhabditis elegans [150].

AGEs carry a large arsenal of weaponry with which to
exacerbate diseases, including both receptor-mediated and
receptor-independent effects. AGEs bind to multiple cell
surface receptors including the “receptor for AGE” (RAGE)
[151], AGE receptor 1 (AGER1), AGER3, and CD36 [152].
A member of the immunoglobulin superfamily, RAGE re-
gulates AGE-associated endothelial cell dysfunction and ac-
tivation. While RAGE receptor signaling is not well under-
stood, RAGE ligation stimulates endothelial ROS production
[153], and the NADPH oxidase inhibitor diphenyliodonium
(DPI) significantly blunts this induction (Figure 3(b)) [154].
AGE-dependent proinflammatory gene expression (VCAM-
1, E-selectin) in endothelial cells similarly requires the RAGE
receptor [155] and NADPH oxidase activation [154, 156]. In
addition to ROS-mediated NO scavenging, AGEs decrease
eNOS expression and L-citrulline production (readout of
NO production) in endothelial cells [157], and AGEs inhibit
histamine-induced NO production in endothelial cells
associated with reductions in eNOS serine phosphorylation
[158]. Consistent with this, Gao and collaborators show that
the impaired vasodilation in blood vessels of diabetic mice is
endothelium dependent and RAGE sensitive [159].

In contrast to the proinflammatory RAGE receptor, the
alternative AGE receptors AGER1, AGER3, and CD36 stimu-
late AGE degradation [152], with AGER1 suppressing AGE-
induced ROS production [160]. This disparity suggests that
AGE-associated inflammation can be regulated at the level
of receptor expression. Activation of NO-associated PKG
signaling in endothelial cells by treatment with the PDE5
inhibitor Vardenafil reduces RAGE gene expression, suggest-
ing that healthy levels of NO/PKG signaling suppress the
AGE/RAGE insult [161]. In contrast, hyperglycemia-induced
ROS production promote RAGE expression [162], suggest-
ing a synergistic effect between hyperglycemia-associated
glycolytic oxidant stress and AGE/RAGE-dependent oxidant
stress.

Receptor-independent effects of AGEs include extracel-
lular matrix modification [163], NO scavenging [164], and
glycation of both signaling proteins [165] and LDL [166].
Since AGE formation is irreversible and turnover of ECM
is slow, hyperglycemia stimulates considerable glycation of
extracellular matrix proteins resulting in vessel stiffening
through crosslinking type I collagen and elastin [167–169].
Vessel stiffening contributes to systemic hypertension and
increases the strain on the vessel wall [170]. AGE-dependent
NO scavenging perpetuates stiffening by enhancing smooth
muscle proliferation and increased contractility [164, 171].
Endothelial cell interactions with subendothelial basement
membrane proteins initiate signaling pathways that reduced
endothelial cell activation [100, 172]. Glycation of the suben-
dothelial matrix proteins laminin and collagen IV disrupts
matrix self-assembly and prevents endothelial cell adhesion
and spreading [169, 173, 174]. Therefore, disrupted interac-
tion with the basement membrane may limit its protective
properties while enhancing endothelial cell loss (superficial
plaque erosion). In addition to matrix modifications, gly-
cation of intracellular signaling proteins by methylglyoxal
activates the endothelial cell stress response (JNK, p38)
[175]. However, methylglyoxal inhibits NF-κB activation by
modification of Cys38 blocking DNA binding [165], and
JNK signaling in the absence of NF-κB can promote apop-
tosis [176]. Consistent with this, methylglyoxal stimulates
endothelial cell apoptosis although the signaling mechanisms
employed have not been addressed directly [177]. Lastly,
glycation of LDL may be as deleterious as LDL oxidation
in promoting endothelial cell activation [178]. Glycated LDL
binds to the RAGE receptor stimulating endothelial cell dys-
function through calpain-dependent eNOS degradation and
promoting inflammatory gene expression through NADPH
oxidase-dependent ROS production [179–182].

Several lines of evidence suggest that AGE formation
mediates hyperglycemia-associated cardiovascular disease.
Pharmacological inhibitors of AGE formation (alagebrium
chloride (ALT-711), pyridoxamine dihydrochloride) signif-
icantly reduce atherosclerotic plaque formation in diabetic
ApoE null mice [183, 184]. Early clinical trials using ALT-
711 demonstrated enhanced arterial compliance [185] and
improved flow-mediated vasodilation [186] in aged hyper-
tensive patients. Despite these early successes, Alteon (the
producer of ALT-711) encountered financial hardship and
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halted drug development. Overexpression of methylglyoxal-
degrading enzyme glyoxalase I reduces AGE production
and oxidant stress in diabetic rats [187]. Furthermore,
polymorphisms in glyoxalase I are associated with carotid
atherosclerosis in type 2 diabetics [188, 189]. A soluble splice
variant of RAGE lacking the cytosolic and transmembrane
domain scavenges circulating AGEs counteracting their
proinflammatory effects. Therapeutic intervention utiliz-
ing exogenous sRAGE treatment dose-dependently inhibits
leukocyte infiltration, plaque formation, and progression of
existing plaques in mouse models [190, 191]. One caveat
to these studies is the interaction of RAGE with oxLDL,
suggesting sRAGE may reduce atherosclerosis by scavenging
oxLDL. However, ApoE/RAGE double knockout mice and
ApoE mice expressing endothelial-specific dominant nega-
tive RAGE show reductions in both endothelial cell dysfunc-
tion and atherosclerotic plaque formation [192], suggesting
that RAGE plays an important role in atherosclerotic plaque
formation. RAGE antagonists (TTP488) and humanized
sRAGE are making their way through early clinical trials
for diabetic nephropathy, Alzheimer’s disease, and acute
lung injury; however no trials for cardiovascular disease are
currently underway [193].

3.3. Metabolic Pathway Flux. In addition to uncoupling the
electron transport chain, hyperglycemia pushes glucose flux
through alternative metabolic pathways, including the polyol
and hexosamine pathways (Figure 3(a)). The polyol pathway
consists of aldose reductase and sorbitol dehydrogenase,
which mediate the conversion of glucose to sorbitol via
NADPH oxidation, and sorbitol to fructose via NAD+ reduc-
tion, respectively. In hyperglycemic conditions, it is suggested
that up to 30% of metabolized glucose fluxes through the
polyol pathway [194] versus the∼3% under normo-glycemic
conditions [195]. Hyperglycemia stimulates aldose reductase
expression and may affect activation through ROS-de-
pendent S-thiolation, S-nitrosation, and glutathiolation of
a critical cysteine residue (Cys298) [196, 197]. Early studies
demonstrated that limiting aldose reductase activity in the
lens inhibits cataract formation driven by sorbitol accumu-
lation [196, 198–200]; thus aldose reductase was postulated
to mediate peripheral hyperglycemic complications. This
effect was proposed to be due to osmotic pressure caused
by sorbitol accumulation. However, multiple antioxidants
were later found to limit cataract formation under hyper-
glycemic conditions without affecting sorbitol accumulation
suggesting a more complex role for aldose reductase in
hyperglycemia-associated diabetic complications [196, 201–
203].

Aldose reductase is expressed in multiple tissue beds and
performs highly context-dependent functions [204]. Inhibit-
ing aldose reductase limits NF-κB activation and proin-
flammatory gene expression in response to hyperglycemia
and proinflammatory cytokines, suggesting aldose reduc-
tase plays a proinflammatory function in endothelial cells
[205, 206]. The proinflammatory effect of polyol pathway
flux could be explained by the reduction of NADPH
and NAD+ availability, resulting in reduced production
of NO, diminished levels of reduced glutathione, and

unbalanced redox stress [72]. However, aldose reduc-
tase also catalyzes the reduction of aldehydes produced
by lipid peroxidation and glutathiolation [196, 207–209].
Since these aldehydes possess proinflammatory proper-
ties, aldose reductase may also function as an anti-
inflammatory/detoxification mediator [209]. Mouse models
of atherogenesis underscore the complexities of aldose
reductase activity in the disease setting. Whereas aldose
reductase deletion (global) enhances atherosclerotic plaque
in the hypercholesterolemic ApoE-null mouse on high-
fat diet as well as in streptozotocin-induced diabetes [210],
general and endothelial targeted overexpression of human
AR in models of hypercholesterolemia also showed enhanced
plaque size in diabetic animals [211, 212]. This discrepancy
may be due to the significantly reduced levels of aldose
reductase in mice, which could limit polyol pathway flux and
diminish its potential proinflammatory role [197].

In contrast to the extensive research on the polyol path-
way in hyperglycemia, the hexosamine pathway has received
considerably less attention, possibly owing to the lack of
specific inhibitors [213, 214]. In the physiological setting,
fructose-6-phosphate proceeds from the glycolytic path-
way to produce glucosamine-6-phosphate via enzymatic
activity of glutamine:fructose-6-phosphate amidotransferase
(GFAT). Several intermediate reactions lead to synthesis
of UDP-N-acetylglucosamine (GlcNAc), a nucleotide donor
utilized in the ER and golgi for glycosylation of various
glycoproteins, lipids, and proteoglycans. Additionally, UDP-
GlcNAc is a substrate of O-GlcNAc transferase (OGT), lead-
ing to production of O-linked GlcNAcylated Ser and Thr
residues in a wide variety of intracellular proteins [215, 216].
The regulation of many processes by O-GlcNAc modification
has led to the comparison of O-GlcNAcylation to phosphor-
ylation events and redox modification of proteins as a re-
gulator of protein activity, with emphasis on the limited
expression of enzymes involved in the regulation of O-
GlcNAcylation versus the plethora of cellular kinases medi-
ating phosphorylation events [217].

Protective roles of O-GlcNAcylation have been reported
in cardiac ischemia/reperfusion [218, 219], and the use of
glucosamine to bypass GFAT for UDP-GlcNAc production
appears to serve anti-inflammatory roles [220, 221]. How-
ever, protective roles of O-GlcNAcylation may be context
dependent. Indeed, hyperglycemia-induced O-GlcNAcyla-
tion of eNOS, dependent on the Ser1177 residue, occurs con-
comitant with decreased Ser1177 phosphorylation and
reduced NO production [88, 222]. Endothelial O-GlcNA-
cylation is increased in carotid plaques of type II diabetic
patients, and inhibition of the hexosamine pathway is suffi-
cient to reverse O-GlcNAcylation-mediated eNOS inhibition
in human coronary endothelial cells in hyperglycemic con-
ditions [223]. O-GlcNAcylation stimulates activation of the
p38, ERK, and JNK pathways in response to hyperglycemia
and contributes to the reduced activation of the insulin
receptor and IR substrate, phosphoinositol-3-kinase, and
Akt [214, 223]. Additionally, hyperglycemia enhances O-
GlcNAcylation of the Sp1 transcription factor regulating
expression of the profibrotic growth factor TGFβ in arterial
endothelial cells [224] and smooth muscle cells [225].
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However, no definitive data exists linking O-GlcNAcylation
to enhanced atherosclerotic plaque formation in diabetic
mice or human patients.

Despite the discovery and characterization of O-GlcNA-
cylation in 1986 [226] and OGT in 1990 [216], no ma-
ture therapeutics have been developed targeting hexosam-
ine stress. Although the glutamine analogs 6-diazo-5-oxo-
L-norleucine and azaserine (O-diazoacetyl-L-serine) are fre-
quently used to study the hexosamine pathway by inhibiting
GFAT activity, the role of GFAT in glycosylation, and
the ubiquitous nature of O-GlcNAcylation make GFAT an
unattractive therapeutic target. However, as the regulation
and contexts of O-GlcNAcylation are further characterized,
new insights may prove this pathway feasible for intervention
of hyperglycemic distress. In contrast, several comprehensive
reviews highlight the escalating, decades-long success story
of aldose reductase inhibitors (ARIs) [227–229]. Although
the majority of ARIs to date have been less effective in hu-
man patients than in experimental models or have exhib-
ited unforeseen but mild/reversible side effects, the ARIs
have consistently demonstrated improvements in peripheral
measures including nerve conduction velocity and sensation,
albuminurea, and peripheral blood flow. Consequently,
pharmaceutical companies have developed increasingly more
potent ARIs. Currently, ranirestat is undergoing phase III
trials in Europe and the United States, and epalrestat has
been used clinically in Japan for several years. While the bulk
of these trials and other experimental data support a proin-
flammatory role for aldose reductase [209], no clinical trials
to date have tested the effectiveness of ARIs in treating
macrovascular complications of diabetes.

3.4. Protein Kinase C (PKC). The PKC family of serine/
threonine kinases regulates a plethora of cellular functions.
Mammalian cells express multiple PKC isoforms divided into
subfamilies termed classical PKCs (PKCα, PKCβI, PKCβII,
PKCγ), novel PKCs (PKCδ, PKCε, PKCη, PKCθ, PKCμ),
and atypical PKCs (PKCζ , PKCλ/ι) [230, 231]. Activation
mechanisms differ between subclasses with both classical and
novel PKC isoforms showing activation by diacylglycerol,
phosphatidylserine, and phorbol esters (e.g., phorbol-12-
myristate-13-acetate (PMA)), whereas only classical PKCs
are sensitive to calcium due to the presence of a calcium
binding domain in the N-terminus [230, 231]. Atypical PKCs
are insensitive to calcium and diacylglycerol and are acti-
vated instead by the phosphoinositide 3-kinase (PI-3K)/
phosphoinositide-dependent kinase (PDK1) pathway [230,
231]. Evidence for PKC activation in hyperglycemia has im-
plicated two major pathways leading to PKC activity. First,
high-glucose-induced mitochondrial superoxide production
leads to poly(ADP-ribose) polymerase (PARP) activation,
and subsequent modification and inactivation of GAPDH by
ADP-ribose polymers (Figure 3(a)) [72, 232]. GAPDH in-
activation results in accumulation of the upstream glycolysis
intermediate glyceraldehyde-3 phosphate which can be con-
verted to diacylglycerol promoting the activation of classical
and novel PKCs. Second, ligation of the RAGE receptor

by AGEs also stimulates PKC activation albeit through
uncertain mechanisms (Figure 3(b)) [233].

Signaling through PKC regulates multiple cellular pro-
cesses involved in endothelial cell dysfunction and activa-
tion. PKC phosphorylates eNOS on an inhibitory site
(Thr495) blunting eNOS activity [234, 235] and reduces
eNOS phosphorylation on the activating Ser1177 site [236,
237]. TNFα reduces eNOS protein stability through PKCζ
suggesting that PKC influences NO production through a
variety of mechanisms [238]. Interestingly, a study of the
porcine aorta demonstrated that PKCζ showed enhanced
activity in regions of disturbed flow prone to atherosclerotic
plaque development [239]. Conversely, PKCα shows both
positive and negative effects on eNOS activity and NO pro-
duction depending upon environmental context [240, 241].
In addition to modulating eNOS activity, PKC induces en-
dothelial monolayer permeability directly via phosphor-
ylation of junctional proteins (e.g., occludin) [242, 243] and
indirectly through enhanced expression of the permeability-
inducing factors VEGF [244], endothelin-1 [245], and thro-
mbin [246]. Multiple PKC isoforms can feed directly into
the NF-κB activation pathway regulating downstream proin-
flammatory gene expression [247, 248]. Classic PKC iso-
forms PKCα and PKCβ mediate NF-κB activation and ex-
pression of ICAM-1/VCAM-1 in response to 12/15-lipox-
ygenase and apolipoprotein CIII [249, 250]. In contrast,
thrombin-induced NF-κB activation requires the novel iso-
form PKCδ [251, 252]. The atypical isoform PKCζ mediates
TNFα-induced NF-κB activation and ICAM expression
[253]. Taken together, these data suggest that PKC isoforms
play stimulus- and context-dependent roles in modulating
endothelial dysfunction and activation.

A mounting body of evidence implicates PKC signaling
in multiple modalities of hyperglycemia-induced endothelial
cell dysfunction and activation. Hyperglycemia stimulates a
PKC-dependent reduction in eNOS expression and NO pro-
duction in retinal and aortic endothelial cells [254, 255]. In
addition, the PKC activator PMA promotes NADPH oxi-
dase-dependent ROS production, and inhibiting PKC lim-
ited high-glucose-induced ROS in endothelial cells suggest-
ing that PKC may reduce NO levels by inducing ROS-de-
pendent scavenging [256]. The general PKC inhibitor stau-
rosporine and the classical PKC inhibitor Go6976 reduce
hyperglycemia-associated endothelial monolayer permeabil-
ity suggesting that hyperglycemia-induced PKC signaling
promotes endothelial permeability [257, 258]. However, the
effect of PKC signaling on endothelial permeability depends
upon the isoform involved, as PKCδ signaling reduces
endothelial permeability in coronary artery endothelial cells
and is downregulated in the coronary artery of diabetic rats
[259]. Both staurosporine and calphostin, an inhibitor of
classic and novel PKC isoforms, block hyperglycemia-in-
duced NF-κB activation [92, 260], and a specific PKCβ in-
hibitor (ruboxistaurin) prevents AGEs-induced ICAM-1 ex-
pression and leukocyte adhesion in HUVECs [261]. Simi-
larly, the PKCβ inhibitor LY379196 prevents hyperglycemia-
induced NF-κB activation [262], VCAM-1 expression [262],
and apoptosis [263], suggesting PKCβ may be an attractive
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target to limit diabetes-associated endothelial activation in
vivo.

Like AGE/RAGE and ROS, PKC appears to regu-
late endothelial dysfunction/activation and atherosclerotic
plaque formation in animal models. PKCα and PKCβII show
enhanced expression and activation in the diabetic macro-
vasculature [264–267], and the general PKC inhibitor bis-
indolylmaleimide-I blunts hyperglycemia-induced leuko-
cyte binding to mesenteric postcapillary venules in vivo
[268]. PKCβ/ApoE double knockout mice develop smaller
atherosclerotic plaques than mice deficient in ApoE alone
[269], and the PKCβ inhibitor ruboxistaurin reduces retinal
and renal complications in diabetic rats while enhancing
ACh-induced aortic vasodilation [270, 271]. In line with
these studies, transient hyperglycemia blunts endothelial-
dependent vasodilation in otherwise healthy human subjects,
and PKCβ inhibition with ruboxistaurin restores normal
endothelial function in these patients [272]. Furthermore,
ruboxistaurin enhanced brachial artery flow-mediated dila-
tion in type 2 diabetics [273] suggesting that this inhibitor
may reduce macrovascular endothelial dysfunction.

4. Conclusions

Multiple pathways drive hyperglycemia-induced endothelial
cell dysfunction and activation including enhanced glycol-
ysis (ROS), the buildup of glycolytic intermediates (polyol
pathway, hexosamine pathway, PKC activation, and AGE
formation), and AGE-modification of proteins (ROS, PKC).
Given the interdependent nature of these pathways, it is
not surprising that inhibitors targeting one of these path-
ways profoundly affect hyperglycemia-induced alterations
in endothelial cell function. But which pathways are more
attractive targets for clinical intervention? Trials limiting
polyol pathway flux, AGE production, and RAGE signaling
have shown a significant improvement in endothelial cell
function; however these are not being actively pursued to
treat CVD. The PKCβ inhibitor ruboxistaurin shows great
promise to reduce microvascular complications of diabetes
and early results suggest an improvement in endothelial cell
function in CVD patients. However, no trials to date have
examined the effects of ruboxistaurin on diabetes-associated
atherosclerotic burden directly. Prevention of early ROS
production using mitochondrial complex II inhibitors blocks
downstream AGE production and protects endothelial cells
from transitioning to the dysfunctional or activated pheno-
types [119]. However, clinical trials to target these early ROS-
dependent pathways have shown less promising results than
those targeting AGE formation or PKC signaling. Consider-
ing the clinical trial data concerning hyperglycemia itself, the
major issue with these studies may simply involve timing of
intervention. Clinical trials for antioxidants typically utilize
patients already at a high risk for CVD, and interventions
for hyperglycemia in these patients showed a similar lack
of beneficial effect. The use of antioxidants early following
the diagnosis of diabetes, especially coupled with intensive
glycemic control, may provide additional benefit later in
life. Consistent with this idea, intensive treatment to lower
hyperglycemia in the DCCT and UKPDS trials demonstrate

the most striking benefit in long-term follow-up studies
10 years after cessation of differential treatment; no long-
term follow-up studies have been performed for antioxidant
therapies. Therefore, more research is needed in this area if
we are to translate the volumes of cell and molecular biology,
animal research, and clinical trials into effective therapeutic
strategies.
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Diabetes mellitus (DM) is a chronic metabolic disorder characterized by inappropriate hyperglycemia due to lack of or resistance
to insulin. Patients with DM are frequently afflicted with ischemic vascular disease or wound healing defect. It is well known that
type 2 DM causes amplification of the atherosclerotic process, endothelial cell dysfunction, glycosylation of extracellular matrix
proteins, and vascular denervation. These complications ultimately lead to impairment of neovascularization and diabetic wound
healing. Therapeutic angiogenesis remains an attractive treatment modality for chronic ischemic disorders including PAD and/or
diabetic wound healing. Many experimental studies have identified better approaches for diabetic cardiovascular complications,
however, successful clinical translation has been limited possibly due to the narrow therapeutic targets of these agents or the lack of
rigorous evaluation of pathology and therapeutic mechanisms in experimental models of disease. This paper discusses the current
body of evidence identifying endothelial dysfunction and impaired angiogenesis during diabetes.

1. Introduction

Endothelial cell dysfunction (ECD) is a broad term which
implies dysregulation of endothelial cell functions, includ-
ing impairment of the barrier functions of endothelial
cells, vasodilation, disturbances in proliferative capacities,
migratory as well as tube formation properties, angiogenic
properties, attenuation of synthetic function, and deterrence
of white blood cells from adhesion and diapedesis [1].
Several factors contribute to ECD including smoking, high
blood pressure, diabetes, high cholesterol levels, obesity,
hyperglycemia, advance glycation end products (AGEs),
and genetic factors [1, 2]. Diabetes is a chronic metabolic
disorder characterized by inappropriate hyperglycemia due
to lack of or resistance to insulin, which contributes to
ECD. About 170 million people worldwide are affected by
diabetes including 20.8 million diabetic patients in the USA,
numbers projected to double by 2030 [3]. Diabetes can be
stratified into two groups with type 1 diabetes being insulin
dependent and type II insulin independent. Both type 1 and
type 2 cause hyperglycemia, which in turn causes endothelial
dysfunction by its different glycooxidative products. Type 2

diabetes causes insulin resistance which is also responsible
for endothelial dysfunction [4]. Obesity, which is individu-
ally a risk factor for EC dysfunction is also closely related
to type 2 diabetes [5]. These two amplify the ECD more
frequently. Angiogenesis or neovascularization is a global
term which typically involves arteriogenesis and vasculoge-
nesis [6]. These complex processes require multiple factors
to stimulate vascular sprouting, remodeling, and recruitment
of endothelial cells as well as establish stable vasculature
[6, 7]. Angiogenic responses are known to be defective in
some tissues (e.g., peripheral limbs) while enhanced in other
tissues (e.g., retina) during diabetes [8]. Here, we discuss
the contribution of endothelial dysfunction and subsequent
aberrant angiogenic responses in diabetes. Figure 1 illustrates
several pathophysiological conditions under diabetes and the
major subsequent symptoms associated (Figure 1).

2. Endothelial Dysfunction

Endothelial dysfunction is a systemic pathological condition
which can be broadly defined as an imbalance between
vasodilating and vasoconstricting substances produced by
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Peripheral artery disease

(i) Atherosclerosis

(ii) Thrombosis

(iii) EC dysfunction
(↓NO bioavailability)

(iv) Vasoregulation dysfunction

(v) Nonhealing wounds
(vi) CRP ↑
(vii) PAI-1 ↑

Diabetic retinopathy

(i) Leakiness of blood vessels

(ii) Blindness
(iii) VEGF ↑
(iv) H-Ras ↑
(v) Cytokines ↑ (TNF-α, IL-1β)

(vi) MMP-9 ↑
(vii) PKCΔ ↑
(viii) Chemokines ↑ (CCL2, CCL5)

Diabetic nephropathy

(i) Edema

(ii) Arteriosclerosis of renal artery
(iii) Angiotensin II ↑
(iv) Cytokines (TGF-β, IL-18) ↑
(v) Cell adhesion molecules ↑
(E-selectin, ESAM, VCAM)
(vi) MAPK ↑
(vii) NFκB ↑
(viii) IκB ↓

Erectile dysfunction
(i) NO ↓
(ii) PDE5 ↑
(iii) ROS ↑

Heart disease and stroke

(i) Atherosclerosis

(ii) Thrombosis

(iii) Hypertension

(iv) Impaired Na+, Ca2+, K+

(v) LDL cholesterol ↑
(vi) VEGF ↓
(vii) Akt/PI3K ↓
(viii) eNOS/NO ↓

Diabetic neuropathy

(i) Pain or numbness

(ii) Muscle weakness
(iii) DAG ↑
(iv) PKC ↑
(v) Polyol/aldose reductase ↑
(vi) Glutathione ↓
(vii) ICAM ↑
(viii) ROS ↑
(viv) AGE/RAGE ↑

Figure 1: Diabetic vascular disease effects and symptoms. Various pathophysiological conditions affected in the body due to diabetic vascular
disease are illustrated. Prominent symptoms of diabetes mediated abnormalities are indicated for each condition.

the endothelium or overall functions of the endothelium
[2]. Normal functions of endothelial cells include produc-
tion of nitric oxide (NO), regulation of platelet adhesion,
coagulation, immune function, control of volume, and
electrolyte content of the intravascular and extravascular
spaces. Endothelial dysfunction is primarily due to reduction
in NO bioavailabilty, and a marker for vascular health.
Endothelial dysfunction can result from and/or contribute
to several disease processes, as occurs in diabetes mellitus,
hypercholesterolemia and hypertension, and also due to
environmental factors, such as smoking tobacco products
and exposure to air pollution [9].

Specifically, endothelial dysfunction is associated with
reduced nitric oxide production, anticoagulant properties,
increased platelet aggregation, increased expression of adhe-
sion molecules, increased expression of chemokines and
cytokines, and increased reactive oxygen species production
from the endothelium [10]. These all play important roles
in the development of diabetic vascular complications

including atherosclerosis and other vascular pathologies.
Importantly, endothelial dysfunction has been shown to be of
prognostic significance in predicting vascular events [11, 12],
so endothelial function testing may potentiate the detection
of cardiovascular diseases such as myocardial infarction,
peripheral vascular disease, ischemic stroke, and others [13,
14].

An important feature of endothelial dysfunction is the
inability of arteries and arterioles to optimally dilate in
response to an appropriate stimulus by vasodilators acting on
the endothelium. This endothelial dysfunction is notoriously
associated with decreased NO bioavailability, which is due
to impaired NO production by the endothelium and/or
increased inactivation of NO by reactive oxygen species
[15, 16]. Figure 2 illustrates the various steps involved in
blood vessel leading to vascular endothelial dysfunction
and inflammation under diabetes (Figure 2). Reduced NO
bioavailability decreases the ability of endothelial cells to
execute their functions in regulating vascular tone and
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Leukocyte
migration

Cholesterol

Platelet
activation

Glucose

LDL

Endothelial
cells

Smooth
muscle cells

ROS

O2 ↑

VCAM

ICAM

iNOS ↑
Foam
cells

Cytokines ↑

Arginase ↑

activaty

ONOO− ↑↑ NO + O2

↓ L-Arg

↑ ADMA

↓ NO

↓ eNOS
↓ BH4

Figure 2: Hyperglycemic effects on the blood vessel. Atherosclerotic plaque formation initiated through uptake of LDL from blood by
endothelial cells. Foam cells produce proinflammatory cytokines that are released into the lumen of blood vessel (far right). Increased
ROS production through iNOS leads to increased ROS generation. Steps involved in leukocyte adhesion and migration (bottom left).
Increased glucose leads to decreased L-arginine and BH4, which leads to decreased NO production in endothelial cells. All of these factors
are proinflammatory and atherogenic.

growth, thrombosis, immune cell responses, and vascular
barrier functions.

3. Diabetes

Diabetes mellitus is a group of metabolic diseases in which
a person has high blood glucose either because the body
does not produce enough insulin, or because cells do not
respond to the insulin that is produced by the pancreas. This
resulting high blood sugar produces the classical symptoms
of polyuria: frequent urination polydipsia (increased thirst)
and polyphagia (increased hunger) [17].

Type 1 diabetes results from the body’s failure to produce
insulin due to autoimmune or idiopathic destruction of
cells, and may require the injection of insulin to control
symptoms. In type 1 diabetes, the pancreas cannot synthesize
enough insulin to maintain euglycemia. Type 1 diabetes is
more common among children and young adults and insulin
injections are used for treatment, thus type 1 diabetes is also
referred to as insulin dependent diabetes mellitus (IDDM) or
Juvenile Diabetes [17, 18].

In case of type II diabetes, there is normal production of
insulin hormone but the body cells are resistant to insulin,
a condition in which cells fail to use insulin properly, or
sometimes combined with an absolute insulin deficiency.
Cells and tissues are not responsive to insulin, so glucose
remains elevated in the bloodstream. Type 2 diabetes is
commonly manifested by middle-to-late-aged adults (40

years); however, its prevalence is increasing in younger
populations. As insulin was initially not considered necessary
for treatment of type 2 diabetes, it is known as non-
insulin dependent diabetes mellitus (NIDDM) or Adult
Onset Diabetes [17, 19].

A diabetic patient cannot metabolize carbohydrates,
proteins or fats due to improper production of insulin, a
blood glucose regulator, or resistance to insulin. Insulin helps
cells use glucose as a main energy source. However, diabetic
patients’ cells do not make use of glucose from the blood due
to abnormal insulin metabolism, resulting in elevated blood
glucose levels or hyperglycemia. Over time, high glucose
levels in the bloodstream can lead to severe complications
such as vision loss, cardiovascular diseases, kidney disorder,
and nerve damage [17–19].

4. Angiogenesis

Angiogenesis is a global term which indicates the physio-
logical process involving the growth of new blood vessels
or neovascularization. This is a vital process for embry-
ological growth, tissue development, and wound healing
in damaged tissues. Angiogenesis is also an important step
in the transition of tumors from a confined locale to
malignancy [20]. Neovascularization or angiogenesis has also
been interchangeably associated with vasculogenesis which
primarily refers to developmental formation of vascular
structures from circulating or tissue-resident endothelial
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progenitor cells that proliferate into de novo endothelial
cells. Angiogenesis predominantly relates to formation of
endothelium-lined microvasculature with supportive cells
(e.g., pericytes). Postembryonic vascular development plays
an important role throughout life to address tissue metabolic
and functional needs as well as reproductive physiological
responses. Arteriogenesis refers to maturation and enlarge-
ment of smaller preexisting arterial vessels through vascular
remodeling or collateral growth.

These processes require several biochemical and physio-
logical factors to stimulate vessel sprouting and remodeling
of the primitive vascular network, which in turn establish
stable and functional blood vessel networks. There are
several angiogenic factors which are involved in stimulation,
promotion, and stabilization of new blood vessels such as
VEGFs, FGFs, Angiopoietins, PDGF, MCP-1, TGF, various
integrins, VE-cadherin, ephrins nitric oxide, and others [20–
23]. Likewise mechanical stimulation such as physiological
shear stress is also important particularly in arteriogenesis
[24]. Angiogenesis and arteriogenesis/vascular remodeling
represents excellent therapeutic options for the treatment of
numerous cardiovascular diseases. Below is a table showing
the causes of excessive and deficient angiogenesis under
diabetes (Table 1).

4.1. Increased Production of Reactive Oxygen Species. Both
endothelial cells and vascular smooth muscle cells are capable
of producing reactive oxygen species from a variety of
enzymatic sources. In disease states such as diabetes, vascular
production of reactive oxygen metabolites can increase sub-
stantially [15]. Increased production of the superoxide anion
(O2

−) can lead to decreased tissue bioavailability of nitric
oxide (NO) via a facile radical/radical reaction that occurs
more rapidly than the reaction of O2

− with superoxide
dismutase (SOD) [25]. This phenomenon alters endothelial
regulation of vasomotion in a variety of disease conditions.
Importantly, this endothelial dysfunction is due to vascular
production of superoxide. There are several enzymes that
involve generating ROS such as NADPH oxidase, aldehyde
oxidase, xanthine oxidase, and glucose oxidase. Besides these,
mitochondrial uncoupling also produces ROS by various
mechanisms, which are all discussed below.

4.1.1. NADPH Oxidase. Recent evidence suggests that the
major source of vascular superoxide ion and hydro-
gen peroxide (H2O2) occurs through membrane-bound,
nicotinamide-adenine-dinucleotide- (NADH-) dependent
oxidase (NOX) [26]. NOX is a transmembrane enzyme
and generate superoxide by electron transfer from NADPH
to molecular oxygen. The product of this reaction is the
O2

−, which undergoes secondary reactions. O2
− inactivates

NO to yield peroxynitrite and can also spontaneously or
under catalysis by SODs form H2O2 [27, 28]. NADPH-
oxidase-derived ROS has been implicated in the regulation
of vasodilation directly or indirectly by decreasing NO
bioavailability [29, 30]. This observation provides a direct
link between NADPH oxidase and endothelial function
in humans. In pathological conditions such as diabetes,

atherosclerosis, hypertension, cardiac failure, and ischemia
reperfusion injury, ROS generation mediates endothelial
cell dysfunction, cell proliferation, migration, inflammation,
extracellular matrix deposition, fibrosis, angiogenesis, and
cardiovascular remodeling [31, 32].

4.1.2. Aldehyde Oxidases. Aldehyde oxidase (AO) produces
O2

− and H2O2 from aldehyde [33, 34]. These aldehydes
are the substrate for both AO and xanthine oxidase (XO).
In diabetes, lipid peroxidation and glycation of protein are
much more common than in normal healthy subjects [35].
Therefore, the contribution of oxidative stress from aldehyde
AO would be higher. AO-derived ROS may also play role in
cardiovascular complications in diabetes [36]. However, the
pathophysiological importance of this pathway for diabetic
vascular disease requires further study.

4.1.3. Xanthine Oxidases (XOs). Xanthine oxidase (XO)
activity accounts for significant increased of ROS production
in different tissues, as treatment with the XO inhibitor
(allupurinol) reduces the ROS production [37]. Increase of
both XO expression and activity results in imbalance of
ATP/ADP ratio and increased ROS production in skeletal
muscle of STZ-induced diabetic mice [38, 39]. These studies
demonstrate that superoxide generated through increased
XO seen in experimental diabetic mice is intimately involved
in the pathogenesis of diabetic vascular complications.

4.1.4. Glucose Oxidase. Glucose oxidase (GO) oxidizes glu-
cose, which leads to production of free radicals resulting
in oxidative stress during diabetes. There is evidence that
glycation of protein depends on the oxidation of glucose
since the product of glucose oxidation is attached to the
protein to generate AGEs [40]. AGEs mediate increased
NADPH subunit gp91 expression, NADH/NADPH oxidase
activity, and decreased manganese super oxide dismutase
(MnSOD) levels [41]. This finding indicates that AGEs play
key pathophysiological roles in increasing oxidative stress
in diabetes along with subsequent endothelial dysfunction
through decreasing endothelial nitric oxide synthase (eNOS)
phosphorylation.

4.1.5. Mitochondrial Dysfunction. One of the major intra-
cellular sources of ROS production is mitochondria. ROS
formation is a byproduct of oxidative phosphorylation across
the mitochondrial respiratory chain. Although mitochon-
drial complexes 1 and 3 are mainly responsible for generation
of ROS, dysfunction of complexes 2 and 4 may result
in electron leak and increased ROS production [32, 42].
Hyperglycemia in humans or animal models of diabetes is
associated with impaired mitochondrial activity predomi-
nantly in vascular tissues resulting in mutations within mito-
chondrial DNA, ROS production, apoptosis, and endothelial
dysfunction [43–45]. However, the vascular damage by mito-
chondrial ROS can be prevented by upregulation of MnSOD
and UCP-1, which reduces PKC activation, formation of
AGEs, and NF-κB activation in endothelial cells [46].



International Journal of Vascular Medicine 5

Table 1: Comparison of aberrant angiogenesis under diabetes.

Defective angiogenesis Excessive angiogenesis

Phenotype Causes Phenotype Causes

Reduced angiogenesis and
collateral formation

Reduced VEGF, FGF, EPC circulation,
cytokines, ECM/BM degradation;

increased AGEs and MMP
Retinal capillary occlusion Elevated intraocular pressure

Vascular occlusion,
inflammation

Increased free fatty acids, polyol pathway,
cytokines, ICAM, VCAM

Increased vascular
permeability

Increased VEGF

Reduced wound healing;
transplant failure

Reduced VEGF and growth factors;
sorbitol-inositol imbalance; increased
ACE, Ang-II and tissue factor mRNA

Capillary sprouting
Increased VEGF, FGF, PDGF;
cytokines (TGF-β); integrins

Embryonic vasculopathy
(anomalous vasculogenesis
and angiogenesis)

Reduced VEGF, IL-1, TGF-β Vascular remodeling
Increased laminin, fibronectin,
collagen IV, ECM components,

lipidosis

4.1.6. Comparison of ROS-Induced Pathogenesis and Subse-
quent Complications in Both Types of Diabetes. The com-
bined effects of genetic susceptibility, environmental factors,
and dietary deficiencies are known responsible for type 1
diabetes. Autoreactive T cells recognize and liberate ROS and
proinflammatory cytokines [47]. Research-based evidence
supported that there is an increase in ROS generation
from activated phagocytes following viral attack [48]. NOX-
derived as well as mitochondrial ROS have implications in
β cell destruction and onset of diabetes. Hyperglycemia can
increase assembly of NOX enzymes through its p47 phox
subunit and therefore enhance superoxide production and
facilitates β cell destruction [49]. The superoxide leaked from
mitochondria can form H2O2 and work to uncouple glucose
metabolism from insulin secretion. Ultimately, high level of
oxidative stress can cause β cell death [46, 50].

Previously, Takasu et al. have demonstrated in rat model
that alloxan induces type 1 diabetes which causes redox-
mediated β cell DNA fragmentation culminating in cell
death [51]. In contrast, recent studies show that alloxan
resistant strain of mice shows increased ROS dissipation
and resistance to β cell death [51]. Streptozotocin also
produces XO-mediated superoxide that binds with NO
to generate peroxynitrite [52]. Antioxidant defense of β
cell mitochondria is exceptionally low due to its reduced
glutathione peroxidase, SOD, and catalase activity [53].
This can make β cells vulnerable to excess oxidative stress
and subsequent cytokine-mediated autoimmune attack [54].
Therefore, ROS whatever the source is directly or indirectly
responsible for development of type 1 diabetes.

The hallmark of type 2 diabetes is insulin resistance as
well as β cell dysfunction. ROS is involved in progression
of insulin resistance, which leads to β cell dysfunction
developing into type 2 diabetes [55, 56]. There are couples
of mechanisms to ROS-induced onset of type 2 diabetes
[57–64]. Tirosh et al. suggested that ROS disrupts insulin-
induced cellular redistribution of insulin receptor substrate-
1 (IRS-1) and phosphatidylinositol 3 kinase (PI3K) and
thus impairing GLUT4 translocation in 3T3-L1 adipocytes
[62]. Another mechanism is that hyperglycemia-induced
excess ROS presumably lead to activation of JNK pathway.

This activation of JNK pathway activates inflammatory
cytokines which eventually involved in insulin resistance and
dysfunction of β cell in type 2 diabetes [57, 63]. These studies
suggest that ROS is increased in both types of diabetes.

ROS causes loss of insulin type 1 diabetes by destructing
the β cells but it causes insulin resistance in type 2 diabetes
by β cell dysfunction of [49, 55, 56]. Endothelium-dependent
vasodilation is impaired in diabetic animals and humans.
Excessive production of vascular superoxide contributes to
this impairment of endothelium-dependent vasorelaxation
[65]. There is evidence that pretreatment of diabetic rat
aorta with SOD and/or antioxidant probucol prevents the
impairment of endothelium-dependent relaxation in aortic
rings [66]. Likewise, pretreatment with either SOD or
catalase has been shown to improve endothelium dysfunc-
tion in streptozotocin-induced diabetic rats suggesting that
vascular production of both superoxide and H2O2 may
contribute to endothelial dysfunction [67]. Another rele-
vant mechanism involves direct inactivation of endothelial-
derived relaxing factor (EDRF) by advanced glycation end
products, (AGEs) and increased adhesion of leukocytes to the
endothelium [68]. Besides, this increased production of the
superoxide anion can lead to decreased tissue bioavailability
of nitric oxide (NO) via a facile radical/radical reaction
that occurs more rapidly than the reaction of superoxide
anion with superoxide dismutase [25]. This phenomenon
alters endothelial regulation of vasomotion in a variety of
disease conditions. Importantly, this endothelial dysfunction
is due to vascular production of superoxide. Therefore, ROS-
induced loss of insulin or insulin resistance is responsible for
ultimate onset of type 1 and type 2 diabetes and their vascular
complications, respectively. Finally, ROS-induced endothe-
lial dysfunction is mediated by decreased NO bioavailability,
inactivation of EDRF by AGEs that are common pathways in
both type, of diabetes.

4.1.7. Role of ROS in Impaired Angiogenesis in Diabetes.
Cardiovascular complications are the leading cause of
morbidity and mortality in patients with diabetes mel-
litus. In particular, diabetes is associated with a poor
outcome after vascular occlusion. This can be attributed in



6 International Journal of Vascular Medicine

part to impaired neovascularization [69]. Three principal
events, vasculogenesis, angiogenesis, and collateral growth,
contribute to postnatal vessel growth, and each may be
affected by diabetes. Indeed, there are a number of equally
tenable hypotheses regarding the mechanisms underlying
alterations in blood vessel growth in diabetes, including a
reduction in vascular endothelial growth factor-A (VEGF-
A) signaling, changes in inflammation-related pathways, and
accumulation of advanced glycation end products [70–72].
Postnatal vasculogenesis can also be affected because the
proangiogenic effects of bone marrow mononuclear cells
(BM-MNCs) and endothelial progenitor cells (EPCs) are
reduced in diabetic mice and patients with either type 1 or
type 2 diabetes [73]. Evidence suggests that the effects of
ROS on vascular function depend critically on the amount
of ROS present. However, precise amounts and the species
of ROS involved are not fully understood. Low levels of
ROS (principally H2O2) under physiological conditions can
act as intracellular secondary messengers modulating proan-
giogenic pathways such as VEGF-A signaling and postnatal
vasculogenesis; conversely, higher levels of ROS can impair
neovascularization [74, 75]. These ROS include superoxide,
hydrogen peroxide, hydroxyl radical, lipid peroxides, and
peroxynitrite, which are recognized to play major roles in
vascular biology stimulating redox signaling [75, 76]. Each
of these species derives from specific enzymatic or chemical
reactions as discussed earlier.

Seminal works in experimental models of types 1 and
2 diabetes, as well as in human patients, suggest that there
is a strong link between ROS and diabetes [75, 77]. Several
studies have been performed in diabetic patients, animals,
and in high-glucose-treated endothelial cells that implicate
NADPH oxidase as an important source of hyperglycemia-
induced ROS formation [69, 78–80]. Ebrahimian et al.
demonstrated that diabetes-induced overproduction of ROS
impairs postischemic neovascularization [69]. This study
also reported that blockade of oxidative stress in the setting
of diabetes restores key pathways involved in angiogenesis,
such as VEGF-A signaling and postnatal vasculogenesis.
However, NADPH oxidase activity and ROS production
mediate angiogenesis in both cultured cells and in vivo
models of neovascularization [81]. Nishikawa et al. suggest
that glucose-induced mitochondrial production of ROS
stimulates several biochemical mechanisms involved in
diabetic complications, including retinopathy [46]. Studies
indicate that superoxide production by NADPH oxidase has
a primary role in VEGF expression and vitreoretinal neo-
vascularization in a mouse model for ischemic retinopathy
[82]. Moreover, increased expression of NADPH subunit
NOX2 correlates with increases in ROS and VEGF and
breakdown of the blood-retinal barrier during diabetic
retinopathy [83]. In addition, superoxide overproduction by
NADPH oxidase likely reduces NO bioactivity by scavenging
or through uncoupling of endothelial nitric oxide synthase
and may also lead to the formation of other signaling species
such as peroxynitrite [77, 84]. These alterations in NO
signaling might contribute to modulation of postischemic
neovascularization because NO is a well-known mediator
of BM-MNC mobilization and differentiation, as well as

basal neovascularization reaction [85]. However, previous
studies present evidence that NADPH oxidase activity and
expression are significantly increased in diabetic tissue [77,
81]. Evidence shows that blockade of NADPH oxidase
activity or the scavenging of ROS restores postischemic
neovascularization in diabetes. The subcellular distribution
of NADH oxidase activity responsible for the effects of
diabetic retinopathy is not clear. Though there is evidence
that NADH oxidase is expressed in retinal epithelium and
retinal pericytes, there is no clear information on the con-
tribution to increased angiogenesis [86]. In addition, there
are no studies available implicating the exact role of VEGF
in macular edema and retinal angiogenesis. Hyperglycemia-
induced overproduction of ROS also impairs EPC function
leading to impairment of angiogenesis and vasculogenesis
in diabetes [87, 88]. But EPC implications on ROS and
angiogenesis under diabetes is still not clear and a subject of
extensive study.

It has been reported that diabetes-induced increases in
ROS-mediated p38MAPK phosphorylation in BM-MNCs
reduce BM-MNC differentiation into EPCs in vitro and
impair their proangiogenic potential in vivo [73]. Similarly,
diabetes has been shown to activate p38MAPK in vascular
cells via PKC-dependent and -independent pathways [89].
Moreover, p38MAPK activation is known to downregulate
EPC proliferation and differentiation that may contribute
to impaired vasculogenesis in diabetes. Antioxidant defense
capacity is reduced in animal models of diabetes, and this
can also contribute to diabetes-induced oxidative stress [90].
Chronic treatment of diabetic animals with N-acetyl cysteine
(NAC) improved or normalized endothelium-dependent
responses which may normalize impaired angiogenesis in
diabetes [91]. Vasodilation, a primary initiation factor for
arteriogenesis, is attenuated through ROS reduction of NO
bioavailability during diabetes. There is strong evidence
that collateral formation is impaired in diabetes [92]. This
further substantiates that all three components of diabetic
angiogenesis are impaired by ROS, whatever the source of
production.

4.2. Decreased NO Production and EC Dysfunction. The
vascular endothelium comprises the internal lining of blood
vessels, which serves as an interface between the blood and
smooth muscle cells. Endothelium is a key determinant
of vascular health in addition to being a barrier between
luminal contents and the vessel. Endothelial dysfunction,
which is often related to impaired endothelium-dependent
NO-mediated relaxation, occurs in both cellular and experi-
mental models of diabetes [93–95]. Similarly, the majority of
clinical studies have shown an abnormality in endothelium
dependent vasodilation in patients with diabetes [96–98].
Thus, decreased levels of NO may underlie the atherogenic
predisposition of diabetes. Many of the metabolic conditions
associated with diabetes, including hyperglycemia, excess
free fatty acid liberation, and insulin resistance mediate
abnormalities in endothelial cell function by affecting the
synthesis or degradation of NO [99].
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Endothelial dysfunction associated with insulin resis-
tance appears to precede the development of overt hyper-
glycemia in patients with type 2 diabetes mellitus [100,
101]. Oxidative stress and insulin resistance have a direct
relationship mediating diabetic cardiovascular complica-
tions. Insulin plays a critical role in the maintenance of
physiological endothelial function through its ability to
stimulate NO release via a cascade that involves activation
of the PI3K-Akt signaling and downstream serine phospho-
rylation of eNOS. A key characteristic of insulin resistance
is decreased PI3K signaling, increased mitogen-activated
protein kinase (MAPK) activity, and increased secretion of
ET-1, a consequence of endothelial dysfunction [102].

The majority of deaths occurring in patients with
diabetes is due to vascular dysfunction. Studies have shown
that endothelial dysfunction, as represented by impaired
endothelium-dependent NO-mediated relaxation, occurs in
diabetes [98, 103]. The first evidence of endothelial dysfunc-
tion in humans was reported in penile corpora cavernosa of
IDDM and NIDDM patients [104]. High concentrations of
glucose have been associated with endothelial dysfunction
in vivo and in vitro [95, 105]. Mechanisms underlying
this endothelial dysfunction could include decreased activ-
ity and/or expression of eNOS or increased degradation
of NO secondary to enhanced superoxide production.
More recent data support the concept of NO degradation,
because treatment of vessels from diabetic animals with
SOD improved endothelial-dependent relaxation and the
use of vitamin C (another known antioxidant) in patients
with non-insulin-dependent diabetes markedly increased
endothelial-dependent relaxation in forearm arterioles [105,
106]. Mechanisms involved in decreased NO bioavailability
and endothelial dysfunction under diabetes is depicted in
Figure 3. Posttranslational modification of eNOS through
the hexosamine pathway, downregulation of eNOS expres-
sions and S-nitrosylation of eNOS have been the major
causes for diabetic endothelial dysfunction [107–109].

4.2.1. Causes of Reduction of NO Production Leading to ECD

(1) Reduction of NO Bioavailability. Nitric oxide is a key
signaling molecule produced by vascular endothelial cells,
which plays a vital role in the maintenance of vascular
tone and other physiological processes of the cell. Cellu-
lar exposure to high glucose as seen in diabetes induces
generation of reactive oxygen species (ROS) [110]. Another
major abnormality that is commonly prevalent with diabetes
is decreased in NO bioavailability [111]. A number of
studies suggest that decreased NO bioactivity associated
under hyperglycemia and diabetes is due to either quenching
of normally released NO or impairment of NOS activity
[100]. Reduced vascular production of NO is associated
with uncoupling of eNOS due to ROS, reduced cofactors
of eNOS such as L-arginine and tetrahydrobiopterin (BH4),
and improper activity of BH4 producing enzyme GTP
cyclohydrolase I [112, 113].

(2) eNOS Phosphorylation. Defects in Akt/eNOS signaling
may play a primary role in endothelial dysfunction in type
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Figure 3: Signaling mechanisms leading to endothelial dysfunc-
tion under diabetes. Diabetes-mediated hyperglycemia leads to
multiple-signal pathway dysfunction within vascular endothelial
cells. Primary insults include mitochondrial dysfunction, defective
PI3 kinase signaling, decreased NO production, increased oxida-
tive stress, and differential PKC isoform activation. Key words:
pARP: poly (ADP-ribose) polymerase; AGE: advance glycation
end products; DAG: diacylglycerol; NF-κB: nuclear factor kappa-
B; PKC: protein kinase C; iNOS: inducible nitric oxide synthase;
NADH: nicotinamide adenine dinucleotide; NO: nitric oxide;
RAGE: receptor for advanced glycation endproducts; O2

•: super-
oxide anion; ONOO−: peroxynitrite; PI3K: phosphatidylinositol
3-kinases; AKT: protein kinase B; eNOS: endothelial nitric oxide
synthase; GTPCH: GTP cyclohydrolase; BH4: tetrahydrobiopterin;
BH2: dihydrobiopterin.

2 diabetes mellitus. Studies have shown that Akt/eNOS
phosphorylation is decreased in aortas of diabetic animals,
as well as type 2 diabetic patients [114]. Activation of
PI3K-Akt pathway eNOS-derived NO results in improved
endothelial function and rescue of impaired myocardial
cells [115]. Recent studies on eNOS gene disruption studies
in mice revealed that deficiency leads to insulin resistance
resulting in hypertension and hyperlipidemia [116]. Further
biochemical studies in insulin-responsive cells have revealed
a phosphorylation-dependent signaling role in insulin stim-
ulated activation of eNOS [117]. Chen and Stinnett have
shown in studies with diabetic mice that high glucose
upregulated Ang-2 and downregulated Tie-2 expression
leading to significant impairment of Ang-1-induced Akt
and eNOS phosphorylation, which resulted in impairment
of endothelial cell migration and sprouting [118]. Ang-1
gene transfer restored Tie-2 expression and rescued these
abnormalities in diabetes.
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O-GlcNAcylation protein modifications result in several
diabetic complications. Studies show that O-GlcNAcylation
of eNOS in endothelial cells is involved in micro- and
macrovascular complications [119]. In a diabetic rat model,
Musicki et al. showed O-GlcNAcylation modifications
caused eNOS dysfunction in the penis thereby affecting
phosphorylation of eNOS at the Ser1177 residue, which con-
tributed to erectile dysfunction and long-term penile health
issues for patients with diabetes [120]. In another study, Cho
et al. showed in a diabetic mouse model that impairment of
erectile function was caused by upregulation of expression
of Rho-kinase 2 (ROCK2) and myosin phosphatase targeting
subunit 1 (MYPT1) and decreased eNOS phosphorylation.
Lima et al. have shown that elevated O-GlcNAc levels
contribute to end-organ damage and vasoconstriction under
diabetes, concurrent with decreased eNOS (Ser1177) and Akt
phosphorylation (Ser473) [121]. These studies indicate that
targeting abnormal O-GlcNAcylation, that is, associated with
diabetes can enhance eNOS phosphorylation and thereby
restore vasoregulation.

Taguchi et al. demonstrated in a streptozotocin-induced
murine diabetic model that GRK2 is upregulated under
diabetic conditions impairing Akt/eNOS activity by inhibit-
ing their phosphorylation. However, phosphorylation of
Akt at Thr308 was normalized and the phosphorylation of
eNOS at Ser1177 was increased by GRK2-inhibitor [122].
Decreased phosphorylation of both Thr495 and Ser1177
residues in livers of diabetic mice was observed by Elrod et
al., although there was no difference in total hepatic eNOS
protein [123]. Sasso et al. demonstrated that in the hearts of
diabetic patients with chronic coronary heart disease (CHD),
there was downregulation of VEGF-dependent intracellular
signaling and eNOS phosphorylation [124]. They reported
reduced VEGF receptor Flk-1 phosphorylation concomitant
with decreased Akt phosphorylation and decreased eNOS
protein phosphorylation and expression. Studies also show
that there is an influence of posttranslational modifications
leading to decreased eNOS activity under diabetes [107, 125].

NO-based therapies have been proven by numerous
investigations in various animal models [126–128]. Calvert
et al. have shown that in diabetic mice under hepatic and
cardiac I/R, treatment with metformin-augmented AMPK
activation and significantly increased eNOS phosphorylation
at serine 1177 residue [129]. Another study in diabetic
rats by Penumathsa et al. demonstrated that Niacin-bound
Chromium (NBC) treatments mediate translocation of Glut-
4 leading to dissociation of Cav-1/eNOS interaction followed
by increased phosphorylation of AMPK, Akt, and eNOS
[130]. Ahanchi et al. have demonstrated that NO exerts
protection in a rat carotid artery balloon injury model
of type 2 diabetic obese rats. Their results show that
topical administration of NO not only prevented neointimal
hyperplasia following artery injury, but also reduced ROS
production and cell death and inhibited VSMC proliferation
in these animals [128]. Together, these studies indicate
that diabetes-mediated endothelial dysfunction potentially
alters eNOS phosphorylation and thereby NO production.
Increases in Akt/eNOS phosphorylation or inhibition of
the factors involved in repressing eNOS would rectify the

vascular complications during diabetes. Akt/eNOS phos-
phorylation serves important roles in rectifying vascular
defects during the pathology of diabetes; however, further
studies are needed to explore different sites involved in eNOS
phosphorylation during diabetic complications that affect
NO production and thereby endothelial dysfunction.

(3) eNOS Uncoupling. Endothelial NOS (eNOS) derived
nitric oxide (NO) in endothelial cells regulates vascular
tone and plays a key role in maintaining endothelial health.
Evidence from eNOS knockout mice states that functional
eNOS is critical for the maintenance of vascular health
[131, 132]. Proper functioning of the endothelium is often
linked to the production and bioavailability of NO and
relative regulation of ROS. Endothelial dysfunction occurs
when there is a reduced bioavailability of NO. This reduced
NO bioavailability and endothelial dysfunction is observed
under hyperglycemic conditions both in vitro and in vivo
[95, 97]. Decreased endothelial-dependent arterial relaxation
is observed during diabetes in animal models as well as in
human subjects [133].

Endothelial NOS acts as an active enzyme complex
producing NO in its “homodimer” state during physiological
conditions, while the enzyme is inactive and unable to
produce NO under pathological conditions. Even though
a concomitant increase in eNOS levels is observed under
pathological conditions [134, 135], this state may generate
superoxide anions from the monomerized eNOS instead of
NO, a condition called “eNOS uncoupling” [136]. Stud-
ies indicate that endothelial nitric oxide synthase (eNOS)
function is impaired in diabetes as a result of reduced NO
bioavailability and increased vascular generation of reactive
oxygen species [13, 137, 138]. Endothelial NOS uncoupling
and nitrosative stress have been observed during vascular
abnormalities such as hypertension, atherosclerosis, and
diabetes [136].

(4) Tetrahydrobiopterin (BH4). Endothelial NOS must be
in an active dimer state to produce NO. Regulation of the
dimeric eNOS complex is important for proper functioning
of eNOS. L-arginine and BH4 are two critical factors that
maintain the dimeric state of eNOS allowing electron flow
across the homodimer to generate NO from the ferrous-
dioxygen complex [134, 135, 139]. BH4 is a metabolite
that serves as a critical cofactor and inhibits superoxide
generation from the heme group at the oxygenase domain
of eNOS [112]. BH4 acts as a redox regulator of eNOS by
promoting and stabilizing eNOS protein monomers into the
active homodimeric form [140], which in turn maintains the
healthy state of the endothelium. Under reduced L-arginine
or BH4 levels, eNOS functions in an “uncoupled” state in
which NADPH-derived electrons are added to molecular
oxygen rather than L-arginine, generating more O2

− as
a product. O2

− generated by eNOS has been implicated
in a variety of experimental and clinical vascular disease
states including diabetes, hypertension, and atherosclerosis
[141].
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eNOS uncoupling and endothelial dysfunction are
apparent in experimental models of diabetes and in diabetic
patients [77, 84] despite the fact that eNOS expression is
actually increased. Hyperglycemia results in BH4 deficiency
and eNOS dysfunction characterized by a decrease in NO
with a concomitant increase in superoxide production [111,
142, 143]. In vitro studies have demonstrated that high glu-
cose levels reduce NO activity and increase superoxide levels
coupled with reduced eNOS dimerization in endothelial cells
[144–146]. Hyperglycemia results in significant reductions
in both total biopterins and BH4. BH4 bioavailability is
postulated to be limiting in several vascular disease states
including diabetes. Peroxynitrite, a potent oxidant, rapidly
oxidizes BH4 to BH3, and subsequently to BH2 [143, 147],
which may compete with L-arginine for eNOS, resulting in
impaired eNOS bioactivity [139].

There are several studies that suggested the role of
BH4 in eNOS homodimerization. A study on bovine eNOS
expressed in E. coli suggested that BH4 influences the heme
environment and stabilizes the eNOS protein [148]. In
another study it was shown that exogenously added BH4
increased both eNOS activity and dimerization [149]. It is
interesting to observe that eNOS protein expression levels
increase in endothelial cells in response to high glucose
[113, 146], which indicates the uncoupling of eNOS due to
decreased BH4. Although studies indicate that BH4 facilitates
electron transfer and maintains the dimerized state of the
enzyme, the complete role of BH4 in eNOS regulation is
currently unknown.

BH4 has proven to be an established therapeutic agent for
hyperphenylalaninemia. Its potential has also been evaluated
for therapeutic efficacy in the reversal of endothelial dysfunc-
tion. Studies indicate that BH4 therapeutic interventions to
improve endothelial function have limited success in animal
models of type 2 diabetes and in human studies [150–
152]. Conversely, studies have shown that supplementation
of this cofactor restores eNOS-mediated NO formation and
endothelial function in hypertension, hypercholesterolemia,
and diabetes [135, 139, 141]. Experimental and clinical
evidence suggests that BH4 or L-arginine can act as a
therapeutic agent to restore diabetes-induced endothelial
dysfunction [138, 151, 153]. Pieper has shown that in vitro
treatment of BH4 over the aortic rings of diabetic rats
restores endothelial function [154]. Heitzer et al. have shown
that the attenuated endothelium-dependent vasodilation in
the forearm of diabetic patients was considerably improved
by concomitant treatment with BH4, but not endothelium-
independent vasodilation responses [151]. Lastly, Cai et al.
showed in HAEC cultured in high glucose that BH4 restores
the physiologically normal enzymatic activity of eNOS [155].
Together, these findings suggest that supplementation of BH4
may be useful to alleviate vascular complications through
restoration of endothelial functions/eNOS activity in type 2
diabetes patients.

(5) GTP Cyclohydrolase. While BH4 is known to be an essen-
tial cofactor for activity of all NOS enzymes, its synthesis is
also important for vascular health [156]. BH4-synthesizing

enzyme GTP cyclohydrolase I (GCH) and BH2 reducing
enzyme dihydrofolate reductase (DHFR) counteract the
intracellular depletion of BH4. GCH is the first-rate limiting
enzyme for BH4 de novo biosynthesis through GTP catalyses
[157]. GCH is constitutively produced in endothelial cells
and its activity is crucial for BH4 bioavailability and proper
endothelial function. Studies show that genetic overexpres-
sion of GCH can prevent endothelial dysfunction in diabetes
[142, 158, 159].

Previously, it was reported that insulin can augment
GCH activities in ECs through a PI3K-dependent pathway
and that insulin-induced vasodilation depends on BH4
biosynthesis [160–162]. However, these mechanisms may
be impaired in the insulin-resistant state. Hyperphenylala-
ninemic (Hph-1) mice are mutants with partially reduced
GCH activity. Studies in the Hph-1 mouse suggest that BH4
deficiency leads to hypertension, increased vascular oxidative
stress, and reduced eNOS activity, which demonstrates that
reduced BH4 levels lead to eNOS uncoupling in the absence
of vascular disease [163]. From these studies it is clear
that increased endothelial BH4 biosynthesis by transgenic
GCH overexpression can alter eNOS uncoupling and can
improve vascular health. Mitchell et al. have reported in a
glucocorticoid-induced rat model of hypertension that GCH
mRNA levels were reduced, and impaired endothelium-
dependent relaxations could be restored by incubating vessels
in sepiapterin (BH4 precursor). This suggests that reduced
BH4 bioavailability is a cause of eNOS uncoupling and
vascular dysfunction [164]. Other studies in the DOCA-
salt hypertensive mouse also showed that decreased BH4
levels were related to reduced GCH activity [165]. Increased
GCH activity through exogenous gene delivery or BH4
supplementation reversed BH4 deficiency and endothelial
dysfunction by reducing superoxide levels.

Study of isolated aortic rings from diabetic rats showed
that overexpression of GCH by gene transfer reverses
diabetes-induced BH4 deficiency and restores NO bioavail-
ability [159]. In another study Meininger et al. showed that
GCH-I activity is markedly decreased in animal models of
types 1 and 2 diabetes, which contributes to endothelial
dysfunction [159, 166–168]. Alp et al. showed that an
increase in endothelial BH4 levels, NO bioavailability, and
reduced endothelial superoxide production were observed
in a transgenic human GCH overexpressor mouse model
of diabetes compared to diabetic wild-type mice [158].
These studies strongly indicate that the depletion of BH4,
NO bioavailability, and increased endothelial superoxide
production are interrelated in the diabetic condition. While
prevention of decreased BH4 levels through overexpression
of GCH restores vascular function, other mechanisms such
as endothelial GCH phosphorylation have yet to be explored
during diabetes and other vascular complications.

(6) Arginase. Vascular dysfunction is a major cause of
morbidity and mortality in diabetic patients [169]. Reduced
L-arginine availability has been implicated as a cause of
vascular dysfunction in diabetes and other diseases. Arginase,
which catalyzes L-arginine to urea and ornithine, competes
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directly with NOS for L-arginine. Increase in arginase
activity leads to decreased cellular arginine levels and its
availability for eNOS thereby decreasing NO production and
generation of superoxide by eNOS [170, 171]. Enhanced
arginase activity has been implicated in a number of vascular
dysfunctional states including diabetic erectile dysfunction
[172–175].

There are two mammalian variants of arginase, arginase
I and II, which are differentially expressed in various tissues
[173, 176, 177]. Arginase I is localized to the cytoplasm
and prominently expressed in the liver, whereas arginase
II is located in the mitochondria and expressed in the
kidney. Arginase activity increases in the liver of diabetic
rats [178, 179]. Reports from diabetic animals and patients
demonstrate that arginase activity is increased under diabetic
conditions [180, 181], while decreased insulin signaling is
associated with diabetic insulin resistance. It is important
to note that insulin represses gene expression of urea cycle
enzymes, thus increased arginase activity may be linked
with decreased insulin signaling which requires further
study.

Increased arginase expression reduces NO synthesis in
diabetes resulting in impairment of normal endothelial
functions such as vascular remodeling responses [182].
This suggests important roles played by arginase leading to
many of the vascular complications observed during diabetes
[183]. Arginase I has been reported to be upregulated in
porcine coronary microvessels, which consequently lead to
diminished vasodilation [175]. In another study Zhang et
al. showed in pigs with experimental hypertension that
NO-mediated dilation of coronary arterioles is reduced
due to increased arginase I activity, which leads to limited
availability of L-arginine [173]. Romero et al. showed
that in coronary arteries of diabetic rats that arginase I
activity results in a diminished NO-mediated response
contributing to vascular endothelial dysfunction, due to
decreased availability of L-arginine for eNOS [184]. Recently
Grönros et al. demonstrated that type 2 diabetic Goto-
Kakizaki (GK) rats have increased arginase II expression,
along with coronary artery microvascular dysfunction [185].
Importantly, microvascular function was normalized after
arginase inhibition highlighting that arginase activity diverts
arginine from NOS and that arginase inhibition increases
NO bioavailability and coronary microvascular function in
the GK type 2 diabetic rat.

Studies with patients indicate that diabetes is associated
with an impaired vasodilator function of coronary arteries
and vasospasm that indicates coronary endothelial dysfunc-
tion [186–188]. Recently Beleznai et al. demonstrated that in
patients with diabetes, arginase I is upregulated in coronary
arterioles, which interferes with NO-mediated vasomotor
responses [189]. In this study, the authors found that the
presence of NG-hydroxy-l-arginine, a selective inhibitor of
arginase, or application of L-arginine restored ACh-induced
coronary dilation in patients with DM. Interestingly, in
nondiabetic patients with other vascular abnormalities either
arginase inhibition or L-arginine supplementation failed
to show any change in vascular responses, indicating that

arginase targets the ACh-mediated response. Further study is
needed to ascertain the role of insulin and other pathological
factors that are affected by increased arginase 1 expression in
diabetes. These findings suggest that targeting arginase could
be a useful treatment of diabetic endothelial dysfunction.

(7) Peroxynitrite’s Role in NO Bioavailability and Endothe-
lial Dysfunction. Diabetes has been shown to increase the
vascular formation of the NO/superoxide reaction product
peroxynitrite. There are several experimental and clinical
studies available that demonstrate the formation of perox-
ynitrite in various tissues during diabetes, especially within
the endothelium [190–194]. Moreover, there are various
mechanisms that underlie the peroxynitrite-induced diabetic
complications [195].

Increased levels of peroxynitrite under high glucose
conditions reduce BH4 production and also reduce BH4
producing enzyme GCH expression, contributing to eNOS
uncoupling [168, 196]. Specifically, peroxynitrite rapidly
oxidizes the active BH4 to inactive dihydrobiopterin (BH2),
leading to eNOS uncoupling [197]. In addition, peroxyni-
trite causes eNOS uncoupling through 26S proteasome-
dependent degradation of GCH leading to the release of
zinc from the zinc-thiolate cluster of eNOS, which pre-
sumably leads to the formation of disulfide bonds between
monomers [146]. Oxidative loss of BH4 may mediate some
of the observed effects of increased reactive oxygen species
production on endothelial function in vascular disease states
[143, 197].

Peroxynitrite targets various biomolecules, leading to
cardiovascular dysfunction through multiple mechanisms
[25]. One of these includes activation of the nuclear enzyme
poly(ADP-ribose), polymerase (PARP-1), which is involved
in the development of diabetic cardiovascular dysfunctions
[192]. PARP-1 leads to the production of inflammatory
mediators such as inducible nitric oxide synthase (iNOS),
intercellular adhesion molecule-1 (ICAM-1), and major
histocompatibility complex class II [198, 199]. NF-κB is
a key molecule in regulating expression changes of these
proteins. Overproduction of peroxynitrite can increase iNOS
through NF-κB activation in endothelial cells [200]. Nagai
et al. have also shown that peroxynitrite increases Nε-
(carboxymethyl)lysine (CML), a major antigenic advanced
glycation end-product (AGE), which activates cell-signaling
pathways such as NF-κB to enhance the expression of
vascular cell adhesion molecule-1 (VCAM) [201], which
is involved in vascular inflammation. Thus evidence from
various studies mentioned above suggests that peroxynitrite
is a major mediator of vascular injury under diabetic
conditions and indicates that effective neutralization of
peroxynitrite formation can be beneficial in restoring NO
bioavailability and vascular health.

(8) Glutathionylation. Protein S-glutathionylation forms by
a direct oxidation of a protein and reduced glutathione
(GSH), by a thiol-disulfide exchange between a protein
Cys and oxidized glutathione (GSSG), and also with S-
nitrosoglutathione [202]. This emerging pathway provides
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an additional mechanism to regulate intracellular redox state
and the generation of reactive oxygen and nitrogen species.
Recent studies indicate the importance of oxidants that
directly impact the function of tissues by altering the struc-
ture of protein cysteinyl thiols. Multiple modes of protein-
cysteine oxidation, such as S-thiolation, S-nitrosylation for-
mation, and intra- and intermolecular protein disulfides are
already known to play a prominent role in redox regulation
[203, 204]. Several cellular signaling mechanisms have been
reported to be modified resulting from protein glutathiony-
lation involving defective insulin signaling resulting from
diabetic conditions, which include NFκB, RyR1, K+ and ATP
channels, PKC, aldose reductase, mitochondrial complex
I, and sarcoplasmic/endoplasmic reticulum Ca2+ ATPase
(SERCA) [205–207]. It is interesting to note that alterations
in these signals were reported in defective insulin secretion
from β cells, insulin sensitization in peripheral tissues,
and complication-related cell injury and tissue damage in
diabetes [208]. Moreover, there is increasing evidence of
functional changes resulting from these glutathionylation
modifications in diabetes, with protein posttranslational
modifications playing an important role in the mainte-
nance and progression of disease pathogenesis [208]. S-
glutathionylation of proteins is the primary mechanism of
thiol redox signaling and therefore has significant impact on
the pathogenesis of diabetes.

Increased formation of glutathionylated Hb HbSSG
represents a change in the oxygen carrying capacity of
hemoglobin and tissue-specific glutathionylation, which may
lead to differential cellular responses. Niwa et al. demon-
strated that there are increased levels of HbSSG observed in
diabetic and hyperlipidemic patients [209]. Increased oxida-
tive stress, lipid peroxidation, and glutathione depletion are
commonly observed in diabetic subjects without microan-
giopathy [210]. Vita et al. have demonstrated in patients
with coronary artery disease that the impaired endothe-
lial NO bioactivity is reversed upon L-2-oxo-4thiazolidine
carboxylate (OTC) delivery, an intracellular GSH inducer
[211]. These studies emphasize the role played by GSH
in regulating endothelial functions during disease states.
S-glutathionylation of eNOS is a crucial switch providing
redox regulation of cellular signaling, endothelial function,
and vascular tone. Some eNOS S-glutathionylation can be
increased under conditions like hypertension, with impaired
vasodilation that is restored by thiol-specific reducing agents
reversing this S-glutathionylation. Chen et al. have recently
shown that cysteine residues Cys689 and Cys908 are critical
for normal eNOS function, which can be glutathionylated to
produce superoxide [125].

Glutathione in its oxidized form (GSSG) has been shown
to regulate the activity of several purified enzymes including
carbonic anhydrase III, protein kinase C (PKC), and human
aldose reductase (AR) [212]. For years, inhibition of AR in
diabetes has been a popular therapeutic approach. Cys298,
an active site of AR for thiol modifications, is known to
regulate substrate binding [213, 214]. S-glutathionylation of
AR, specifically at Cys298, inhibits its activity under normal
glucose concentrations [215, 216]. Likewise, inhibitors of
AR have proved to be effective for therapeutic intervention

in diabetes [213]. Glutaredoxin (Grx) has been reported
to be increased in the diabetic heart and retina of rats
[217], since AR is a regulatory target for Grx, Grx-dependent
inhibition additionally may further enhance AR inhibition.
Future therapeutics could be aimed at targeted inhibition of
AR-mediated glucose signaling, without affecting aldehyde
detoxification to prevent diabetes-associated inflammation
and other vascular abnormalities.

Sarco/endoplasmic reticulum Ca2+-ATPase (SERCA)
actively transport cytosolic Ca2+ into the sarcoplasmic reticu-
lum, thus quenching cytoplasmic Ca2+ signals and regulating
calcium oscillations in response to glucose [218]. Nitric
oxide (NO) stimulates SERCA to decrease intracellular Ca2+

thereby allowing relaxation of cardiac, skeletal, and vascular
smooth muscle [205]. High glucose has been reported
to prevent NO-induced inhibition of VSMC migration
due to Cys674 to serine mutation of SERCA, where this
Cys is also subject to sulfonic acid formation in VSMC
resulting in glutathionylation [219]. These results suggest
a scenario involving increased oxidized thiol resulting in
deglutathionylation modification of SERCA-Cys674-SH to
the sulfonic acid which leads to protein glutathionylation
affecting protein function.

Insulin and downstream signaling critically regulate NO
and associated endothelial cell functions [220]. Studies pro-
vide evidence that glutathionylation of Cys118 and activation
of Ras lead to endothelial insulin resistance, which was only
recovered with Grx overexpression, implicating a role for
Grx as a target treatment in diabetes [221]. Decreased Akt
activity due to high glucose has been reported in diabetic
rats and endothelial cells [222]. Changes in Akt activity
are implicated in multiple signaling cascades that can be
regulated by glutathionylation or interaction with Grx [223].
The mechanism of regulation of Akt phosphorylation by
Grx is still not resolved. However, Murata’s group proposed
that the GSH/Grx system can protect Akt oxidation induced
by H2O2 through glutathionylation of Akt cysteine residues
Cys-297 and Cys-311 [224]. Wang et al. considered that
this Akt protection is via deglutathionylation of upstream
activators such as protein kinase A (PKA) [223]. Protein
kinase C (PKC) is a major pathway that has tissue-specific
implications under diabetic and vascular complications
[225]. PKC isozymes can be oxidatively inactivated by S-
glutathiolation involving endogenous thiols such as GSH
[226]. Clinical trials have shown that Ruboxistaurin, a
PKC-β inhibitor, can induce vascular protection of diabetic
retinopathy [227]; however, Grx-mediated deglutathionyla-
tion of PKC may prove to be an additional therapeutic target
for diabetic vascular complications.

NO synthesis is impaired in glutathione- (GSH-)
depleted endothelial cells and GSH is reduced in patients
with type 2 diabetes mellitus (T2DM) [228]. Martina et al.
have shown that administration of GSH in patients with
T2DM is able to improve platelet constitutive NOS (cNOS)
activity together with a reduction of plasminogen activator
inhibitor (PAI-1) [229]. Endothelial cell NO bioactivity is
relatively sensitive to manipulations of intracellular GSH
[230]. Studies have shown that thiol-manipulating agents
altered endothelial NO bioactivity through mechanisms
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independent of changes in intracellular GSH [211]. In
particular, protein thiol oxidation with diamide appears
to have important implications for endothelial cell NO
bioactivity by a direct effect on eNOS catalytic activity
[231]. Further studies have to be performed to understand
different changes in thiol residues that regulate endothelial
NO activity under diabetic condition.

4.2.2. Role of Endothelial Progenitor Cells in Endothelial Dys-
function and Diabetes. Endothelial progenitor cells (EPCs)
are critical for maintenance and repair of endothelial
cells. They play an important role in angiogenesis as they
proliferate, migrate and differentiate, and are a source for
proangiogenic cytokines [232]. EPCs express markers of
both hematopoietic stem cells (CD34 and CD133) and
endothelial cells (CD146, vWF, and VEGFR2) [233–235].
EPC dysfunction could contribute to the pathogenesis of
vascular disease. There are numerous studies that have
demonstrated, in patients with diabetes and cardiovascular
disease, that the number of EPCs from peripheral blood is
reduced and EPC function impaired [73, 88, 236, 237].

Reports suggest that the number of circulating EPCs
is decreased under both types 1 and 2 diabetes, which
is likely to be involved in the pathogenesis of vascular
complications [88, 238, 239]. In diabetes, the bone marrow
derived EPCs are dysfunctional, producing fewer endothelial
cells with reduced proliferative, and migratory potential due
to oxidative stress [88]. EPCs act as a surrogate marker of
vascular health and indicate cardiovascular risk in healthy
persons [87, 240, 241]. In diabetic patients with vascular
complications, there is a marked reduction of circulating
EPCs compared to those patients without vasculopathy, and
EPC counts correlate with the severity of vascular disease
[87].

Studies performed in vitro show EPCs from diabetic
populations result in endothelial cells with a reduced capacity
to form tubes, thereby inhibiting their ability to revascularize
damage tissues [239, 242]. Kielczewski et al. demonstrated
in renal occlusion model of C57BL/6J.gfp chimeric mice
that insulin-like growth factor binding protein- (IGFBP-) 3
modulates vascular development by regulating EPC migra-
tion and restores the function of injured vasculature and
NO generation [243]. In another study, Feng et al. showed
in umbilical cord-derived EPCs that oxidized low-density
lipoprotein (OxLDL) inhibits EPC survival and impairs
their function, which may lead to inhibition of eNOS
[244]. Recently Reinhard and colleagues have reported
that in patients with type 2 diabetes on multifactorial
treatments designed to improve glycemic control, lower
lipids, reduce hypertension, and thrombosis, there was a
significant increase in the number of EPCs [245]. Vasa et
al. showed that in patients with coronary artery disease
the number and migratory activity of EPCs are reduced,
which may contribute to impaired vascularization [236].
Sorrentino et al. have demonstrated that the reendothe-
lialization capacity of EPCs derived from patients with
diabetes is severely impaired due to oxidative stress and
reduced NO bioavailability [246]. In another publication,
Thum and coworkers have attributed this deficiency to eNOS

uncoupling as a result of diminished tetrahydrobiopterin
(BH4) levels caused by EPC dysfunction in diabetic patients
[247]. However, further studies are required to verify that
increasing EPC numbers will improve diabetic anomalies.
EPCs have also been suggested to function as activators of
mature ECs through secretion of angiogenic factors [248].
These studies provide evidence that EPCs play a crucial role
in regulating eNOS and endothelial functions under vascular
dysfunctions.

It is known that under diabetic conditions there are
increased oxidative stress levels [15]. Increased ROS prompts
the EPCs to produce pathologic cytokines such as mono-
cyte chemoattractant protein-1 (MCP-1), tumor necrosis
factor-α (TNF-α), NF-κB, interleukin-8 (IL-8), elevated
levels of iNOS, and decreased eNOS. The reduced func-
tional activity of EPCs during hyperglycemia involves the
Akt/eNOS pathway, where signaling is downregulated under
diabetic conditions [249]. Ii et al. have attributed the
phenotypic differences of EPCs during diabetes to decreased
thrombospondin-1 expression [250]. There is an indica-
tion that upregulation of cyclin-dependent Kinase (CDK)
inhibitors p16 and p21 leads to a reduction in proliferating
EPCs under hyperglycemic conditions [251]. Information
on molecular mechanisms influencing EPC numbers under
diabetic or vascular dysfunctions is still sparse and deserves
further research to better understand molecular mechanisms
responsible for EPC formation and function.

Therapeutic strategies could take advantage of EPCs
ability to deliver cytokines and growth factors to diseased
tissue to induce revascularization. Identifying the key modu-
lators of physiologically normal functioning EPCs is essential
in determining potential targets for restoring proper EPC
function in diabetic populations. Clinical trials by Hamano
et al. have shown that therapeutic angiogenesis induced
by local implantation of autologous bone marrow cells led
to recovery in patients with ischemic heart disease [252].
Studies performed by Strauer et al. showed similar effects,
thus providing further evidence of the therapeutic potential
of EPCs [253]. Recently, Wang et al. demonstrated that EPC
dysfunction in diabetes may be caused by decreased man-
ganese superoxide dismutase (MnSOD) expression [254]. In
their study they also stated that in diabetic EPCs, expression
of protein phosphatase 2A (which inactivates AMPK) was
upregulated. Systemic hyperoxia is an adjunctive therapy to
stimulate wound healing in diabetic patients, approved by
the United States Food and Drug Administration (FDA).
Previous studies showed that hyperoxia increases NO levels
in vascular tissues via NOS stimulation [255], and bone-
marrow-derived NO increased the number of circulating
EPCs in nondiabetic models [256]. In a study focused on
improving the number of circulating EPCs in a model of
diabetes, Gallagher et al. showed that hyperoxia reversed the
diabetic defect in EPC mobilization, which is a NO-mediated
effect [257]. Stromal cell-derived factor-1α (SDF-1α), a
chemokine that increases EC migration and angiogenesis
mediated through NO [258, 259]. SDF-1α mediates EPC
recruitment in ischemia, reversed the diabetic defect in
EPC homing [257]. Desouza et al. have published recently
that reduced activity and survival of EPCs in diabetic
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rats are caused by elevated NF-κB levels, which results in
decreased phosphorylation of Akt. This can be ameliorated
by knockdown of NF-κB, which restores insulin signaling,
improves EPC survival, and decreases neointimal hyperplasia
[260].

Numerous studies demonstrated the positive effects of
EPCs in repair processes of wound healing, ischemic repair,
limb ischemia, endogenous endothelial repair, and neovas-
cularization [261–263]. On the contrary, EPCs contribute
to pathological neovascularization, and recent studies show
that circulating EPCs are reduced in patients with non-
proliferative diabetic retinopathy (NPDR) but increased in
patients with proliferative diabetic retinopathy (PDR) [264–
266]. These findings suggest the flipside of the EPCs that they
may be associated with proinflammatory and proangiogenic
EPCs, which lead to pathological neovascularization as
observed in PDR. Studies on diabetic retinopathy lead to
explore the possible role of EPCs in tumor angiogenesis
[267]. Lyden et al. have demonstrated in angiogenic defective
tumor resistant Id-mutant mice model that tumor angiogen-
esis is associated with circulating EPCs [268]. Their results
state that impaired VEGF-driven EPC proliferation causes
defective angiogenesis in this mice model. EPCs induce the
endothelial cells leading to neovascular formation followed
by cytokine-mediated recruitment of pro-angiogenic mural
cells at the site of tumor growth [269, 270]. However, the
brighter side of EPCs as a therapeutic modality is more,
compared to its caveats. The promising results coming from
research with EPCs warrant future studies into therapeutic
uses of EPCs for treatment of vascular disease in diabetic
populations.

4.3. Decreased Growth Factors and Cytokines in DM Results
in Impaired Angiogenesis. Expression of various angiogenic
growth factors is reduced during diabetic ischemia. Rivard
et al. have shown that both VEGF protein and mRNA
levels are decreased in ischemic muscles of type 1 diabetic
mice [70]. The authors also showed that VEGF therapy
restored blood flow in nonobese diabetic (NOD) mice.
Insulin resistance also causes decreased expression of VEGF
in type 2 diabetes [271]. Nitric oxide also plays a role in
the angiogenic action of growth factors such as VEGF, FGF,
and TGF-β. The induction of angiogenesis by these growth
factors is blocked by NOS inhibitors [272, 273]. Collateral
formation is impaired in diabetic patients and animal models
of diabetes [70, 92]. Monocytes/macrophages are the major
players in collateral formation. Waltenberger and colleagues
have shown that VEGF-dependent monocyte function is
severely impaired in diabetic patients [72]. Hyperglycemia
and increased AGEs in diabetes cause defective VEGF sig-
naling including inactivation of the VEGF receptor, FLK-1,
which affects endothelial growth and migration, monocyte,
and EPC recruitment and release from bone marrow. These
defects also contribute to impaired arteriogenesis in diabetic
ischemia [274]. EPC release from bone marrow, recruitment
and homing to the ischemic site, is important for postnatal
vasculogenesis, which is defective in diabetes. VEGF and
SDF-1α, which promote EPC recruitment to the ischemic
site, are impaired during vasculogenesis in diabetes [257].

FGF levels are also decreased in skeletal muscle, which
impairs angiogenesis during diabetes [275]. Angiopoetin and
its receptor, Tie 2, also play roles in impaired angiogenesis
in diabetes [276]. Tanii et al. have suggested that PDGF-
BB is decreased in STZ-induced type 1 diabetic mouse
hind limb ischemia [277]. All of the above findings indicate
that defective growth factor expression and signaling during
diabetes impairs all three processes of neovascularization in
diabetes.

4.4. Immune Cell Dysfunction in Diabetes Causing Defec-
tive Peripheral Angiogenesis. Reduced chemotaxis has been
reported in polymorphonuclear neutrophils (PMNs) of
diabetic patients (type 1 and type 2) than in those of healthy
subjects [278, 279]. Another study corroborated reduced
leukocyte chemotaxis in patients with hyperglycemia [278].
Since most PMN functions are energy-dependent processes,
an adequate energy production is necessary for an optimal
PMN function [280]. Glucose needs insulin to stimulate
uptake into PMNs to generate this energy, which may explain
the improvement of the chemotactic response after the
addition of these two substances [281]. There is conflicting
information regarding adhesion of PMNs in DM patients
as some have shown decreased adhesion and others have
shown no alteration [278]. Impairment of phagocytosis is
found in PMNs isolated from poorly regulated patients.
Cytokine release is decreased after stimulation of PMN in
diabetes [278, 282]. Impaired chemotaxis and phagocytotic
properties of monocytes are observed in diabetic patients.
Plasma from healthy control subjects or addition of insulin
does not cause any significant change in the phagocytotic
capacity of diabetic monocytes, it seems that this impaired
function is caused by an intrinsic defect in the monocytes
themselves [283]. In addition to the decreased production
of proinflammatory cytokines following LPS stimulation,
monocyte/macrophage functions are also impaired in DM
type 1 patients. The cellular response of monocytes to
VEGF-A is attenuated in diabetic patients [72]. Impaired
chemotaxis and monocyte phagocytotic activity leads to
reduced cellular innate immunity, thereby increasing the
prevalence of infections and decreasing growth factors which
impair wound healing and angiogenesis in DM patients.

4.5. Differences in Impaired Angiogenesis in Type 1 and
Type 2 Diabetes after Ischemia. Types 1 and 2 diabetes
differ in disease onset, pathophysiological mechanisms, and
symptom severity. Likewise, restoration of blood flow after
ischemia in both types of diabetes also differs. An interesting
study by Yan et al. has shown that blood flow recovery
was delayed and less effective in type 2 diabetes compared
to that in type 1 diabetes [284]. Results from this study
identified that capillary/myofiber ratio and arteriolar size
were more severely diminished in type 2 diabetes due
to attenuated eNOS expression in ischemic tissue and
EPCs. Oxidative stress, as observed through nitrotyrosine
formation, was preferentially increased in ischemic tissue
in type 2 diabetes [284]. EPC migration and incorporation
of EPCs into tubular structures was less effective in type 2
diabetes. The tubule formation defect in EPCs may explain
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the difference in impaired angiogenesis and arteriogenesis
following chronic ischemia in experimental type 2 diabetes.
Rivard et al. have reported that exogenous VEGF rescues
impaired blood flow in type 1 diabetic NOD mice [70];
however, some authors suggest that growth factor or gene
therapy may be insufficient as a sole strategy to enhance
type 2 diabetic revascularization [274]. This result again
indicates the severity of impaired neovascularization in
type 2 diabetes. One of the important sources of conflict-
ing findings in diabetic angiogenesis may be the use of
diverse animal models to induce diabetes, the models them-
selves, and the effect of ischemia on angiogenesis in these
models.

4.5.1. Diabetic Wound Healing. Wound healing occurs as a
cellular response to injury and involves activation of ker-
atinocytes, fibroblasts, endothelial cells, macrophages, and
platelets. These cell types coordinate and maintain healing
through the release of many growth factors and cytokines.
Defective immune cell responses or impaired recruitment
within the wound site results in defective healing in diabetes.
Prolonged diabetes leads to impaired wound healing, a result
of defective angiogenesis [72, 92]. Foot wounds followed
by ulceration are a leading cause of hospital admissions for
people with diabetes throughout the world and is a major
comorbidity associated with diabetes, leading to extreme
pain and suffering and poor quality of life for patients. Data
have shown that diabetic foot ulcers (DFUs) are estimated to
occur in 15% of all patients with diabetes [285] and precede
84% of all diabetes-related lower-leg amputations [286].
There are several ways that uncontrolled diabetes can lead
to diminished wound healing. Firstly, diabetic individuals
often are unable to combat infection due to defective
immune responses. Thus, even small scrapes can transition
to open, infected sores. Secondly, nerve damage in diabetic
patients’ results in lack of peripheral sensory function. Nerve
damage may be prominent in diabetic patients resulting in a
diminished capacity to notice cuts, blisters, or ulcers. Thirdly,
diabetic individuals typically have diffuse atherosclerotic
vessel disease that diminishes blood perfusion leading to a
disruption in wound oxygenation and healing [287]. Lastly,
the DFU may also become a portal for systemic infection
leading to bacteremia, septicemia, and may result in limb
amputation. Importantly, delayed healing of diabetic wounds
is also characterized by impaired angiogenesis and vascu-
logenesis responses [20]. A series of multiple mechanisms,
including decreased cell and growth factor response, lead to
diminished peripheral blood flow and decreased endothelial
cell proliferation and contribute to the lack of wound
healing in diabetes. Excessive ROS production in diabetic
patients is a primary factor contributing to wound healing
deficiencies, which can be reversed using ROS antagonists
[288]. Decreased or impaired production of NO in DM is
mainly due to impairment of eNOS phosphorylation and
deficiency of arginase. There is evidence that NO produced
during the healing process clearly regulates and augments
wound repair [289]. Frank et al. reported that wound healing
and angiogenesis are impaired due to reduced eNOS- and
iNOS-dependent NO production which could also affect

growth factor expression [290]. A recent study showed
that increased ROS delayed wound healing and treatment
with eNOS and MnSOD rectified poor diabetic wound
healing. Antioxidants such as vitamin E have also been
reported to accelerate diabetic wound healing, angiogenic
responses, macrophage function, collagen accumulation,
epidermal barrier function, granulation tissue formation,
keratinocyte and fibroblast migration and proliferation,
number of epidermal nerves, bone healing, accumulation of
extracellular matrix (ECM) components, and their remod-
eling through matrix metalloproteinase (MMPs) [291–293].
Imputed defense responses like defective phagocytic granulo-
cyte function and decreased granulocyte chemotaxis lead to
impaired wound repair in diabetic patients [294]. Nolan et
al. suggested that diabetic ulcers are more prone to impaired
granulocytic function and chemotaxis [295]. Fang et al.
suggested that GM-CSF is reduced in diabetic wounds and
treatment with exogenous GM-CSF enhances wound healing
in diabetes [296]. Nonetheless, prolonged inflammation,
impaired neovascularization, decreased extracellular matrix
remodeling, increased levels of proteinases, and defective
macrophage activity all contribute to poor wound healing in
diabetes.

Bone-marrow-derived EPCs may also play a significant
role in the healing of diabetic wounds. Gallagher and
colleagues reported that EPCs in the bone marrow respond
to chemokine gradients of VEGF and SDF-1α, which result
in the homing of these cells to sites of hypoxia where
they then participate in the formation of new blood vessels
[257]. Bone-marrow-derived EPCs are mobilized to wound
sites by eNOS activation in the bone marrow which is
impaired in diabetics [257]. EPC recruitment to the wound
site depends on upregulation of SDF-1α. Gallagher et al.
also reported a decrease in SDF-1α expression particularly
by epithelial cells and myofibroblasts derived from wounds
of streptozocin-induced diabetic mice; this decrease was
responsible for decreased EPC homing [257]. There is
evidence that expression of growth factors apart from VEGF,
such as FGF or PDGF-BB, is also implicated in decreased
diabetic wound healing. Fibroblast delivery of PDGF-BB
through an absorbable mesh is a clinically efficacious drug
therapy approved by the FDA [297, 298]. Thus it is possible
that simultaneous combined therapies such as upregulation
of growth factors and potential treatments targeting eNOS
activation and EPC recruitment might secure better healing
in diabetes.

4.6. Diabetic Ocular Dysfunctions. There are several possible
mechanisms of excessive angiogenesis in diabetes such as
hypoxia, upregulation of growth factors, integrins, oxidative
stress, AGEs and fibronectins, and others [299]. Among
the growth factors, VEGF has been shown to have potent
proangiogenic activity both in vitro and in vivo. VEGF is
an EC-specific mitogen, a chemotactic agent for EC and
monocytes [72]. VEGF can also recruit EPC to ischemic sites
[8, 300]. There is also evidence that human recombinant
VEGF induces pathological vascular symptoms similar to
diabetic retinopathy in nonhuman primates. Williams sug-
gested that VEGF can be induced and stabilized by hypoxia,
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hyperglycemia, and various cytokines such as TGF-β and
IL-1 [301]. It has been reported in patients of diabetic
retinopathy that there are abnormal levels of VEGF in
vitreous and aqueous humor. Increased levels of VEGF and
FGF at the site of abnormal angiogenesis were also reported
in patients with diabetic retinopathy and nephropathy,
respectively [302, 303].

VEGF expression is elevated in diabetic retinopathy by
increased ROS levels mediated through AGEs [304]. H2O2

stimulates cell migration and proliferation in endothelial
cells, and ROS directly modulates VEGF-A expression and
vascular smooth muscle cell proliferation [304]. It has also
been suggested that both the gp91phox-containing NADPH
oxidase and Rac1 play a major role in VEGF-A-induced
endothelial cell proliferation [69]. These studies indicate
that AGEs induce angiogenesis through differential signaling
under diabetic retinopathy, through ROS generation.

Recently, possible involvement of inflammation in dia-
betic retinopathy has been recognized. Proinflammatory
cytokine like TNF-α is identified as an initiator of inflamma-
tory reactions in retinas of patients with diabetic retinopa-
thy and rodent model of diabetes mellitus [305, 306].
Increased expression of inflammatory mediators such as
IL-1β, CCL5, and CXCL12, and adhesion molecules such
as ICAM-1 and VCAM-1 in diabetic retinopathy patients
also increase inflammation in the vessels [307–309]. In
addition, leukocytes recruitment at the vascular endothelium
is a factor of inflammation in diabetic retinopathy [310].
Mcleaod et al. reported that numbers of neutrophils are
significantly elevated in both retinal and choroidal vessels
from diabetic patients that correlate with upregulation of
ICAM-1 and P-selectin in the vessels [311]. These studies
comprehensively suggest that diabetic retinopathy may also
be an inflammatory disease.

Integrin adhesion molecules are necessary for cellular
migration and organization of growth factor signaling within
extracellular compartment to induce angiogenesis [312].
Studies reveal that many endothelial cell integrins such
as α1β1, α2β1, α4β1, α5β1, α6β1, α6β4, α9β1, αvβ3, and
αvβ5 are involved in the regulation of endothelial functions
leading to angiogenesis [313]. Casaroli Marano and his col-
leagues reported that integrin α5β1 is upregulated in diabetic
retinopathy [314]. Moreover, blockage of integrins leads to
blunt the motility and growth of cells necessary for angio-
genesis in hypoxia-induced retinal neovascularization [315].
Hyperglycemia causes overexpression of fibronectin that in
turn degrades into a proangiogenic form of fragmented
fibronectin that results in aberrant angiogenesis, as observed
in diabetic retinopathy [316]. These studies indicate that
in patients with diabetes integrins induce proangiogenic
signaling resulting in aberrant signaling under diabetes that
is characteristic of diabetic retinopathy, nephropathy, and
macrosomia.

4.7. Endothelial Cell Dysfunction—Diabetic Therapy. Dia-
betes is a metabolic disorder characterized by impaired
endogenous insulin secretion and activity, reduced NO
production and increased production of free radicals, or
impaired antioxidant defenses. The predominant factor in

diabetes-mediated complications is endothelial dysfunction.
The mechanisms that lead to endothelial dysfunction in
diabetes are complex. Single therapy may not adequately
improve endothelial function, so it is necessary to target
multiple factors for therapeutic intervention of endothelial
dysfunction. There are numerous risk factors that can cause
endothelial cell damage under diabetes such as hypergly-
caemia, insulin resistance, dyslipidaemia, increased oxidative
stress, inflammation, and hypertension [317, 318]. Most
interventions targeting more than one risk factor of endothe-
lial damage only can improve endothelial functions [319].
Treatments that improve endothelial function systemically,
like ACE inhibitors, statins, metformin, antioxidants, folate,
PKC-inhibitors, and supplements like L-arginine, BH4, folic
acid, and polyphenols also appear to provide protection
from diabetes mediated vascular events [320–324]. There are
several clinical trials investigating the therapeutic regulation
of endothelial function in patients with type 2 diabetes
mellitus [320–322, 325–328]. However, there is no single
therapy to date that can provide complete protection from
diabetes-induced vascular events.

4.7.1. Antioxidant Therapy. Increased free radical generation
represents vascular endothelial dysfunction in type 1 and
type 2 diabetes [9]. Antioxidant therapy has been an easy
and well-known choice to reduce diabetes-mediated vascular
abnormalities. Previous studies showed that there is an
improved endothelium-dependent relaxant response with
various antioxidant agents, including superoxide dismutase
(SOD) [329, 330]. This paradigm has gradually shifted as
further studies demonstrated that antioxidant therapy alone
is not sufficient; results with various antioxidants, namely,
vitamins E and C, have had disappointing results [331, 332].
Now it is almost certain that antioxidant therapy is an option
that must be used in combination with other therapies to
alleviate vascular abnormalities.

In a study Ting et al. demonstrated that intra-arterial
administration of vitamin C (24 mg/min) in diabetic
subjects, augmented methacholine mediated endothelium-
dependent vasodilation, whereas this is not reflected in
nondiabetic subjects [105]. In another study by Timimi et
al. in insulin-dependent diabetes mellitus patients, vitamin
C selectively restored the impaired endothelium-dependent
vasodilation in the forearm resistance vessels of these
patients. These findings indicate that adequate scavenging
of oxidant radicals by parenteral administration of ascorbate
(vitamin C) restores endothelium-dependent vasodilation in
both type 1 and type 2 diabetes [105, 333].

Koo et al. have shown in diabetic rats that antioxidant
therapy was ineffective when administered alone and was
effective only when combined with insulin treatment [334].
Results of their work show that insulin therapy results in
significant, but incomplete reduction in blood pressure and
other ROS-mediated parameters, while antioxidant therapy
alone had no effect on these parameters. However, combined
insulin and antioxidant therapies show the desired effects in
diabetic animals. Beckman et al. in their study on diabetic
patients receiving oral vitamin C (1,000 mg) and vitamin E
(800 IU) daily or matching placebo for 6 months showed that
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oral antioxidant therapy improves endothelium mediated
vasodilation in type 1 but not type 2 diabetes [335]. There
are certain clinical trials that state that vitamin E supple-
mentation reduces cardiovascular events in individuals with
diabetes mellitus and the Hp 2-2 (haptoglobin, a major
antioxidant protein) genotype [336].

Although many pathways are invoved in ROS-induced
endothelial dysfunction in both types of diabetes, few effec-
tive antioxidant approaches have achieved clinical success.
Various factors make traditional antioxidant therapy ineffi-
cient at mediating oxidative stress during diabetes. Antioxi-
dants such as vitamin E or C are required in extremely high
concentrations to reduce levels of peroxynitrite. Moreover,
there is insufficient evidence to demonstrate that vitamin
E reaches target cells. Over the last decade several studies
have suggested that antioxidant therapy only delays diabetes-
induced endothelial dysfunctions, rather than providing
complete recovery.

4.7.2. Metformin. Metformin is a first-line oral antidiabetic
drug of choice in the biguanide class of drugs. Metformin
reduces LDL cholesterol and triglyceride levels and is the
only antidiabetic drug that has been shown to prevent
cardiovascular complications caused by diabetes [337, 338].
Metformin targets to ameliorate the insulin resistance mainly
in the liver and muscle, thereby lowering blood glucose.
Metformin primarily reduces the hepatic glucose output by
regulating gluconeogenesis [337, 339, 340].

Previous studies by Mather et al. also showed that
metformin improved vascular endothelial functions and
insulin sensitivity in patients with type 2 diabetes [320]. De
Jager et al. have shown that in patients with type 2 diabetes
treated with insulin, metformin treatment was associated
with improvement of endothelial function by decreasing
expression of VCAM-1, E-selectin and PAI-1, which were not
related to changes in glycemic control [341]. In another study
Vitale et al. showed that metformin improves both insulin
resistance and thereby endothelial function, measured by the
homeostasis model, in patients with metabolic syndrome
[342]. In a clinical study De Aguiar et al. demonstrated
the endothelial protective effects of metformin in patients
with diabetes and metabolic syndrome. In their study
metformin leads to decreased weight, BMI, systolic blood
pressure, and fasting plasma glucose, and improved lipid
profile. Endothelium-dependent forearm blood flow (FBF)
responses were also improved [343].

In contrast to these reports there are studies that report
metformin has no significant effects on endothelium in
patients with type 2 diabetes [344]. The UK Prospective
Diabetes Study showed that although monotherapy with
metformin and also sulfonylureas or insulin can achieve
good glycemic control initially, sustained control with these
agents fails in 50% of patients after three years [345]. There
should be multiple therapies which target different aspects
of diabetic abnormalities to protect vascular function and
obtain adequate long-term glycemic control. Metformin
causes this beneficial effect through several mechanisms: (1)
direct reduction of insulin resistance in type 2 diabetes, (2)

antioxidant effects in both types of diabetes, which ultimately
increases NO bioavailability, and (3) direct effect on vascular
endothelial and smooth muscle cells causing vasorelaxation
[320]. All of these will finally improve endothelial dysfunc-
tion in diabetes.

4.7.3. AMPK an Emerging Therapy for Vascular Dysfunction
in Diabetes Mellitus. Studies show that metformin activates
AMP-activated protein kinase (AMPK), an enzyme that
plays a key role in insulin signaling and glucose metabolism
[346]. Metformin requires AMPK to induce its inhibitory
effect on glucose production by liver cells [347]. This
concept is further strengthened by the studies from Kim
et al. who demonstrated that hepatic SHP gene expres-
sion induced by metformin requires AMPK and further
inhibits the expression of hepatic gluconeogenic genes [338].
However, the AMPK-metformin crosstalk has not been
well studied. Even pharmacological agents such as statins,
thiazolidinediones, and rosiglitazone, to mention a few, are
mediated in part by activation of AMPK in endothelial
cells [348]. AMPK regulates eNOS activity and promotes
eNOS association with heat shock protein 90 (HSP90)
[349, 350]. Studies show that AMPK is involved in sup-
pression of inflammatory agents such as NF-κB, regulating
ROS/ONOO−, and also inducing mitochondrial biogenesis
via PGC-1α induction in the endothelium [349]. In another
study, adiponectin exerted cardioprotective affects during
myocardial ischaemia-reperfusion that involves AMPK acti-
vation and production of endothelial NO thereby improving
endothelial functions [351]. These studies show that AMPK
contributes to prevention of ischemic heart disease through
eNOS bioactivity and endothelial function. Further studies
are warranted to explore the role of AMPK as a therapeutic
agent for diabetes.

4.7.4. Dipyridamole. Dipyridamole is a well-known anti-
platelet agent, which is used with aspirin for ischemic
stroke treatment and to restrict the progression of arterial
occlusive disease [352]. Dipyridamole may inhibit adeno-
sine uptake and cGMP-specific phosphodiesterases (PDE),
thereby potentiating cGMP-mediated nitric oxide actions
[352, 353]. De La Cruz et al. showed that aspirin plus
dipyridamole showed prevention of ischemic cerebrovas-
cular events like inflammation, as compared with other
antiplatelet drugs or aspirin alone [354]. Vallon and Oss-
wald have shown in an early diabetes model of rats that
daily treatment with dipyridamole rectified diabetic kidney
function by reducing interstitial adenosine concentrations
in the kidney [355]. Dipyridamole may also augment
coronary collateral development and cardiac function after
ischemia/reperfusion injury [356, 357].

Dipyridamole also induces neuroprotection, antiplatelet
effects, prolonged angiogenic effects, and an antioxidant
effect [356, 358–360]. According to this “radical theory,”
ischemic tissue injury associated with ischemia-reperfusion
determines an increased oxidative stress which can con-
tributes significantly to worsening of tissue injury [361].
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There are studies that show direct powerful antioxidant
properties of dipyridamole which protects NO bioavailability
[362, 363]. Recent studies by our group also showed
that dipyridamole therapy stimulates arteriogenesis dur-
ing chronic hind-limb ischemia involving an endocrine
NO/nitrite system [364].

Iuliano et al. have demonstrated that dipyridamole
exhibits an antioxidant effect in inhibiting lipid peroxi-
dation of methyl linoleate, and in the oxidation of low-
density lipoprotein (LDL) [365]. Kusmic et al. observed
that dipyridamole prevents lipid peroxidation and exhibits
antioxidant properties in an ex vivo model [366]. Garćia-
Fuentes et al. demonstrated in White Leghorn chicks that
coconut oil-induced hypercholesterolemia was blunted with
dipyridamole therapy [367]. Recently our group examined
for the first time the role of dipyridamole in a mouse type
2 diabetic model to reduce oxidative stress as a protective
mechanism of ischemia-induced angiogenesis during dia-
betes [368]. Dipyridamole therapy selectively and rapidly
restores ischemic hind-limb blood flow in the diabetic mouse
suggesting that it not only augments nitrite/NO endocrine
functions but also directly reduces oxidative stress. There are
earlier studies that showed altered blood glucose levels and
maintenance of NO bioavailability following dipyridamole
therapy [369–371]. Previous study by our group has shown
that dipyridamole increases NO bioavailability by PKA
dependent-eNOS pathway [364]. Another possible mode
of dipyridamole action is through its antiplatelet effect.
Therefore, antioxidant effect increased NO bioavailability
and antiplatelets effect of dipyridamole improves endothelial
dysfunction in both type of diabetes. Currently, metabolic
effects and mode of action of dipyridamole therapy in
diabetic vascular dysfunctions, such as diabetic retinopathy,
are not known. Extensive studies in this line are much needed
to understand the mechanistic aspects of dipyridamole
during diabetes.

5. Conclusions

From the above discussion, it is obvious that endothelial
dysfunction leading to defective angiogenesis in diabetes
is multifactorial. Some of these factors are increased ROS
and AGEs, decreased growth factors and cytokines, and
altered immune cell responses. Similarly, defective diabetic
wound healing is due to downregulation of different growth
factors and overproduction of ROS leading to decreased NO
bioavailability. On the other hand, excessive angiogenesis in
diabetic retinopathy is multifactorial, as it involves increased
growth factor and cytokine expression and increased oxida-
tive stress, AGEs, and so forth. Researchers are trying
to identify different agents that could provide vascular
benefits from diabetes. Recent studies on therapies aimed
at multiple factors of disease progression may act as an
adjunct to the available conventional therapies. Improving
clinical methodologies and techniques can further help in
identifying the extent of endothelial damage, which could
prevent the risk of disease progression. Studies aimed at
combination therapies could prove beneficial to enhance
protection against vascular complications during diabetes.
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As our understanding of molecular mechanisms leading to vascular formation increases, vessel maintenance including stabilization
of new vessels and prevention of vessel regression began to be considered as an active process that requires specific cellular
signaling. While signaling pathways such as VEGF, FGF, and angiopoietin-Tie2 are important for endothelial cell survival and
junction stabilization, PDGF and TGF-β signaling modify mural cell (vascular smooth muscle cells and pericytes) functions,
thus they fortify vessel integrity. Breakdown of these signaling systems results in pathological hyperpermeability and/or genetic
vascular abnormalities such as vascular malformations, ultimately progressing to hemorrhage and edema. Hence, blood vessel
maintenance is fundamental to controlling vascular homeostasis and tissue functions. This paper discusses signaling pathways
essential for vascular maintenance and clinical conditions caused by deterioration of vessel integrity.

1. Introduction

The vascular system is not only essential for the maintenance
of tissue homeostasis, but also important for managing a
wide variety of physiological processes. Blood vessels are
actively remodeled and reorganized depending on the tissue
oxygen demand, suggesting that the maintenance of blood
vessels is an active process achieved by a specific biological
program. While the biology leading to new vessel formation
has been extensively investigated in the last couple of decades
[1], the stabilization of the newly formed vessel and the
maintenance of the existing vasculature have not received
significant attention. Part of the reason for this under appre-
ciation is the general assumption that blood vessel patency
is maintained as a passive process relying on continuous
blood flow. This idea has been widely accepted as clinical
observations clearly indicate that hemodynamic changes
leading to a decrease or cessation of blood flow results in
vessel regression [2]. There is little doubt that blood flow is
critically important for determining the vessel fate; however,
the recent advance of vascular biology strongly argues for
the autonomous fate control achieved by blood vessels.

Although this is primarily mediated by endothelial cells
which appear to have intrinsic mechanisms to sense envi-
ronmental changes and accordingly remodel blood vessels,
recent studies indicate pivotal contribution made by vascular
mural cells especially pericytes which can stabilize vessels in
part through modulating the endothelial phenotype [3].

The notion of active signaling required to maintain
the vasculature is supported by several lines of evidence:
(1) as angiogenic growth factors can promote new vessel
formation, inhibition of those growth factors in tumor or
tissue has been demonstrated to cause vessel regression
with variable sensitivity [4–6], (2) disruption of endothe-
lial junctions causes endothelial cell apoptosis leading to
disintegration of blood vessels [7, 8], and (3) numerous
mouse knockout studies describe vascular insufficiency in
the later stage of development at which initial vascular
development has been completed and blood circulation is
established. These embryos show lethality at E9.5 or later
due to vascular fragility leading to uncontrolled hemorrhage
and edema. The list of the genes that are implicated in the
maintenance of vessel integrity has been provided in the
recent review [9], and the number of studies describing the
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similar phenotype is still growing. In these animals, while
blood vessels form initially with normal vasculogenesis and
angiogenesis, the maintenance of developing or once-formed
vessels is impaired at the later stage of development. This
observation implies that vessel formation and maintenance
are differently regulated and equally important for producing
sustainable tissue perfusion. Furthermore, these studies
collectively demonstrated that many cellular and noncellular
components in the blood vessel coordinately regulate the
maintenance of vessel integrity at varying degrees in different
vascular beds. These include endothelial cells, pericytes,
smooth muscle cells, fibroblasts, glia cells, inflammatory
cells, and the extracellular matrix (ECM) [9].

2. Lessons from Clinical Trials for
Therapeutic Angiogenesis

The discoveries of angiogenic growth factors considerably
advanced our understanding on biology underlying new
vessel formation. This subsequently laid the foundation
for new possibilities in the treatment of ischemic diseases
over the conventional medical management and invasive
procedures such as catheter-based angioplasty and coronary
bypass surgery. The new approach to facilitating the endoge-
nous revascularization process has been termed therapeutic
angiogenesis. The potential impact of therapeutic angiogen-
esis in clinical medicine is significant because it will enable
us to achieve tissue perfusion by manipulating intrinsic
blood vessel growth. However, over the past decades, many
attempts to develop biological interventions for therapeutic
angiogenesis have not produced significant clinical benefits
despite the initial success in preclinical studies. Double-blind
randomized clinical trials aiming at biological revascular-
ization in patients with ischemic heart diseases have failed
to demonstrate therapeutic efficacy of any single growth
factor delivery [10–12]. These studies led to the conclusions
that (1) administration of a single growth factor triggering
only the initial phase of angiogenesis is not sufficient to
drive the whole angiogenic process, (2) vascular maintenance
is a crucial process to establish functionally meaningful
perfusion, and (3) reevaluation of the detailed biological
mechanism of new vessel formation is imperative for the
successful clinical application.

As currently understood, new vessel formation is trig-
gered by endothelial cell activation and sprouting coor-
dinated with controlled detachment of the surrounding
mural cells, and proteolytic remodeling of the basement
membrane and the extracellular matrix. This initial step
is followed by assembly into a nascent vascular structure,
lumen formation, and, finally, maturation of the newly
formed endothelial tube and expression of endothelial cell
survival factors. Throughout the process, proangiogenic fac-
tors such as vascular endothelial growth factor (VEGF) and
fibroblast growth factor (FGF) differentially regulate defined
subpopulations of endothelial cells in the angiogenic sprout,
promoting endothelial migration at specialized tip cells and
proliferation of the stalk cells. Mural cells are then recruited
by platelet-derived growth factor (PDGF) and transforming

growth factor-β1 (TGF-β1) to stabilize the nascent blood
vessels. In contrast with the initial phase of vessel sprouting,
endothelial cells stop migration and proliferation in the
maturation step and restore the barrier function of vessels.
It is, therefore, reasonably assumed that to counteract the
action of proangiogenic factors, vessel stabilization requires
activation of distinct cellular signaling pathways different
from those that initiate vascular cell mobilization. In fact,
VEGF-A, one of the most potent growth factors that initiates
strong vascular growth, is known to increase vascular perme-
ability [13], which, in turn, can compromise the barrier func-
tion when its action persists. By contrast, other angiogenic
growth factors such as fibroblast growth factor 2 (FGF2) and
angiopoietin 1 (Angpt-1) do not cause vascular hyperper-
meability. While both FGF2 and VEGF-A are potent angio-
genic stimulators, capillaries generated by FGF2 are tightly
sealed and morphologically different from VEGF-induced
capillaries which have multiple fenestra and transendothelial
channels [14]. This strongly suggests that VEGF and FGF
induce expression of unique subsets of genes by activating
distinct signaling programs in the angiogenic process [15]. In
view of this, it is considered that understanding of the specific
role of each growth factor at specific stages of vascular devel-
opment is important to successfully control the angiogenic
process. Thus, the approach to control vascular stabilization
and maintenance needs to be also considered in the practical
application of therapeutic angiogenesis in the future.

3. Molecular and Cellular Components
Important for Vessel Maintenance

3.1. VE-Cadherin-Based Endothelial Junction. Endothelial
intercellular junctions, critically important for the main-
tenance of vascular integrity, are comprised of distinct
adhesion structures including adherens, tight, and gap junc-
tions [16]. Unlike epithelial junctions which are vertically
polarized, endothelial adherens and tight junctions, con-
tributing to the structural maintenance of the endothelium,
are intermingled and do not assume stratified localization
[17]. Interestingly, in endothelial cells, although VE-cadherin
can form a complex with polarity proteins such as Par6 and
Par3, this complex lacks atypical-PKC which is required for
polarity formation in epithelial cells [18]. This may explain
nonstratified endothelial adherens and tight junctions. It
is generally regarded that adherens junctions are primar-
ily important for the control of endothelial permeability
whereas tight junctions are dependent on the formation of
adherent junctions and implicated in blocking the movement
of lipids and integral membrane proteins between the apical
and basolateral surfaces of the cell [16, 19].

In endothelial cells, VE-cadherin, a calcium-dependent
adhesion protein mediating transhomophilic interactions,
localizes at cell-cell contacts, regulating the formation of
adherens junctions, and linking the site of the junc-
tion to the actin cytoskeleton. In the quiescent endothe-
lium, VE-cadherin-based junctions are subjected to contin-
uous reorganization, which renders endothelial junctions
highly dynamic and sensitive to extracellular stimuli.
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In fact, during the process of new vessel formation, endothe-
lial cells undergo dynamic rearrangement upon angiogenic
stimuli while continuously reorganizing cell-cell junctions
and maintaining barrier function at the same time. This
coordination is largely regulated by adhesion molecules at
intercellular junctions and is particularly important for tube
stabilization and restoration of the full barrier function.
Thus, junction proteins play a critical role in controlling
vascular integrity both in developing and existing vessels.
Among these, VE-cadherin is crucial for this regulation for
its capability to remodel actin cytoskeleton via modifying the
function of small GTPases [20]. Disruption of VE-cadherin
function in the developing vasculature or the adult vascu-
lature results in severe outcomes manifested by significant
defects in the vasculature due to vessel collapse, regression,
and endothelial apoptosis, leading to extensive hemorrhages
[7, 8]. Mouse embryos lacking Cdh5, encoding VE-cadherin,
die at E9.5 due to defects in vessel remodeling [7].

3.2. Pericyte-Endothelial Cell Interaction. Pericytes are mes-
enchymal-derived cells which are positioned around microv-
essels and cover gaps between endothelial cells [3, 21].
Although pericytes and endothelial cells are embedded
within the same basement membrane, they make special
interfaces at peg and socket contacts where the base-
ment membrane is absent and gap and adherens junc-
tion constituents are deposited. Besides forming physical
contacts, the peg-socket contact is thought to facilitate
communication between these two cell types, in which
pericytes and endothelial cells respond to signals generated
by the counterpart [22]. As has been described extensively
in numerous mouse genetic models, failure of pericyte-
endothelial cell communication results in severe and often
lethal vascular defects at the later stage of embryogenesis
exemplified by impaired vascular formation, stabilization,
and remodeling. While in these mice, vascular develop-
ment is initiated by vasculogenesis and angiogenesis, sub-
sequent vessel maturation and stabilization are defective
with reduced pericyte coverage. Pericyte-endothelial cell
interaction is mediated by multiple growth factor systems
including PDGF, TGF-β, sphingosine-1-phosphate, Tie-2,
and Notch, which are required for pericyte differentia-
tion, recruitment, and expansion. On the other hand,
pericyte coverage promotes vessel maturation by resolving
angiogenic signals and reducing endothelial proliferation.
Alterations in pericyte density or the stable attachment of
pericytes to endothelial cells are associated with human
pathological conditions such as diabetic microangiopathy,
venous malformation, and hereditary stroke and dementia
syndrome CADASIL. Moreover, pericytes of tumor vessels
present multiple abnormalities, including an abnormal shape
and altered gene expression of more immature and less-
contractile markers [23]. These pericytes show loose asso-
ciation with the endothelium and extend cellular processes
into the stroma. Aberrations in pericyte-endothelial cell
communication are attributed to the aggressive nature of
tumor angiogenesis and the high incidence of metastasis
[24]. Signaling systems and pathological conditions related
to pericyte functions are discussed in the following sections.

3.3. Extracellular Matrices and Matrix Metalloproteinases. As
a major structural component of resistant vessels, the ECM
plays a substantial role in the maintenance of vessel integrity.
The ECM of the blood vessel wall exists mainly in three
forms: the interstitial matrix which fills intercellular spaces
of the media and the adventitia, elastic laminae of artery,
and the basement membrane which is a sheet-like structure
that localizes underneath the endothelium and supports
both endothelial cells and pericytes [25, 26]. Reduction
of the ECM component in the vascular wall predisposes
to compromised vascular structural integrity. For example,
patients with osteogenesis imperfecta and Ehlers-Danlos
syndrome caused by genetic disorders of major fibrillar
collagens such as type I and type III collagen, respectively,
often present aortic aneurysm and its rupture in early
adult life [27]. Aortic aneurysm also occurs as a result
of atherosclerotic changes in which normal architecture of
aorta is progressively destructed by increased activity of
matrix degrading enzymes, potentially leading to devastating
rupture as the disease advances [28]. Besides the degenerated
vessel wall, aortic aneurysm features chronic inflammation
and a loss of ECM such as medial elastin. Increased matrix
metalloproteinase (MMP) production/activity in the vascu-
lar wall is thought to be responsible for ECM degradation
of this disease. Specifically MMP-2 and MMP-9 have been
implicated in the pathogenesis of aneurysm due to their
capability to degrade elastin and increased expression levels
in the aneurysm tissue and the plasma of patients [29].
Moreover, the imbalance of MMPs and tissue inhibitors of
MMPs (TIMPs) is believed to promote disease progression.
In the mouse genetic model, whereas either MMP-2 or
MMP-9 deficiency is resistant to aneurysm formation [30,
31], disruption of TIMP-1, an MMP-9 inhibitor, leads to
exaggerated aneurysm growth [32]. These results confirmed
the contribution of MMPs to aneurysm formation and
progression through ECM degradation and subsequent
impairment of structural integrity of large vessels.

As ECM degradation by MMPs activates quiescent
endothelial cells and thus triggers angiogenesis, constitutive
endothelial-matrix interaction is thought to maintain vas-
cular homeostasis and thereby prevent angiogenic vascular
growth [33]. Therefore, endothelial attachment to the base-
ment membrane is important for the establishment of stable
and mature blood vessels. Besides the basement membrane,
the adventitial matrix mainly containing fibrillar collagens
and fibronectin produced by fibroblasts also contributes to
the maintenance of vascular integrity not only as structural
scaffold, but also as a mediator of vascular remodeling in
response to flow changes or vascular injury [34]. Recent
study revealed the dynamic nature of adventitial fibroblasts
which are capable of modulating vascular functions through
a paracrine mechanism. Fibroblasts secrete cytokines, growth
factors, and reactive oxygen species (ROS), actively control-
ling endothelial cell interaction with leukocytes and thus the
inflammatory process of the vascular wall.

The importance of the ECM in embryonic vascular
development has also been shown by an observation of mice
lacking histone deacetylase 7 (HDAC7). HDAC7, exclusively
expressed in the vascular endothelium in the early embryonic
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stage, maintains vascular integrity by repressing MMP-10
expression. HDAC7 null mice show embryonic lethality after
E11.0 due to a failure of endothelial cell adhesion, leading to
vessel dilatation and rupture [35].

3.4. Protein Tyrosine Phosphatase and Reactive Oxygen Species
(ROS). Although physiological levels of ROS, serving as a
signaling mediator in the vascular system, are important
for the maintenance of vascular homeostasis and vascular
integrity, oxidative stress induced by elevated levels of ROS
may contribute to the initiation and development of vascular
dysfunction associated with hypertension and diabetes [36].
The mechanism of action by which ROS cause vascular
dysfunction includes protein oxidation by oxidants such as
peroxynitrate anion (OONO−) and H2O2. These ROS can
increase tyrosine nitration (nY), cysteine (Cys), and zinc
thiolate (ZnS4) oxidation, affecting important cardiovascular
proteins such as eNOS, prostacycline synthase, MnSOD, and
sarcoendoplasmic reticulum calcium ATPase (SERCA) [37].

Protein oxidation may also lead to junction instability by
targeting important components of the junction structure.
Increased vascular permeability is usually reversible and does
not deteriorate vascular integrity because endothelial cells
can quickly restore the barrier function by reestablishing VE-
cadherin-based junctions; however, prolonged permeability-
inducing stimuli may cause a more profound effect such as
accumulation of ROS. ROS can irreversibly inactivate protein
tyrosine phosphatases (PTPs) by oxidizing a Cys residue in
the catalytic center, thereby affecting the function of PTPs
[38]. Given the importance of VE-PTP and other tyrosine
phosphatases in the stabilization of the VE-cadherin com-
plex, accumulation of ROS in endothelial cells may impair
endothelial barrier function by hyperphosphorylation of VE-
cadherin, thus deteriorating vascular homeostasis [39, 40].

4. Signaling Systems That Control
Vascular Stability

4.1. VEGF Signaling. The VEGF gene family consisting of
VEGF-A, B, C, D, and placenta growth factor (PlGF) in
humans is essential for a wide variety of vascular functions
[41]. Multiple isoforms of VEGF generated by alternative
splicing differ in their ability to bind heparan sulfate, which
determines their bioavailability, and may play distinct roles
in vascular development [42]. VEGF-A is a potent angiogenic
factor originally identified as a factor capable of increasing
vascular permeability through disruption of endothelial
junctions [43]. Endothelial junction stability is primarily
achieved by VE-cadherin homophilic interactions which
form intercellular adherens junctions. VEGF-A induces
phosphorylation of Y658 and Y731 at the VE-cadherin
cytoplasmic domain via Src activation, disrupting binding
of p120-catenin (p120) and β-catenin, respectively. Dissocia-
tion of catenins especially p120 increases endothelial perme-
ability by dismantling VE-cadherin-based junctions, which
is sufficient to maintain endothelial cells in a mesenchymal-
like state with a promigratory phenotype [44, 45]. While
VEGF controls VE-cadherin stability by inducing catenin

uncoupling and VE-cadherin internalization, signaling from
cell-cell junctions can also regulate growth factor signaling
leading to actin reorganization. In fact, VE-cadherin mod-
ulates VEGF-induced Erk1/2 and Akt activation and shear
stress response [46, 47].

Although VEGF-A disrupts endothelial junctions, which
can potentially compromise vascular integrity when the
action is prolonged, VEGF signaling is indispensable for
physiological endothelial functions and vascular homeosta-
sis. Apart from the angiogenic property, VEGF is widely
recognized as a vascular protective factor with its ability
to increase nitric oxide (NO) and prostacyclin (PGI2)
production in endothelial cells [48, 49]. Of these, NO has
been implicated in mediating the effects of VEGF on vasodi-
latation and the maintenance of antiapoptotic signaling
through VEGFR2-induced PI3K activation leading to Akt
and eNOS phosphorylation. While endothelium-derived NO
exerts antioxidant and anti-inflammatory properties, NO
produced by both endothelial cells and platelets inhibits
platelet aggregation, thereby playing an antithrombotic role.
NO has pleiotropic antiatherogenic actions by preventing
endothelial dysfunction and smooth muscle cell proliferation
which are both required for the initiation and progression
of atherosclerosis. Mice lacking eNOS present impaired
response to vascular injury and ischemia recovery [50].

Endothelial cell activation, critical to triggering an
inflammatory response, induces the fusion of Weibel-Palade
bodies containing Von Willebrand factor (vWF), tissue
plasminogen activator (tPA), P-selectin, IL-8, and endothelin
with the plasma membrane. This process transfers these
molecules to the cell surface where they promote the
recruitment of leukocytes and platelets [51]. NO acts in an
anti-inflammatory manner by reducing leukocyte adhesion
on the endothelium through inhibiting exocytosis of Weibel-
Palade bodies. This process is regulated by the activity of
N-ethylmaleimide-sensitive factor (NSF), which is a major
component of the exocytotic trafficking machinery [52].
NO appears to inhibit Weibel-Palade body exocytosis from
endothelial cells through inhibiting NSF disassembly activity
by nitrosylating critical cysteine residues of NSF.

Moreover, a recent study demonstrated that autocrine
VEGF signaling is required for endothelial cell survival in a
cell-autonomous manner under nonpathological conditions.
Endothelial-specific deletion of the VEGF-A gene in mice
leads to progressive endothelial degeneration and sudden
death by 25 weeks of age due to vascular insufficiency, sug-
gesting that endogenous VEGF produced by endothelial cells
is crucial for vascular homeostasis [53]. Precise regulation of
differential VEGF signaling that can promote both endothe-
lial survival and junction disruption is not well understood at
this point; however, accumulating evidence points that VEGF
coreceptor systems are capable of modifying VEGF signaling
outcomes in a context-dependent manner. Several studies
described an essential role of VE-cadherin in VEGF-induced
Akt activation required for endothelial cell survival [7, 54].
VE-cadherin, sensing cellular spatial information depending
on cell density, modulates VEGF signaling by controlling
VEGFR2 endocytosis that is required for Erk1/2 activation
[46, 55]. Thus, endothelial cells are able to differently
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respond to VEGF stimuli in order to accommodate the
environment and tissue demands.

The family of Roundabout (Robo) transmembrane
receptors is the canonical receptor for the signaling molecule
Slit, regulating commissural axon guidance [56]. Robo4 is an
endothelial cell-specific member of the Robo receptor family,
which is another signaling system that has the capacity to
modulate VEGF signaling. Robo4 inhibits VEGF-induced
vascular permeability and angiogenesis by binding and
signaling through UNC5B. Thus, Robo4-UNC5B signaling
in endothelial cells plays a role in the maintenance of vascular
integrity by antagonizing the action of VEGF [57].

Observations of tumor vasculature provided insightful
information with regard to mechanisms of vessel fragility
and leakiness, which is potentially applicable to anticancer
therapy [58]. VEGF is recognized as a key factor required
for the growth of tumors with its inherent overproduction
in many human malignancies [59]. The tumor microen-
vironment is characterized by hypoxia, low pH, and high
interstitial fluid pressure, all of which underlie exaggerated
production of proangiogenic factors such as VEGF through
HIF1α activation in the tumor milieu. Unregulated VEGF
expression causes vascular hyperpermeability that leads to
leakage of plasma proteins into the stroma, further stimu-
lating persistent angiogenesis and creating a self-reinforcing
vicious cycle [60]. As a result, the abnormal tumor vascula-
ture showing chaotic networks composed of heterogeneous
immature vessels is formed. Structurally, in these tumor
vessels, endothelial cells have wide junctions and multiple
fenestra with loose association with pericytes and the base-
ment membrane, resulting in hemorrhage and edema which
limit efficient perfusion. Therefore, normalization of tumor
vessels using anti-VEGF strategies has emerged as a new
approach to cancer therapy [58, 61]. VEGF inhibition prunes
the immature vasculature including excess branches and
enhances pericyte coverage, stabilizing vessels and decreasing
tumor vessel permeability. These anti-VEGF effects lead to
improvement of tumor perfusion and oxygenation, resulting
in increased sensitivity to chemotherapeutic agents [62, 63].

4.2. FGF Signaling. FGFs comprise one of the most versatile
and complex signaling families in vertebrates, playing critical
roles in a wide variety of biological processes [64]. FGFs
are broad-spectrum mitogens that stimulate various cellular
functions including migration, proliferation, and differenti-
ation [65]. FGF2 is recognized as a cell survival factor that
inhibits apoptosis in many cell types including endothelial
cells [66]. The expression pattern of FGFs is very variable,
ranging from nearly ubiquitous (FGF1 and 2) to highly
restricted to particular cell subsets at specific developmental
stages (FGF3, 4, 8, 17, and 19). In pathological conditions
such as angiogenesis, inflammation, and malignancies, FGFs
are abundantly secreted from various cell types including
monocytes, tissue macrophages, endothelial cells, stroma
cells, and tumor cells [65].

Despite the recognition of FGF as a strong in vivo
angiogenic promoter, deciphering its precise functions in the
vascular system has suffered from the lack of information

obtained from mouse knockout studies [67, 68]. Disruption
of Fgfr1 or Fgfr2 in mouse embryos results in embryonic
lethality at very early stages of development, precluding
further evaluation of their contribution to vascular develop-
ment [64]. On the other hand, knockout studies of angio-
genic FGF ligands such as FGF1 and FGF2 failed to show
abnormalities in embryonic vascular development, implying
that extensive redundancy exists in the ligand system [69].
One of the difficulties investigating the FGF system arises
from its promiscuous actions to a variety of cell types and tis-
sues; however, using tissue-specific promoters, recent studies
began to uncover roles played by FGFs in the cardiovascular
system. While endothelial FGF signaling is dispensable for
mouse coronary vascular development, myocardial FGF
signaling appears to be essential for triggering hedgehog
activation that is required for VEGF expression and coronary
vessel formation [70]. Furthermore, analyses of FGF signal-
ing in the adult vasculature revealed significant contribution
of FGF to vascular development as well as vascular integrity
maintenance. In the adult mice, basal endothelial FGF
signaling is required for vascular homeostasis. Inhibition of
FGF signaling leads to disassembly of endothelial junctions,
progressing to severe deterioration of vascular integrity [71].
In clear contrast to VEGF which induces disruption of
VE-cadherin-based junctions by Src activation, FGF forti-
fies junction adhesiveness via enhancing coupling of VE-
cadherin with p120 catenin. The critical role of FGF signaling
to new vessel formation is also demonstrated in a more recent
study in which the mechanism of signaling crosstalk between
FGF and VEGF is described. VEGFR2 expression levels are
tightly controlled by endothelial FGF signaling capable of
upregulating VEGFR2 transcription via an Ets-dependent
manner; thereby FGF promotes neovascularization indirectly
by regulating endothelial responsiveness to VEGF [72]. It
has been repeatedly shown that while FGF-induced new
vessel formation is often disrupted by VEGF inhibition in
various in vivo angiogenic models, VEGF-induced vascular
formation is not as much affected by FGF signaling depletion
[67]. Together, these studies suggest the hierarchic control of
new vessel formation by which the FGF system promotes new
vessel growth via controlling VEGF signaling.

4.3. Angiopoietin-1 and Tie2. The angiopoietin- (Angpt-)
Tie2 signaling system has crucial roles in vascular functions
including angiogenesis and vessel maintenance [73]. Angpt-1
is a ligand of the endothelial cell receptor Tie2, and activation
of Tie2 signaling enhances endothelial cell barrier integrity
and endothelial-pericyte interaction, thereby promoting
vascular stabilization [74]. While expression of Tie2 is largely
specific to the endothelium, Angpt-1 production by mural
and perivascular cells facilitates basal Tie2 signaling in quies-
cent endothelial cells that, in turn, is required for endothelial
homeostasis. In contrast, Angpt-2, produced and stored in
Weibel-Palade bodies in endothelial cells, normally functions
as an Angpt-1 antagonist. Angpt-2 destabilizes the quiescent
vasculature and activates endothelial cells to respond to
angiogenic stimuli. Overexpression of Angpt-2 in the mouse
endothelium attenuates physiological Tie2 signaling and
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thus increases vascular permeability, suggesting that Angpt-
2 inhibits Tie2 signaling and counteract the Angpt-1 action
[75].

Mice lacking Angpt-1 or Tie2 have similar cardiovas-
cular defects, indicating the importance of the Angpt-1-
Tie2 signaling system in cardiovascular development. These
mice die mid gestation (E10.5–E12.5) due to the absence
of hierarchical vascular development and perturbed vas-
cular integrity, manifested by reduced pericyte coverage
and detachment of pericytes from the endothelium [73].
Although Tie2 signaling is thought to be indispensable
for vascular development as previous studies indicated, a
recent study using the tissue-specific gene deletion strategy
in mice, however, reached the conclusion suggesting that it
may not be the case [76]. Detailed analysis of Angpt-1−/−

embryos showed that the earliest detectable defect seen at
E9.5 is loss of myocardial trabeculations while the vascular
system appears normal. Thereafter, these embryos become
markedly growth retarded with generalized disorganization
of blood vessels. When Angpt-1 is specifically excised from
cardiomyocytes using the Nkx-2.5 Cre-driver line, the vascu-
lar defects reported in the global knockout are recapitulated,
indicating that vascular phenotypes are dependent on the
cardiac defect and resulting from impaired blood circulation.
Moreover, deletion of Angpt-1 in the later stage of vascular
development does not affect pericyte number or vascular
mural cell recruitment. Together, authors concluded that
Angpt-1 is not required for embryonic vascular development
or maintenance of vascular quiescence; however, it functions
as a protective factor, modulating responses to tissue injury
and microvascular abnormality in diabetes [76].

Recent studies began to reveal molecular mechanisms
of Angpt-1 modulating vascular functions. Angpt-1 inhibits
VEGF-induced Src activation through RhoA activation
which leads to Src association with mDia (a RhoA down-
stream target) and sequestration of Src from VEGFR2 [77].
Moreover, Angpt-1 induces translocation of Tie2 to cell-cell
contacts and bridges Tie2 proteins, resulting in the formation
of the transdimer of Tie2. Although functional contribution
of this Tie2 homophilic interaction to junctional stability and
permeability control is unclear, Angpt-1 preferably transmits
PI3K-Akt signaling in quiescent cells in the presence of
Tie2 transdimers with their close association with eNOS. In
contrast, in isolated endothelial cells, Erk1/2 signaling which
promotes cell migration and proliferation is activated by
Angpt-1 [78, 79].

4.4. Sphingosine-1-Phosphate. Sphingosine-1-phosphate(S1P),
a sphingolipid metabolite found in high concentrations
in platelets and blood, is a lipid mediator that interacts
with GPCRs (S1P1–S1P5) to induce a variety of biological
responses [80, 81]. S1P is an endothelial survival factor
capable of producing NO through Akt activation [82]. It is
also able to enhance endothelial barrier integrity through
S1P1 receptor (Edg1) signaling by promoting Rac1 activation
and adherens junction assembly [83]. Administration of the
S1P receptor agonist FTY720 in vivo potently blocks VEGF-
induced vascular permeability, suggesting that S1P receptor
on endothelial cells is able to regulate vascular permeability

[84]. Furthermore, the S1P1 receptor is essential for normal
vascular function since systemic antagonism of S1P1 receptor
under basal physiological conditions causes S1P1 receptor
internalization and degradation through receptor phospho-
rylation, leading to enhanced pulmonary vascular leakage
[85, 86].

Genetic studies further indicate the importance of S1P
in the vascular system. S1P1 knockout mice die between
E12.5 and E14.5 due to severe hemorrhage resulting from
a defect in the vascular stabilization process [87]. In mice
in which S1P1 is specifically deleted from endothelial cells,
the phenotype mimics the one obtained from the embryos
globally deficient in S1P1 whereas vascular smooth muscle
cell-specific knockout has no effect [88]. While these data
demonstrate that S1P1 signaling in the endothelium is critical
for the regulation of vascular maturation, the lack of vascular
maturation in these animals is also attributed to impaired
endothelial-pericyte interaction mediated by N-cadherin.
Although structural and functional basis of endothelial-
pericyte interaction has not been well characterized, N-
cadherin is reported to localize at the interface of these
two cell types in the embryonic brain vasculature [89]. This
N-cadherin-based junction mediates pericyte adhesion to
endothelial cells, thereby contributing to vessel maturation
and stabilization [90]. S1P stimulation of endothelial cells
results in activation of Rac1, promoting forward trafficking
of N-cadherin to the plasma membrane and the formation
of the N-cadherin-catenin complex [90]. Inhibition of N-
cadherin profoundly attenuates the process of vascular
stabilization in vitro and in vivo, suggesting the specific con-
tribution of S1P signaling to N-cadherin-induced pericyte
attachment [91].

4.5. PDGF Signaling. The role of platelet-derived growth
factor (PDGF) signaling in the vascular system is established
as an important player to mediate pericyte-endothelial
interaction [92]. PDGFs are major mitogens for mesoderm-
derived cells such as fibroblasts, pericytes, and smooth mus-
cle cells, and for some cell populations of neuroectodermal
origin [93]. In the mouse embryo, perivascular mesenchymal
cells expressing PDGFRβ respond to PDGF-BB (a PDGF-
B homodimer) produced by the angiogenic endothelium.
Paracrine PDGF signaling is thus required for mural cell
recruitment and expansion as has been demonstrated that
PDGF-B expression is particularly abundant in tip cells
of angiogenic vessels and in the endothelium of growing
arteries [94]. The significant contribution of PDGF signaling
promoting mural cell investment to vascular barrier integrity
has been shown by mouse genetic studies. Both PDGF-B
and PDGFRβ null mutant mice die perinatally, displaying
lethal hemorrhage and edema caused by a pericyte loss
in microvessels [95]. The results of endothelium-specific
knockout of PDGF-B further confirmed that PDGF-BB
generated from angiogenic endothelial cells is critically
important for recruitment and proliferation of mural cell
progenitors in vicinity [96]. The absence of pericytes in
capillaries increases their diameters and generates microa-
neurysms by endothelial hyperplasia, suggesting that the
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pericyte coverage negatively control endothelial cell prolif-
eration. The detailed analysis of PDGFRβ-deficient mice
revealed that vessel instability observed in these mice is
modified by systemic upregulation of VEGF. The endothelial
junction structure is slightly altered in PDGFRβ-deficient
mice, and this is attributed to the VEGF effect, since the onset
of endothelial hyperplasia precedes the endothelial junction
abnormality [97].

It appears that initial induction of pericyte differentiation
from mesenchymal progenitors is independent of PDGF
signaling and is most likely mediated by other factors
such as TGF-β. Pericyte populations in different tissues are
affected in varying degrees by the loss of PDGF signal-
ing in developing PDGFRβ−/− embryos. Therefore, PDGF
signaling is thought to be important in the subsequent
maturation process in the angiogenic vessels where PDGF-
BB released from endothelial cells drives pericyte migration
and expansion [94]. This endothelium-pericyte interplay is
particularly crucial for the formation of the blood-brain bar-
rier (BBB), a specific physical barrier of the brain capillaries.
Using pericyte-deficient mouse mutants which have defective
PDGF signaling in the embryonic or adult vasculature, recent
studies clearly showed that pericytes are necessary for the
formation of the BBB, and that absolute pericyte coverage
determines the extent of vascular permeability. Interestingly,
in the central nervous system vasculature, the formation
of tight junctions and endothelial vesicle transport by
transcytosis are the critical regulator of vascular permeability
which is increased by pericyte deficiency [98, 99].

4.6. TGF-β Signaling. TGF-β family includes TGF-βs, activ-
ins, inhibins, nodal, bone morphogenetic proteins (BMP),
and growth differentiation factors (GDF), comprising one
of the largest growth factor/cytokine families in vertebrates.
Although TGF-β family members are known to play crucial
roles in the vascular development, their precise role especially
in endothelial functions is still controversial [100]. This is
probably attributable to the remarkable diversity of their
actions and complex regulation of the signaling system. In
fact, TGF-β effects are highly context-dependent with in
vitro observations suggesting that TGF-β is stimulatory to
endothelial cell functions at low concentrations whereas it
can be inhibitory at high concentrations [100]. Moreover, the
presence of pericytes in the endothelial cell culture leads to
TGF-β activation, which, in turn, inhibits endothelial pro-
liferation and migration through VEGFR2 downregulation
[101, 102]. Therefore, one of the important roles of TGF-
β signaling in mural cells is to attenuate the endothelial
cell response to angiogenic stimuli, thereby limiting vessel
overgrowth and resolving the active angiogenic process. This
appears to form a negative feedback loop by which endothe-
lial cells promotes pericyte differentiation and expansion
that lead to vessel stabilization and, consequently, vessel
maturation.

Genetic studies in mice have indicated the essential role
of TGF-β in pericyte functions and vascular development.
Disruption of the TGF-β1 gene in mice leads to extraembry-
onic vascular defects exemplified by the failure of endothelial
differentiation accompanied with fragile yolk sac vasculature

[103]. Inactivation of Tgfbr2 in the smooth muscle cell lin-
eage results in vascular defects in the yolk sac and embryonic
lethality between E12.5 and E16.5, suggesting impairment
of mural cell recruitment [104]. The importance of TGF-β
signaling in mural cell function is further endorsed by the
observation that mice with neural crest-specific deletion of
Tgfbr2 develop a phenotype similar to that of DiGeorge syn-
drome due to the failure of neural crest derivative differen-
tiation into smooth muscle cells in the cardiac outflow tract
[105]. Moreover, mouse phenotypes resulting from targeted
disruption of TGF-βRII, endoglin or activin receptor-like
kinase 1(ALK1) are highly reminiscent of TGF-β1 null mice,
showing vascular abnormalities characterized by systemic
vascular dysplasia and recurrent hemorrhage caused by
telangiectases and arteriovenous malformations [100]. These
studies collectively demonstrate the importance of TGF
family genes in the various aspects of vascular development.

4.7. Notch Signaling. The Notch signaling pathway is an
evolutionarily conserved, intercellular signaling system that
plays important roles in a wide variety of biological pro-
cesses. During vascular development, Notch signaling plays
essential roles in endothelial cell specification including
angioblast specification, arteriovenous differentiation, and
tip/stalk cell formation [106, 107]. The critical contribution
of Notch signaling to the endothelium and new vessel for-
mation has been well characterized in mouse and zebrafish
studies. Genetic ablation of Notch1 or a Notch ligand,
Delta-like ligand 4 (Dll4) causes vascular deformation and
embryonic lethality due to defective arterial and venous
specification of endothelial cells [108, 109]. In this process,
Notch is a downstream of VEGF signaling, inducing arterial
differentiation through activation of PLCγ, MAPK, and
EphrinB2/EphB4 signaling. EphrinB2, which is an arterial
endothelial marker, is a direct transcriptional target of Notch
signaling [110]. As signaling components of the Notch
pathway are critically involved in arteriovenous specification,
deregulation of Notch signaling causes aberrant direct
communication between an artery and a vein, leading to
arteriovenous malformation (AVM). In mouse and zebrafish
genetic models, both loss and gain of function mutations can
result in the formation of arteriovenous malformation and
embryonic vascular remodeling defects [106].

When Dll4 binds Notch1, the intracellular domain of
Notch1 (NICD) is cleaved by γ-secretase and translocates
to the nucleus where it regulates gene transcription. In the
vascular sprout of the retina, while the VEGF-A gradient gen-
erated by astrocytes in the ischemic area induces endothelial
cells at the leading edge to adopt a tip cell phenotype, Dll4
prominently expressed in the tip cell signals to following stalk
cells through Notch1 to downregulate VEGFR2 and inhibit
filopodia formation [111, 112]. Thus, during vascular pat-
terning, Notch signaling is required for stalk cell specification
by actively suppressing the tip cell phenotype, controlling
the number of tip cells and vascular sprouts. In fact, ectopic
activation of Notch signaling in the mouse retina reduces tip
cell filopodia and the vascular density [113].

Notch signaling appears to be required for vessel sta-
bilization and homeostasis through multiple mechanisms.



8 International Journal of Vascular Medicine

Notch signaling inhibits endothelial cell proliferation and
motility, thus preventing excessive vessel sprouting and
stabilizing newly formed vessels. Although increased Notch
signaling does not necessarily induce vessel instability, recent
study revealed that coordination of Notch and Wnt signaling
plays a role in stabilization of nascent vessels. Notch-
regulated ankyrin repeat protein (Nrarp), directly induced
by Notch signaling, promotes canonical Wnt signaling and
controls the stability of newly formed vessel anastomosis
[114]. Notch signaling in vascular smooth muscle cells
also contributes to arterial specification/differentiation and
thus to vessel stabilization. Genetic disruption of Notch3,
expressed in smooth muscle cells of arteries, leads to
arterial defects including enlargement of arteries with thin
smooth muscle layers [115]. Interestingly, endothelium-
specific knockout of Jagged1 causes defects in smooth muscle
cell differentiation, whereas endothelial Notch signaling and
arteriovenous differentiation occur normally. This suggests
that endothelial-mural cell crosstalk mediated by Notch
signaling is necessary for proper arterial development.
Endothelial Jagged1 promotes the development of neighbor-
ing vascular smooth muscle through Notch3 activation, and
the loss of Jagged1 in the endothelium causes a deficiency
of smooth muscle cell recruitment and differentiation, thus
leading to vascular instability [116, 117].

5. Clinical Manifestations of Impaired
Vessel Maintenance

The semipermeable compartmentalization achieved by
blood vessels especially by the endothelium is critically
important for normal organ functions and tissue homeosta-
sis [118]. The proximal disorders resulting from the break-
down of the barrier function are bleeding and tissue edema.
The impairment of the barrier integrity can result from
prolonged stimuli of permeability-inducing agents such as
VEGF or genetic abnormalities that lead to fragile vessels
causing by unstable endothelial junctions, impaired vessel
specification/stratification, and pericyte insufficiency. These
congenital vascular abnormalities are collectively referred to
as vascular malformation which includes several different
types according to the type of the blood vessel predominantly
affected. Among them, venous malformations are the most
common form. Impaired vessel specification leads to an
aberrant direct communication of an artery and a vein,
which is termed as arteriovenous malformation (AVM). The
majority of vascular malformations is sporadic and has
no genetic components; however, recent studies identified
a variety of genetic abnormalities which provide clues to
pathogenesis of vessel abnormalities and mechanisms of
vascular maintenance [119–122].

5.1. Cutaneomucosal Venous Malformations. Venous malfor-
mations, the most common type of vascular malformation,
comprise either superficial or deep veins that are abnormally
formed and dilated in the skin, mucous membrane, or
in any organ system characterized by lesions composed of
enlarged, tortuous venous channels [121]. Although venous
malformations are usually present at birth, due to the slow

nature of disease progression, they may not be diagnosed
at young ages. Genetic abnormalities contribute only 2%
of reported venous malformations; however, recent studies
revealed mutations in the TEK gene, encoding Tie2, in the
families with dominant inheritance of venous malformations
[123]. The mutations identified thus far have been located
at the cytoplasmic domain of Tie2, resulting in ligand-
independent phosphorylation and activation of the receptor.
These autosomal-dominant venous malformations, termed
venous malformations, multiple cutaneous, and mucosal
(VMCM), tend to involve small multifocal, bluish muco-
cutaneous lesions. In addition to the inherited form of
VMCM, somatic mutations causing loss of function of Tie2 is
suggested to have a role in the etiology of solitary or multiple
sporadic venous malformations, which are the more com-
mon form of the disease [124].

5.2. Hereditary Hemorrhagic Telangiectasia (HHT). Hered-
itary hemorrhagic telangiectasia (HHT), also known as
Osler-Weber-Rendu syndrome, is a genetic disorder that is
inherited as an autosomal dominant trait and affects 1-2 in
10,000 individuals [120, 125]. HHT causes abnormal blood
vessel formation in the skin, mucous membranes, and often
in organs such as the gastrointestinal tract, lungs, liver, and
brain [120]. The lesions are characterized by mucocutaneous
telangiectases, and in some cases, life-threatening visceral
arteriovenous malformations. Recent genetic studies iden-
tified responsible genes associated with HHT, all of which
are components of TGF-β family signaling pathways. HHT
type I results from mutations in ENG, coding for endoglin,
a coreceptor of TGF-β receptors. HHT type II causes by
mutations in ACVRL1 which encodes ALK1, a type I receptor
for the TGF-β superfamily ligands. While mutations of either
of the two genes account for most clinical cases, a small
subset of patients carry mutations in MADH4 encoding
Smad4, a transcription factor that mediates TGF-β signaling.

Mouse phenotypes resulting from targeted disruption of
components of TGF-β signaling pathway such as TGF-β1,
TGF-βRII, endoglin, or ALK1 are all leading to severe vascu-
lar abnormality and embryonic lethality at mid gestation, in
some part recapitulating HHT phenotypes [100].

Detailed analysis of HHT gene functions using mouse
models of tissue-specific or haploinsufficient gene inac-
tivation has begun to reveal the mechanism of HHT
development [120, 126]. Current understanding of HHT
pathogenesis indicates that HHT results from endoglin or
ALK-1 haploinsufficiency, where the remaining wild-type
allele is unable to express sufficient protein for normal
function. HHT mutations are thought to modify predom-
inantly endothelial cell responses to TGF family ligands
mediated by endoglin and Alk1 since they are relatively
endothelial specific genes. However, because the vast major-
ity of blood vessels in HHT patients appear to develop and
function normally, perturbation of a pathological process
that requires finely-tuned TGF-β signaling such as wound
healing and angiogenesis might play as an extra trigger.
While endothelial ALK1 is essential for the establishment
of proper arteriovenous (AV) connections during vascular
development, in the adult endothelium lacking ALK1,
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AVM forms following activation of the quiescent endothe-
lium by wound that elicits angiogenesis [127]. In HHT,
the augmented angiogenic response including excessive
endothelial proliferation and exaggerated vessel sprouting is
partially attributable to impaired recruitment of mural cells
to the newly formed vessel due to reduced endothelial cell
secretion of TGF-β1 or reduced TGF-β1-induced responses.
In HHT type I patients, circulating levels of TGF-β1 are
reduced [128]. Moreover, paracrine TGF-β signaling is
defective in mice with endothelial-specific deletion of TGF-
βRII or ALK5 as evidenced by reduced phosphorylation of
Smad2 in the adjacent mesothelial cell layer of the yolk sac.
Phosphorylation of Smad2 and differentiation of smooth
muscle cells can be rescued by exogenous TGF-β1 in the yolk
sac culture, consistent with the idea that lower levels of TGF-
β or reduced responsiveness required for receptor activation
play a role in HHT pathogenesis [129].

In this regard, the recent discovery of thalidomide as a
potential therapeutic agent for HHT confirmed the impor-
tance of mural cell dysfunction responsible for the formation
of fragile vessels. In mice heterozygous for a null mutation
in the endoglin gene, thalidomide treatment stimulates
mural cell recruitment by increasing PDGF-B expression in
endothelial cells and thus rescues vessel defects [130].

5.3. Cerebral Cavernous Malformations (CCMs). Cerebral
cavernous malformations (CCMs) are sporadic or inherited
vascular malformations in the central nervous system
characterized by dilated, thin-walled capillary-like channels
without intervening brain parenchyma. They are one of the
commonest vascular malformations in the brain, affecting
roughly 0.1–0.5% of the general population [131]. Genetic
studies have identified autosomal dominant mutations
associated with CCMs: KRIT1 (CCM1), CCM2 (MGC4607,
Malcavernin, OSM), and PDCD10 (CCM3) [132]. Although
neither of these CCM proteins are structurally related to each
other nor have been implicated as angiogenesis inducers,
recent studies indicated possible mechanisms leading to vas-
cular malformation. KRIT1, originally identified as a Rap1a
interacting protein, is partially localized at cell-cell contacts
and the loss of KRIT1 accounts for the unstable endothelial
junctions. It has been shown that CCM proteins exist as a
large protein complex, and a defect of one protein can affect
the function of other CCM proteins [133]. KRIT1 or CCM2
is capable of inhibiting RhoA and ROCK which can disas-
semble endothelial junctions and cause hemorrhage [134].
Since Rap1 is able to enhance junction stability and KRIT1
is a Rap1 effector, there is a possibility that the loss of KRIT1
directly affects endothelial junctions in a Rap1-dependent
manner. Rap1 regulates the junctional localization of KRIT1,
which is required for Rap1-mediated endothelial junction
stabilization [135].

Recent mouse genetic studies advanced our understand-
ing of pathogenesis leading to CCM. Disruption of heart
of glass (HEG1), a transmembrane receptor previously
implicated in CCM functions in zebrafish, results in defective
integrity of the heart and the vasculature in mice. HEG1
coupled with CCM proteins through KRIT1 is required for
vascular development and endothelial junction formation

[136]. Haploinsufficiency of Ccm2 in mice, a genotype
equivalent to that in human CCM, results in impaired
endothelial barrier function. Interestingly, loss of CCM2
leads to activation of RhoA, and the impaired barrier
function in heterozygous mice is restored by simvastatin, a
drug known to inhibit Rho GTPases [137]. Moreover mice
with global or endothelial cell-specific inactivation of Ccm3
show defects in embryonic angiogenesis and die at an early
embryonic stage. In response to VEGF stimulation, CCM3 is
recruited to and stabilizes VEGFR2, thereby playing a pivotal
role in VEGFR2 signaling [138].

5.4. Capillary Malformation-Arteriovenous Malformation
(CM-AVM). Capillary malformation-arteriovenous malfor-
mation (CM-AVM) is a recently discovered hereditary
disorder characterized with atypical cutaneous multifocal
capillary malformations often in association with high-
flow lesions such as arteriovenous malformations of the
cerebrospinal and visceral organs or arteriovenous fistulas.
Genetic studies identified loss of function mutations in
RASA1, which encodes p120-RasGAP [121, 139]. As GTPase
activity leads to, by hydrolysis of GTP to GDP, inactivation
of small GTPases, loss of p120-RasGAP function suggests
the possibility to increased Ras and downstream MAPK
activation. Furthermore, p120-RasGAP has been shown to
interact with p190-RhoGAP, which inhibits RhoA through
a p120 catenin-dependent mechanism and is required for
adherens junction formation [140, 141].

5.5. Cerebral Autosomal-Dominant Arteriopathy with Subcor-
tical Infarcts and Leucoencephalopathy (CADASIL). The clin-
ical relevance of Delta-Notch signaling is manifested by the
cerebral small vessel disease: cerebral autosomal-dominant
arteriopathy with subcortical infarcts and leukoencephalopa-
thy (CADASIL), now recognized as the most common cause
of inherited stroke and vascular cognitive impairment in
adults [106, 142]. CADASIL is inherited as an autosomal
dominant trait, resulting from mutations in NOTCH3, which
causes degeneration of smooth muscle cells of cerebral small
vessels and accumulation of the Notch extracellular domain
(NECD) at the surface of residual smooth muscle cells. These
changes lead to thickening of the vessel wall and a reduction
of cerebral blood flow [142, 143]. Genetic studies revealed
that among 33 exons, all CADASIL mutations occur in exon
2–24 of the Notch3 gene within 34 EGF-like repeats, leading
to an odd number of cysteine residues [142].

Genetic disruption of Notch3 in mice causes structural
defects of small arteries because of impaired differentiation
and maturation of arterial smooth-muscle cells; however,
total loss of Notch3 does not cause CADASIL pathology
[115]. Furthermore, CADASIL-causing mutations of Notch3
can activate RBP-Jκ transcription comparable to wild-type
levels and do not seem to affect Notch signaling per se [144,
145]. Therefore, although the precise cause of the disease is
still unclear, recent studies suggest that gain of novel function
of the mutant protein, possibly arising from novel protein-
protein interactions rather than defective Notch3 function,
is a likely mechanism for the CADASIL pathogenesis.
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Figure 1: Signaling pathways controlling vascular maintenance. While VEGF signaling disrupts VE-cadherin-based junctions through Src-
mediated VE-cadherin phosphorylation and internalization, FGF signaling promotes p120 association with VE-cadherin, thus increasing
VE-cadherin stability at adherens junctions. Angpt-1 binding to Tie2 at cell-cell contacts leads to formation of Tie2 transdimers which
activates Akt and promotes cell survival. S1P binding to S1P1 (Edg1) is able to stabilize endothelial junctions via Rac1 and promotes
N-cadherin forward trafficking required for endothelial-pericyte interaction. HEG1-CCM signaling at endothelial junctions enhances
junctional stability through Krit1 interaction with β-catenin in the VE-cadherin complex. PDGF-BB secreted from endothelial cells
recruit pericytes expressing PDGFRβ. TGF-β produced in endothelial cells induces mural cell differentiation. TGFβRII is also expressed
in endothelial cells and controls various endothelial functions.

As discussed earlier, Notch pathway is important for
arteriovenous differentiation and vessel patterning during
embryonic vascular development, and deficiency of Notch
signaling can cause arteriovenous malformations [146, 147].
Expression of constitutively active Notch4 (int3) in the
mouse endothelium develops features of brain arteriove-
nous malformations characterized by cerebral arteriovenous
shunting and vessel enlargement [148, 149]. Conditional
activation of the Notch1 gene in endothelial cells of mouse
embryos also causes defects in vascular remodeling progress-
ing to arteriovenous malformations [150]. Analysis of brain
arteriovenous malformations revealed that Notch1 signaling
is upregulated in smooth muscle and endothelial cells of the
lesions surgically resected from human patients [151].

6. Conclusion and Perspective

Regulation of the vascular barrier function is crucial for
tissue homeostasis. Recently, our understanding of molecular
mechanisms leading to vessel stabilization has significantly
expanded owing to the advance of basic research followed
by critical appraisal of therapeutic angiogenesis trials. It
has also become apparent that the maintenance of existing
vessels requires active cellular signaling which share common

features with signaling mechanisms involved in the vessel
maturation process of new vessel formation. The signaling
systems controlling vascular maintenance is summarized in
Figure 1. Components of signaling pathways involved in vas-
cular stability often cause vascular malformations as disease
genes. Conversely, genes identified through genetic studies
of vascular diseases most likely play a role in physiological
regulation of vascular integrity. As has been discussed, vessel
maintenance is successfully achieved by orchestrated actions
of growth factors and cytokines that are capable of modifying
the function of vascular cells especially endothelial cells and
mural cells. Although indispensability of these cell types and
signaling pathways required for the maintenance of vessel
integrity have been unequivocally demonstrated by numer-
ous studies, it is important to further elucidate detailed
molecular mechanisms of signaling interactions between
different cell types in the vasculature. The endothelial-
pericyte junctions are anatomically identified; however,
signals exchanged during new vessel formation and vessel
maintenance between these cells are not clearly understood.
Besides genetic components leading of vascular instability,
epigenetic factors are also playing an important role in
modifying disease manifestations such as the location and
the severity of the vascular abnormality in the presence of
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ubiquitous, germline mutations. Further investigationss ex-
ploring this aspect including the “two-hit” mechanism for
disease development and presentation should provide sig-
nificant insights into our understanding to vascular mainte-
nance.

As regulation of vessel maintenance is a fundamental
vascular function associated with a wide variety of vascular
disorders and disease conditions, elucidating the precise
mechanisms will benefit the development of new approaches
for therapeutic angiogenesis and vascular malformations as
well as cancer treatment.
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Cardiovascular complications associated with diabetes remain a significant health issue in westernized societies. Overwhelming
evidence from clinical and laboratory investigations have demonstrated that these cardiovascular complications are initiated by a
dysfunctional vascular endothelium. Indeed, endothelial dysfunction is one of the key events that occur during diabetes, leading
to the acceleration of cardiovascular mortality and morbidity. In a diabetic milieu, endothelial dysfunction occurs as a result of
attenuated production of endothelial derived nitric oxide (EDNO) and augmented levels of reactive oxygen species (ROS). Thus, in
this review, we discuss novel therapeutic targets that either upregulate EDNO production or increase antioxidant enzyme capacity
in an effort to limit oxidative stress and restore endothelial function. In particular, endogenous signaling molecules that positively
modulate EDNO synthesis and mimetics of endogenous antioxidant enzymes will be highlighted. Consequently, manipulation of
these unique targets, either alone or in combination, may represent a novel strategy to confer vascular protection, with the ultimate
goal of improved outcomes for diabetes-associated vascular complications.

1. Introduction

Diabetes mellitus is a highly prevalent chronic metabolic
disorder that is considered a major health problem in west-
ernized societies [1–3]. Diabetes, characterized by persistent
elevation of blood glucose levels (hyperglycaemia), occurs
due to inadequate production of insulin (type 1 diabetes;
T1D), or resistance to endogenous insulin usually associated
with the metabolic syndrome and obesity (type 2 diabetes;
T2D). Despite intensive glycaemic control, individuals with
T1D and T2D are predisposed to developing vascular com-
plications, which include cardiomyopathy, atherosclerosis,
nephropathy, retinopathy, and neuropathy [4, 5]. Indeed,
there is a striking correlation between the incidence of
cardiovascular disease and mortality rates in diabetic patients
[6, 7]. Although the mechanisms by which diabetes increases
cardiovascular complications are incompletely understood,
strong supportive evidence from experimental and clinical

studies points to the impaired function of the vascular
endothelium as a critical inducer of these cardiovascular
complications [4, 8]. In the current review, we discuss the
important role of the endothelium and the factors that con-
tribute to diabetes-associated cardiovascular complications,
in particular nitric oxide (NO) bioavailability and reactive
oxygen species (ROS) generation. In addition, this review
will highlight novel compounds or molecules that show
promise in improving vascular function in diabetic settings.

2. The Protective Nature of
the Vascular Endothelium

The vascular endothelium, comprised of a single layer of
endothelial cells that line the lumen, was initially only
considered as a physical barrier separating the circulating
blood from the underlying tissue. However, over the past
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few decades, the versatile role of the endothelium in cardio-
vascular homeostasis has become more greatly appreciated.
The vascular endothelium is responsible for maintaining
vascular tone and blood pressure which is achieved by
balancing the release of vasoconstrictors and vasodilators
[9]. In addition, the vascular endothelium maintains blood
fluidity by promoting anticoagulant, antiatherosclerotic and
antithrombotic pathways [9]. Endothelial-derived nitric
oxide (EDNO), a potent gaseous mediator released by
endothelial cells, is widely accepted as the key determi-
nant of endothelial function. Importantly, EDNO directly
induces vascular smooth muscle relaxation by the activation
of soluble guanylate cyclase and subsequent increase in
cGMP [10], thereby contributing to resting vascular tone
and blood pressure. EDNO is also considered an anti-
atherogenic and antithrombotic molecule through its ability
to inhibit platelet aggregation, inflammatory cell adhesion,
and smooth muscle cell proliferation and migration [11].
Constitutively expressed endothelial nitric oxide synthase
(eNOS) converts L-arginine to nitric oxide using molecular
oxygen in the presence of its cofactors tetrahydrobiopterin
(BH4), heat shock protein 90 (hsp90), and calcium-
calmodulin complex (Figure 1). Additionally, eNOS activity
is significantly increased upon phosphorylation at serine
1177, mediated by the protein kinase B/Akt pathway [12].
Importantly, eNOS is only catalytically active upon dissoci-
ation from its endogenous binding protein, caveolin-1 (Cav-
1) [13], which maintains eNOS in a tonic “inhibitory” state
and will be discussed in greater detail below. Indeed, func-
tional alterations in EDNO production or bioavailability play
a critical role in the pathogenesis of various cardiovascular
diseases [14]. Therefore, regulation and/or improvements in
EDNO bioavailability are a major research focus to delineate
novel drug targets aimed at improving endothelial function
and cardiovascular disease (CVD) outcomes [15].

3. Diabetes-Mediated Endothelial Dysfunction

Extensive clinical evidence has demonstrated that diabetic
patients have attenuated EDNO-dependent vascular tone

[16, 17]. The resultant endothelial dysfunction is an impor-
tant precursor of diabetes-mediated vascular events and
has emerged as an independent risk factor for diabetes-
associated cardiovascular complications [18].

Diabetic vessels from murine models and various
endothelial derived cells from vascular beds stimulated with
high glucose, exhibit increased levels of ROS associated
with attenuated EDNO levels [19–21] (Figure 2). It is
now widely accepted that in the diabetic milieu, through
upregulation of the NADPH oxidase (Nox) enzymes [20,
22], ROS such as superoxide are released in pathological
amounts and contribute to the observed reductions in
EDNO bioavailability [23]. In particular, superoxide rapidly
inactivates EDNO forming deleterious peroxynitrite, which
in turn oxidizes the essential eNOS co-factor, BH4, thereby
uncoupling the eNOS enzyme. Consequently, eNOS uncou-
pling diminishes the capacity of the enzyme to produce
EDNO and causes a switch in production to superoxide,
thereby further increasing superoxide levels [20]. The “eNOS
uncoupling” phenomenon has gained an increasing amount
of attention and is considered as one of the major sources
of ROS production. Recently, it has been elucidated that
in a prooxidative environment, eNOS is subjected to S-
glutathionylation, an oxidative post-translational modifica-
tion [24]. This modification occurs specifically at the cysteine
908 residue, thereby affecting the redox function of the
enzyme and leading to an increase in superoxide production
[24, 25]. Furthermore, eNOS S-glutathionylation is associ-
ated with impaired endothelium-dependent relaxation that
is restored by thiol-specific reducing agents, which reverse
the S-glutathionylation process, in hypertensive vessels [24].

The enhanced superoxide generating activity of the Nox
family of enzymes plays a key role in mediating oxidative
stress and endothelial dysfunction. In the vasculature, the
predominant isoforms of the multisubunit Nox enzyme are
the Nox1, Nox2, and Nox4 isoforms and their regulatory
subunits, including p22phox, p47phox, and Rac-1 [26]. In
streptozotocin- (STZ-) induced murine models and db/db
mice, which represent T1D and T2D respectively, it has been
shown that the expression and activity of these Nox isoforms
and their regulatory subunits are greatly upregulated in
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the aortic region and mesenteric vascular bed [22, 27–
29]. Furthermore, this upregulation was associated with
increased oxidative stress and attenuated eNOS expression
and eNOS-derived EDNO [29, 30]. More recently, it was
shown that the increased expression of the Nox catalytic
subunits, in particular Nox2, is directly related to eNOS
uncoupling and eNOS-derived superoxide production in
carotid arteries of diabetic rats [31].

Another cellular signaling pathway that is altered in the
presence of high glucose and contributes to endothelial dys-
function is the increased de novo synthesis of diacylglycerides
(DAG) and the subsequent activation of protein kinase C
(PKC) [32, 33]. Indeed, various vascular cells exposed to
hyperglycaemic conditions, as well as tissues from diabetic
animals, have shown a consistent activation of PKC, which in
turn modulates ROS generation and is described extensively
in the review by Yang et al. [33–35]. Finally, recent studies
have shed light on the pivotal role of the RhoA/Rock pathway
(to be discussed in more detail below), which plays a part in
diabetes-associated endothelial dysfunction via modulation
of eNOS and EDNO levels [21].

Collectively, these studies show that various pathways
are altered in diabetes and that these alterations influence
the balance between ROS and EDNO production. It is
becoming increasingly clear that this balance between ROS
and EDNO (Figure 2) is critical for vascular health, function
and integrity in diabetes. Therefore, a major research focus
of the past decade has been towards the improvement
of vascular endothelial function via modulation of these
pathways in order to limit or prevent vascular complications
associated with diabetes.

4. Improving Endothelial Function:
A Clinical Perspective

Several therapeutic interventions have been tested in patients
with diabetes and cardiovascular disease in an effort to im-
prove endothelial function. These therapeutic interventions,

in particular statin therapy, ACE inhibition, and arginine
supplementation, have shown some improvements in these
disease settings. Statins, which were initially designed as
lipid-lowering drugs, demonstrate lipid-independent effects
such as partially restoring EDNO levels and decreasing
oxidative stress in hypertensive and hypercholesterolaemic
patients [48, 49]. These improvements occurred more
rapidly than the decline in cholesterol levels [48], sug-
gesting that one of the pleiotropic effects of statins is
to enhance endothelial function by upregulating EDNO
signaling. Furthermore, long-term ACE inhibition improved
forearm blood flow, a marker of improved vascular function,
in patients with coronary artery disease and T2D in response
to acetylcholine [50, 51]. Indeed, it was shown that ACE
inhibition attenuated the superoxide-generating effects of
angiotensin II, impaired the breakdown of bradykinin, and
increased the production of EDNO in patients with coronary
artery disease [50]. In addition, L-arginine supplemen-
tation was able to restore diabetes-mediated endothelial-
dependent vasodilation by augmenting cGMP production in
diabetic settings where L-arginine stores were depleted [52].
Although these therapeutic strategies are showing promise
in restoring vascular function in diabetic patients, it is
likely that a more targeted approach focusing specifically
on the mechanisms that contribute to diabetes-mediated
endothelial dysfunction will ultimately yield more promising
outcomes. This review will now focus on the mechanisms
and novel compounds that specifically target eNOS signaling
and the regulation of oxidative stress in the context of a
diabetic setting.

5. Targeting eNOS Signaling and
EDNO Production

eNOS is under constant regulation by various factors,
including phosphorylation, transcriptional regulation, direct
interaction with proteins, and substrate and co-factor
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Table 1: Novel targets that regulate eNOS function.

Compound Biological action Disease context References

BH4 ↑co-factor availability
Endothelium-dependent vasodilation,
hypercholesterolemia, diabetes

[36–38]

GTPCH ↑BH4 synthesis Diabetes [39, 40]

AVE9488 ↑eNOS transcription Atherosclerosis, ischemia-reperfusion injury [41, 42]

AVE3085 ↑eNOS transcription Atherosclerosis, hypertension [41, 43]

Fasudil
Stabilise eNOS gene expression, ↑eNOS
activity

Atherosclerosis, hypertension, heart failure,
diabetes

[44–47]

availability. Furthermore, downstream effectors of various
cellular signaling pathways, such as RhoA, are also capable of
modulating eNOS function. In this section, we highlight the
importance of BH4 availability, transcriptional regulation,
and the role of RhoA and Cav-1 in proper eNOS regulation
and signaling in a diabetic context (see Table 1).

5.1. BH4 Availability. BH4 is a critical co-factor of eNOS
regulation, facilitating electron transfer from its reductase
domain to its oxygenase domain. For eNOS to be catalytically
active, it must exist in its dimeric form. Indeed, BH4

contributes significantly to the stability of the eNOS dimer
[39]. Several reports have indicated that hyperglycaemia
results in significant reductions in BH4 levels, thereby
“uncoupling” eNOS to its monomeric form and causing an
increase in eNOS-derived superoxide [39, 40]. Furthermore,
the diabetes-mediated increases in ROS levels, particular per-
oxynitrite, oxidizes BH4 to its inactive form dihydrobiopterin
(BH2) [36]. A recent study has shown that BH4 oxidation
is the key determinant for eNOS uncoupling and under
conditions of low BH4 bioavailability, eNOS uncoupling
is suppressed through increased association of eNOS with
Cav-1 [53].

A clinical study has shown that concomitant intra-
arterial infusion of BH4 in type 2 diabetic patients improved
endothelium-dependent vasodilation, demonstrating the
therapeutic potential of upregulating BH4 bioavailabil-
ity [37]. Furthermore, BH4 supplementation improved
endothelial function in vessels from animal models of hyper-
cholesterolaemia and diabetes [36, 38]. The importance of
BH4 availability was further strengthened by studies overex-
pressing the rate limiting enzyme guanosine triphosphate-
cyclohydrolase 1 (GTPCH) which is involved in de novo
synthesis of BH4 [39]. Adenoviral-mediated gene transfer of
GTPCH in human endothelial cells exposed to high glucose
conditions rescued eNOS function by increasing EDNO pro-
duction and reducing superoxide levels as well as improving
the stability of the eNOS dimer [39]. These results were
corroborated in an in vivo transgenic GTPCH overexpressing
mouse model of T2D, which exhibited markedly improved
EDNO-dependent vascular tone, attenuated oxidative stress,
and increased eNOS dimer to monomer ratio [40]. Thus,
based on preclinical research and limited clinical data,
augmentation of BH4 levels in diabetic patients, appears
to be a feasible strategy to restore impaired endothelial
dysfunction.

5.2. Transcriptional Regulation of eNOS. Various physio-
logical and pathophysiological stimuli are able to modify
the transcriptional activity of the eNOS gene by inducing
transcription or stabilizing steady-state eNOS mRNA levels
[54]. Increased transcription of the enzyme in turn results
in sustained activation of eNOS-dependent activities. For
instance, sheer stress has been implicated in modulating
eNOS mRNA stability while growth factors, such as vascular
endothelial growth factor (VEGF), stimulate transcription
of the eNOS gene [54]. Chemical library screening for
compounds that stimulate eNOS transcription yielded two
small molecular weight compounds, named AVE9488 and
AVE3085, which have demonstrated the ability to increase
EDNO production while concurrently up-regulating eNOS
gene expression and reversal of eNOS uncoupling [41,
43]. In apolipoprotein-E- (ApoE-) deficient mice, AVE9488
and AVE3085 reduced cuff-induced neotima formation
and atherosclerotic plaques, while atherosclerotic plaque
formation was unaffected in ApoE/eNOS double knockout
(KO) mice, indicating that the actions of these compounds
are eNOS-specific [41]. Furthermore, AVE3085 improved
endothelial-dependent vascular function and lowered blood
pressure in spontaneously hypertensive rats [43], and
AVE9488 exhibited cardioprotective effects against ischemia-
reperfusion injury in an EDNO-dependent manner [42].
Although, these transcriptional regulatory compounds have
not been tested directly in a diabetic context, their ability
to ameliorate endothelial dysfunction in pathophysiological
settings, such as hypertension and atherosclerosis, lends
support for their therapeutic potential in diabetes-induced
endothelial dysfunction.

5.3. Potential Role of RhoA. RhoA is a small GTPase protein
involved in several aspects of cellular function including
signal transduction cascades related to vascular inflamma-
tion. Amongst its many regulatory functions, activation of
RhoA and its downstream target, Rho-associated kinase
(ROCK), has been shown to downregulate eNOS gene
expression by affecting eNOS mRNA stability and suppress-
ing protein kinase B/Akt activation, thus reducing eNOS
phosphorylation and catalytic activity [12]. Conversely,
administration of the ROCK inhibitor, fasudil, increased
protein kinase B/Akt activity and EDNO release in cultured
endothelial cells [44]. Additionally, fasudil administration
was protective against vascular-injury-induced leukocyte
recruitment in wild type but not eNOS KO mice [44],
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confirming that one of the targets of this ROCK inhibitor is
downstream eNOS-dependent activites. Importantly, from a
diabetes perspective, studies have demonstrated a significant
correlation between increased RhoA activity and impaired
vascular function in experimental models of T1D and T2D
[21, 55, 56]. Recently, it was shown that increased levels of
ROS, in particular peroxynitrite, suppress eNOS activity in
a RhoA/ROCK-dependent manner in STZ-induced diabetic
rats [12, 21, 55, 56]. Furthermore, treatment with the per-
oxynitrite decomposition catalyst, FeTTPs, improved vasore-
laxation to acetylcholine, lowered oxidative-stress and RhoA
activity, upregulated eNOS expression, and improved EDNO
levels [21]. It has also been shown that the RhoA/ROCK
pathway is involved in the pathogenesis of diabetic retinal
microvasculopathy by promoting leukocyte and neutrophil
adhesion to the retinal vasculature, thereby contributing to
endothelial damage [57].

Inhibitors of the RhoA/ROCK pathway are showing
promise as potential regulators of vascular damage. Non-
isoform specific ROCK inhibitors such as fasudil and Y-
27632 protect against various cardiovascular diseases such
as atherosclerosis, pulmonary and systemic hypertension
and chronic heart failure in clinical and preclinical studies
[45–47]. Mechanistically, Y-27632 has been able to prevent
thrombin-mediated downregulation of eNOS gene expres-
sion in cultured endothelial cells [58]. More importantly,
fasudil has a direct effect on endothelial function, as
demonstrated by improved vascular resistance and forearm
blood flow during intra-arterial infusion of the ROCK
inhibitor [46]. In addition, intravitreal administration of
fasudil significantly increased eNOS activation and decreased
leukocyte adhesion in the retinas of diabetic rats [57]. Thus,
the diverse range of benefits associated with inhibiting the
RhoA/ROCK pathway have paved the way for the generation
of newer ROCK inhibitors with higher specificity between
ROCK isoforms [59]. Currently, only fasudil is approved
for human use in the treatment of acute ischemic stroke
[60]. The testing of fasudil and newer more specific second
generation ROCK inhibitors in a diabetic setting would be of
great interest in an effort to limit vascular complications.

5.4. Modulating eNOS with Caveolin-1. Cav-1 is the main
structural protein of endothelial cell caveolae, which are
highly dynamic invaginations of the plasma membrane
known to play an integral role in cellular signal transduction
events [14]. Various endothelial cell signaling molecules,
including eNOS, localize in caveolae and are modulated
by direct interaction with Cav-1 [61]. One of the most
intriguing roles of endothelial Cav-1 is its negative regulation
of eNOS [61, 62]. Cav-1 has been shown to directly
bind eNOS and to inhibit eNOS-derived EDNO release
under basal conditions (Figure 1) [63]. On the contrary,
for optimal EDNO release, eNOS must reside in cave-
olae microdomains. This was clearly demonstrated by a
reduction in EDNO release from HEK 293 cells stably
transfected with palmitoylation-deficient mutants of eNOS,
which lacked the ability of eNOS to target caveolae [64].
Therefore, eNOS is most catalytically active when present

in caveolae microdomains and dissociated from the Cav-
1 protein. Accumulating evidence now suggests that in
cardiovascular disease, endothelial dysfunction occurs as a
result of alterations in the caveolae/Cav-1 signaling pathway
[15]. Supportive evidence for a role for Cav-1 in proper
vascular regulation comes from studies involving Cav-1 KO
animals, which demonstrate dysregulated eNOS synthesis,
increased vascular permeability, cardiomyopathy, and pul-
monary hypertension [65, 66], all of which are rescued upon
reintroduction of Cav-1 back into the endothelium [66, 67].

From the above studies, it is clear that for optimal eNOS
activity, the presence of dissociated eNOS from Cav-1 in
functional caveolae is required. However, both reductions in
Cav-1 as well as overexpression of Cav-1 have been shown
to affect eNOS activity in diabetic settings. For example, in
a study of moderately diabetic rats, kidney cortical eNOS
dimer-to-monomer ratios and eNOS phosphorylation were
reduced, thereby contributing to the attenuation of proper
EDNO synthesis. Interestingly, eNOS colocalized with Cav-
1 throughout the renal vascular endothelium, however, the
amount of Cav-1 bound to the plasma membrane was
significantly attenuated [68]. These data clearly suggest that
the dynamics of membrane bound eNOS/Cav-1 has to be
preserved for proper EDNO synthesis. More recently, it has
been shown that impaired endothelium-dependent vasore-
laxation is linked to increased Cav-1 protein expression in
the aorta of diabetic rats. This was attributed to an inhibition
of eNOS function due to Cav-1 binding and a reduction
in EDNO production [68, 69]. Furthermore, in a diabetic
setting, the interaction of Cav-1 with other pathways has also
been invoked. For example, Cav-1 has been implicated in
diabetic peripheral neuropathy through regulation of neural
cell growth factor receptor Erb 2 signaling [70].

Although a definite role for Cav-1 in diabetes has
not been fully elucidated, it is apparent that modulating
eNOS function by Cav-1 could be beneficial in ameliorating
diabetes mediated endothelial dysfunction. A major issue
that has limited Cav-1 research to date is that genetic ablation
of Cav-1 results in the loss of both caveolae and Cav-1
dependent signaling [65]. This makes segregation of the
functional role of caveolae versus Cav-1 dependent signaling
pathways problematic. Hence, a novel approach to target
the eNOS/Cav-1 interaction in a regulated fashion is clearly
warranted. Previous studies have shown that Cav-1 binding
to and inhibition of eNOS is mediated by the putative Cav-
1 scaffolding domain (amino acids 82–101) [61]. By per-
forming alanine scanning of the Cav-1 scaffolding domain,
we have determined the amino acids responsible for eNOS
inhibition [63]. Mutation of the amino acids threonine 90,
91 (T90, T91) and in particular phenylalanine 92 (F92) to
an alanine, failed not only to inhibit eNOS activity but also
was able to increase eNOS-derived NO release. This occurred
despite Cav-1 retaining the ability to bind to eNOS [63, 71].
Moreover, we have generated a cell-permeable Cav-1 peptide
lacking the eNOS inhibitory domain. When this peptide was
applied ex vivo to aortic rings isolated from wild-type mice,
there was an 80% improvement in endothelial-dependent
vasodilation as compared to the wild-type peptide, an effect
that was abolished in eNOS KO mice. This clearly indicates
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that eNOS is a specific target for the mechanism of action
of this peptide. Furthermore, blood pressure was reduced in
vivo following an intraperitoneal injection of the peptide in a
concentration dependent manner. Lastly, in endothelial cells,
treatment with the peptide was able to decrease superoxide
production as measured by the cytochrome c assay [71].
Thus, our group has established a more targeted approach
to positively regulate eNOS function by Cav-1. This strategy
has the potential to improve endothelial dysfunction by
upregulating eNOS activity in diabetes and cardiovascular
disease, both of which have impaired Cav-1/eNOS signaling.
However, a limitation that must be taken into account, is
that increasing EDNO levels in the presence of oxidative
stress, could lead to the production of peroxynitrite and
consequently nitrosylation of proteins, leading to further
damage.

6. Targeting Oxidant and
Antioxidant Pathways in Diabetes

The vascular system controls excess ROS through a diverse
range of endogenously expressed antioxidant enzymes, thus
limiting oxidative damage. Antioxidants serve to protect
against oxidative damage by scavenging ROS and interfer-
ing with downstream signaling events mediated by ROS.
However, in diabetes, the activity of vascular ROS-producing
enzymes is increased, whilst antioxidant defences are altered
or impaired, skewing the balance to a more prooxidative
profile. In this section, we discuss a major ROS producing
enzyme of the vasculature and two key vascular antioxidant
enzymes known to play a role in the protection against
endothelial dysfunction and cardiovascular disease induced
by diabetes.

6.1. Nox Isoforms. Since the Nox family of enzymes is one of
the primary sources of ROS in the vasculature, much interest
has focused on ways to minimise ROS production without
compromising the important role played by physiologically
relevant concentrations of ROS [72]. Compounds that
suppress Nox activity may therefore offer therapeutic benefits
to ameliorate diabetic complications, in particular diabetes
mediated endothelial dysfunction and atherosclerosis where
Nox involvement is increasingly being appreciated [73].
Indeed, it has been suggested that inhibition of vascular
smooth muscle-specific Nox1 may be an efficient strategy
to suppress neointimal formation in the prevention of
vascular complications associated with diabetes through the
prevention of smooth muscle cell migration, proliferation
and extracellular matrix production [74].

Several novel small-molecule and peptide inhibitors of
the NOX enzymes have been developed and shown to have
promise in experimental studies [75]. Indeed, treatment
with the Nox inhibitor, apocynin, reversed the upregulation
of Nox isoforms, increased eNOS function, and reduced
endothelial dysfunction in STZ-induced and fructose-fed
rats [29, 30]. Apocynin was also effective in improving
vascular function induced by hyperglycaemia in a non-
obese model of T2D [76]. Another novel Nox inhibitor,

VAS2870, lowered superoxide formation in oxidized low-
density-lipoprotein-treated endothelial cells [77]. A highly-
specific Nox inhibitor, known as gp91 ds-tat, has been shown
to interfere with Nox subunit assembly and subsequent
activation of the enzyme. Although gp91 ds-tat has not been
tested in a diabetes-specific setting, it has shown promise in
a rat model of hypertension through its ability to decrease
vascular ROS and endothelial dysfunction [78, 79].

Even though studies using Nox inhibitors have shown
benefit, the issues of specificity, potency, and toxicity mil-
itate against any of the existing published compounds as
candidates for drug development. For example, the mode
of action of apocynin has been controversial and a matter
of debate. Recent evidence has suggested that apocynin is
nonselective in its mode of action as it also targets other
enzymes such as Rho-kinase. Indeed, it is now believed to
act as an antioxidant rather than a specific Nox inhibitor,
as demonstrated in vascular endothelial and smooth muscle
cells [80]. Thus, a more preferable strategy in the design
of Nox-inhibitors would be the development of agents with
isoform and target specificity. This strategy may be more
beneficial considering the important signaling role provided
by some of the Nox isoforms and the important protective
role of Nox2 in the innate immune response.

6.2. Superoxide Dismutase. The superoxide dismutase (SOD)
enzymes are involved in the removal of superoxide through
its dismutation to oxygen and hydrogen peroxide. The
SOD enzymes are therefore the first line of defence against
increases in superoxide and for that reason are impor-
tant regulators of ROS production (Figure 3) [81]. Of
relevance to the vasculature, the SOD enzymes are also
a key determinant of EDNO bioavailability since SOD
competes with EDNO for superoxide in a diffusion-limited
manner, thus attenuating the formation of peroxynitrite.
In doing so, the SOD enzymes indirectly improve EDNO
bioavailability [82]. Indeed, in mice with a genetic ablation of
the cytosolic Cu/Zn-containing isoform, SOD1, endothelial
dysfunction was associated with increased superoxide and
peroxynitrite levels compared with wild type controls [83].
Furthermore, exogenously added SOD was able to partially
restore endothelium-dependent vasodilation in an eNOS-
dependent manner in SOD1 KO mice [83]. In addition,
overexpressing the mitochondrial isoform, SOD2, specif-
ically in the endothelium of STZ-induced diabetic mice,
prevented diabetic retinopathy and superoxide-mediated
oxidative stress [84]. These data clearly demonstrate the
important role SOD plays in balancing oxidative stress
through removal of superoxide and thereby maintaining
EDNO levels.

Studies assessing the level of antioxidant defence in
diabetes are mostly in agreement that antioxidant capacity
is compromised in the diabetic milieu. Indeed, lower SOD1
activity has been associated with both T1D and T2D patients
[85–87] and with increased susceptibility to vascular disease
in children with T1D [88]. However, paradoxically in one
study of a rabbit model of diabetes, impaired vascular func-
tion was linked to increased SOD expression and augmented
superoxide levels [89]. However, adenoviral ex vivo gene
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transfer of both SOD1 and SOD2 into these diabetic rabbits
improved vascular function by decreasing superoxide levels,
leading these authors to conclude that, despite the increase
in endogenous SOD, it had been rendered functionally
less active and therefore unable to cope with the elevated
diabetes-mediated oxidative stress [89]. This was confirmed
in human endothelial cells, where exposure to high glucose
for 7 and 14 days increased SOD1 and SOD2 protein levels
despite SOD activity declining, therefore stressing the need
for functionally active SOD to protect against oxidative stress
[90].

Cardiovascular clinical trials investigating the potential
of exogenous antioxidants, such as vitamin C and E, to
bolster antioxidant defences have failed to show a positive
outcome with respect to CVD endpoints [91, 92]. This lack
of improvement in cardiovascular outcomes has spawned
the development of compounds that mimic endogenous
antioxidant enzymes with greater cellular penetration, effi-
cacy, and stability, in order to lower oxidative stress in
disease settings. Indeed, administration of tempol, a cell-
permeable SOD mimetic, has shown improvements in
diabetes associated microvascular complications, such as
nephropathy and retinopathy [93, 94]. In addition, tempol
restored endothelial vasorelaxation in large conduit vessels
of alloxan-induced diabetic rabbits [95]. MN40403, another
highly specific nonpeptide SOD mimetic was able to reverse
endothelial dysfunction ex vivo by targeting Nox-mediated
superoxide production in aortae of ApoE-deficient mice
[96].

Lastly, it is important to note that although SOD and
SOD mimetics have displayed efficacy in experimental mod-
els of diabetes, their role in improving diabetic vascular com-
plications remains controversial. This may be due to the fact
that in pathological conditions, dismutation of superoxide

by SOD is linked to excess production of hydrogen peroxide,
another ROS known to cause irreversible endothelial damage
and attenuate EDNO production [97]. Thus, the availability
or concurrent addition of other antioxidants such as catalase,
thioredoxins, peroxiredoxins, and glutathione peroxidases,
which function to neutralize hydrogen peroxide and/or
hydroxyl radicals, may prove to be a more effective therapy
to combat oxidative stress [81].

6.3. GPx1: A Versatile Antioxidant Enzyme. Glutathione per-
oxidases (GPx) are a family of selenocysteine-containing
enzymes that participate in the second step of the antioxidant
pathway, which involves the neutralization of hydrogen
peroxide to water (Figure 3) utilizing glutathione (GSH) as
its substrate [81, 98]. GPx1 is the predominant isoform
expressed in the cytosol and mitochondria. Under conditions
of increased oxidative stress, a build-up of hydrogen peroxide
favours the production of hydroxyl radicals through Fenton-
type reactions, leading to the formation of lipid peroxides.
The formation of lipid peroxides in turn damage cell mem-
branes and contribute to the pathogenesis of atherosclerosis
[99]. GPx1 is considered a multifaceted antioxidant enzyme
in its ability to eliminate lipid peroxides, hydrogen peroxide
[81] and reduce the potent peroxynitrite anion [81, 100]
(Figure 3). Indeed, recent preclinical and clinical data have
shown that GPx1 plays a critical role in protecting the car-
diovascular system against oxidative stress [101, 102] with
low levels of GPx1 activity acknowledged as an independent
risk factor for cardiovascular events in patients with coronary
artery disease [102].

The generation of GPx1 KO mice by our group [103] and
others [104, 105] have specifically demonstrated the impor-
tance of GPx1 in protecting the vasculature against oxidative
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stress and vascular complications of diabetes [106]. Although
deletion of GPx1 is nonlethal and GPx1 KO mice are fertile
[81, 103], these mice have an enhanced oxidative stress
profile and are more susceptible to endothelial dysfunction
[107, 108]. Indeed, a 50% reduction of GPx1, as seen in
heterozygous mice, is sufficient to impair endothelial func-
tion and cause significant abnormalities to the vasculature
and cardiac structures [101, 108]. Furthermore, resistance
arteries isolated from GPx1 KO mice displayed paradoxi-
cal vasoconstriction in response to bradykinin, a EDNO-
dependent vasodilator, whilst their wild-type counterparts
exhibited dose-dependent vasodilation [107]. These findings
were accompanied by reduced levels of cGMP, a downstream
signaling molecule of the EDNO pathway, with no change in
eNOS expression within the aorta of GPx1 KO mice [107].
These findings are strongly suggestive that a deficiency in
GPx1 contributes to the reduction in EDNO bioavailability.
In support of this finding, Galasso et al. demonstrated
impaired ischemia-induced angiogenesis, as well as a reduc-
tion in the number of endothelial progenitor cells in response
to vascular endothelial growth factor stimulation in GPx1
KO mice, both processes known to be EDNO dependent
[109]. In addition, GPx1 deficiency has been shown to
accelerate angiotensin-II-mediated endothelial dysfunction,
cardiac hypertrophy, and mean arterial blood pressure [110,
111].

Armed with this knowledge, our group was particularly
interested in the role of Gpx1 in vascular complications
associated with diabetes. In order to achieve these aims,
we generated ApoE/GPx1 double KO (dKO) mice and
rendered them diabetic using STZ, which proved to be
a robust model for diabetes-associated atherosclerosis and
nephropathy [106, 112]. In diabetic ApoE/GPx1 dKO mice,
atherosclerotic lesions were significantly increased in all
regions of the aorta and aortic sinuses compared with
diabetic ApoE KO mice. The enhanced atherosclerosis was
accompanied by an increase in proatherogenic inflammatory
markers, such as VCAM-1 and Nox2, and the pro-fibrotic
markers, CTGF and VEGF [106]. In the absence of GPx1,
there was an upregulation in SOD 1 and catalase, however,
this compensatory response was insufficient to protect the
mice against oxidative stress-mediated damage, as quantified
by the increased nitrotyrosine levels detected in ApoE/GPx1
dKO compared with ApoE KO counterparts [106]. Diabetic
nephropathy, detected as increased albuminuria, creatinine
clearance, mesangial expansion, oxidative stress, and fibrosis,
was also significantly enhanced in diabetic ApoE/GPx1 dKO
mice compared with diabetic ApoE KO controls [112].
Collectively, these studies implicate a major role for GPx1 in
protecting the vasculature against hyperglycaemia-mediated
oxidative stress, endothelial dysfunction, atherogenesis, and
nephropathy.

Ebselen is a lipid-soluble seleno-organic compound,
which mimics the activity of GPx1. Clinical studies have
demonstrated that ebselen has neuroprotective effects in
stroke patients, showing its suitability and safety for human
usage. In addition, Ebselen has been extensively studied for
its therapeutic potential in various experimental models of
diabetes [112–115]. In a T2D rat model associated with

metabolic syndrome, a reduction in endothelium-dependent
vasodilation as well as EDNO production and angiogenic
capacity was prevented by treatment with ebselen [115].
Additionally, we have shown that ebselen is protective
against atherosclerosis in diabetic ApoE KO mice, which was
associated with a decrease in oxidative stress markers and
reduced expression of proatherogenic cellularity and medi-
ators [113]. In endothelial cells, pretreatment with ebselen,
diminished hydrogen-peroxide induced increases in inflam-
matory cytokines, such as TNF-α and NFkB, and attenuated
the TNF-α-induced expression of endothelial cell adhesion
molecules (VCAM-1 and ICAM-1) [113, 116]. Importantly,
in our studies, ebselen was able to significantly improve
diabetes-associated atherosclerosis and nephropathy in our
ApoE/GPx1 dKO mice [112]. This finding was pivotal as
it demonstrated that ebselen, a synthetic compound that
mimics an endogenous antioxidant enzyme, is target specific
and able to lessen the pathological consequences brought
about by a deficiency in GPx1.

Currently, newer ebselen analogues with structural mod-
ifications, including a diselenide moiety, have been generated
for their greater efficacy, potency, and their potential to
behave in a superior fashion to ebselen in vivo. Indeed,
thorough biochemical and kinetic analysis have proven that
these analogues have a higher catalytic activity [117]. Most
recently, Hort et al. have shown that daily treatment of
hypercholesterolemic LDL receptor KO mice with diphenyl
diselenide (0.1 mg/kg or 1 mg/kg) for 30 days, reduced
atherosclerotic lesions, which was accompanied by improved
vascular function, downregulation of proatherogenic genes,
reduced infiltration of inflammatory cells, and lowered
oxidative stress levels [118]. These findings are supported
by our own unpublished observations with various other
ebselen analogues designed for their improved activity,
which have demonstrated their antiatherogenic potential
in diabetic ApoE/GPx1 dKO mice. Accordingly, targeting
GPx1 activity through the use of novel GPx1 mimetics is
proving beneficial in various preclinical settings, provid-
ing a strong foundation for their translation into clinical
trials.

7. Conclusion

It is now well accepted that proper regulation of endothelial
function in diabetes is considerably impaired, leading to
often fatal cardiovascular complications. EDNO bioavail-
ability and oxidative stress are two separate but inter-
linked determinants of vascular function that are both
compromised in a diabetic setting. Hence, developing novel
therapeutics to specifically improve EDNO bioavailability
and reduce oxidative stress is a clearly desirable dual
strategy to manage endothelial dysfunction. This review
highlights the importance of developing new compounds
that upregulate EDNO synthesis, target key vascular ROS-
producing enzymes, and mimic endogenous antioxidants, a
strategy that might prove clinically relevant in preventing
the development and/or retarding the progression of diabetes
associated vascular complications.
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Accumulating work in experimental animals suggests that bradykinin (BK) exerts cardioprotective effects via bradykinin type-2
receptors (BK-2Rs). In human end-stage heart failure, BK-2Rs are significantly downregulated by mechanisms that have remained
elusive. Heart tissues from idiopathic dilated cardiomyopathy (IDC; n = 7), coronary heart disease (CHD; n = 6), and normal
patients (n = 6) were analyzed by RT-PCR, SSCP, and Western blotting. In normal and IDC hearts, BK-2R expression increased
with age, with a lower relative increase in IDC hearts. BK-2R mRNA and protein levels showed a positive linear correlation,
suggesting transcriptional regulation. Two known BK-2R promoter polymorphisms,−58T/C and−9/+9, were found to be present
in the study population. The allelic frequencies for the C-allele in −58T/C were 0.58 in normal and CHD hearts and 0.81 in IDC
hearts. Furthermore, the allelic frequencies for the−9 and +9 alleles were 0.42 and 0.58 in normal hearts and 0.64 and 0.36 in IDC
hearts, respectively. All analyzed CHD hearts were homozygous for the −9 allele. Thus, the expression of cardioprotective BK-2Rs
in human hearts is increased with age in normal and IDC hearts and may be regulated on the transcriptional level. Moreover,
comparison of normal subjects and patients with failing hearts revealed different allelic frequencies in each of two known BK-2R
gene polymorphisms.

1. Introduction

Accumulating data indicate that bradykinin (BK) exerts
cardioprotective effects, which include both protection of the
myocardium from ischemia-reperfusion injuries [1–4] and
prevention of left ventricular hypertrophy (LVH) and heart
failure [5–7]. The cardioprotective effects are mainly medi-
ated by the bradykinin type-2 receptor (BK-2R), a member
of the G protein-coupled receptor superfamily, resulting in
vasodilatation, that is release of nitric oxide by endothelial
cells [4, 5, 8], together with both antiproliferative [6, 9] and
antihypertrophic [7, 10] effects on fibroblasts and myocytes.

In human end-stage heart failure, due to either idiopathic
dilated cardiomyopathy (IDC) or coronary heart disease
(CHD), the amount of cardioprotective BK-2Rs is signif-
icantly decreased [11]. The observed reduction in BK-2R
expression associated with a decrease in endothelial nitric
oxide synthase (eNOS) in the failing hearts and with an
increase in the level of fibrosis in IDC hearts [11].

Although the molecular mechanisms regulating the
expression of BK-2Rs are largely unknown, it is generally
thought that the main regulatory mechanism lies at the
gene expression level [12]. An altered frequency of a
promoter (−58T/C) polymorphism in the BK-2R gene has
been described in hypertensive African-Americans [13],
Japanese [14], and Chinese [15] population, suggesting that
a decreased transcriptional activity in the BK-2R promoter
may be involved in essential hypertension. Accordingly, a
partial genetic deficiency (heterozygous) of BK-2Rs in mice is
already sufficient for the onset of mild LVH [16]. Recent data
by Duka et al. have indicated that both BK-1Rs and BK-2Rs
contribute to the maintenance of normal blood pressure in
Wistar rats, but that one receptor can compensate for inhibi-
tion of the other, and that a chronic inhibition of both recep-
tors resulted in significant upregulation of related vasoactive
systems [17]. Thus, a decreased expression of BK-2Rs may
be compensated with an increased expression of BK-1Rs.
Furthermore, the +9 allele of a −9/+9 exon 1 polymorphism
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of the BK-2R is strongly associated with an increased LV
growth response among normotensive males undergoing
physical training [18], and with impaired LV mass regression
during antihypertensive treatment [19]. In contrast, Fischer
et al. [20] found no relation between the −9/+9 exon 1
polymorphism and the prevalence of myocardial infarction
(MI) nor LV function after MI. However, it is possible that
patients with end-stage heart failure have a genetically deter-
mined fault in their BK-2R expression, which could affect the
balance between cardiotoxic and cardioprotective systems, as
well as their individual responses to medical treatments.

In the present study, we have analyzed the age-related
regulation of BK-2R expression and the occurrence of two
known BK-2R promoter polymorphisms in normal and
failing human hearts.

2. Materials and Methods

2.1. Preparation of Human Heart Samples. Normal heart
samples (n = 6) were obtained from left ventricles of organ
donors who had no history of cardiac disease and had been
excluded from organ donation because of age, body size,
or tissue type mismatch. The cause of death in the control
patients was subarachnoid hemorrhage (SAH). Sample
collection was performed in accordance with the Helsinki
Declaration, local legislation, and an institutional review
board approved the study protocol. The informed consent
was given by the next of kin prior to organ donation.
Failing left ventricles were harvested at the time of cardiac
transplantation from 13 patients with end-stage heart failure
(New York Heart Association functional class IV) due to
either IDC (n = 7) or CHD (n = 6) at the University Central
Hospital, Helsinki, Finland. All patients were treated with a
combination of drugs including β-blockers, ACE inhibitors,
loop-diuretics, digoxin, and spironolactone. After excision,
the heart tissues were immediately frozen in liquid nitrogen
and stored at −70◦C. Left ventricle myocardium devoid of
visible scar tissue was used in the experiments. The clinical
characteristics of the patients in this study are shown in
Table 1. An institutional review board approved the use of
failing human heart samples.

2.2. Competitive RT-PCR. Total RNA was isolated from
human heart samples using an ultra-pure TRIzol reagent
(GIBCO BRL), and an RNeasy Mini Kit (QIAGEN). One
microgram of purified total RNA was transcribed into cDNA,
using a Superscript TM pre-amplification system (GIBCO
BRL). The primers were as follows: BK-2R: 5′-CACCAT-
CTCCAACAACTTCG (S), 5′-GGTAGCTGATGACACAA-
GCG (AS); GAPDH: 5′-ACCACAGTCCATGCCATCAC (S),
5′-TCCACCACCCTGTTGCTGTA (AS). The competitor
DNA for the BK-2R was obtained by inserting a 129 bp
external DNA fragment into the SacI site. The use of equal
amounts of mRNA in the RT-PCR assays was confirmed
by analyzing the expression levels of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (data not shown). The
PCR product was verified, by DNA sequencing, to represent
the corresponding target and quantitated with a Gel Doc
2000 gel documentation system (Bio-Rad). The logarithm

Table 1: BK-2R polymorphism in human hearts. The presence of
two BK-2R gene polymorphisms,−58T/C and−9/+9, was analyzed
in normal and failing human hearts according to the protocol
described in Section 2.

Subject no. Etiology Sex Age Polymorphism

−58 T/C +9/−9

1

Normal

M 19 T/C +9/−9

2 M 43 T/C +9/+9

3 M 49 C/C +9/−9

4 M 31 T/T −9/−9

5 M 40 T/C +9/+9

6 F 50 C/C +9/−9

7

CHD

M 61 T/C −9/−9

8 M 60 T/T −9/−9

9 M 55 C/C −9/−9

10 M 52 T/C −9/−9

11 M 60 C/C −9/−9

12 M 54 T/C −9/−9

13

IDC

M 29 C/C −9/−9

14 M 60 C/C −9/−9

15 M 46 C/C +9/−9

16 M 56 C/C +9/−9

17 M 55 T/T +9/−9

18 M 56 T/C +9/−9

19 M 63 C/C +9/−9

of the target-to-competitor ratio was plotted against the
logarithm of the competitor DNA-molecules [11].

2.3. Detection of a −/+9 Polymorphism in Exon 1 of BK-2R
Gene by PCR. Genomic DNA was isolated from human heart
tissue using an RNA/DNA Mini Kit (Qiagen) and stored in
TE buffer (pH 8.5) in aliquots at −20◦C.

Isolated genomic DNA was subjected to PCR using
primers spanning the insertion/deletion (−/+9 bp) site in
exon 1 of the BK-2R gene. The primers were as fol-
lows: BK-2R: 5′-CAAAGATGAGCTGTTCCCGCC (S), 5′-
GGGAACTTTTCCCAACTCCCC (AS). The PCR was run at
Tm = 66◦C for 40 + 1 cycles and the obtained PCR products
were separated on a 3% MetaPhor agarose gel (BMA).

2.4. Detection of a −58T/C BK-2R Promoter Polymorphism
by PCR and SSCP. Genomic DNA was isolated as described
above and subjected to PCR using following primers: BK-2R:
5′-AGGAGTGCAGAGCTCAGCTGGAG (S), 5′-TCGGAG-
CCCAGAAGCCAGAG (AS). The obtained PCR products
were denatured by heating at 94◦C for 3 minutes in 95%
formamide, 10 mM NaOH, 0.25% bromphenol blue, and
0.25% xylene cyanol, and then were rapidly cooled on ice.
The denatured PCR samples were mixed with 9 parts of
SSCP Sucrose Dye (10 g sucrose, 62.5 mg BPB.XC, 0.5 ml
0.5 M EDTA (pH 8.0) in 25 ml dH2O), and run on a 14%
acrylamide/bis (29 : 1) gel (BIORAD) containing 10% (v/v)
2x concentrated MDE gel solution (BMA) for 5 min at 500 V,
and then for 19 hours at 250 V at room temperature. The gel
was stained with SYBR Gold nucleic acid gel stain (Molecular
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Figure 1: BK-2R mRNA expression correlates with age in normal
and failing (IDC) hearts. The level of BK-2R mRNA expression
was plotted against age of normal, IDC, and CHD hearts, and the
correlation was calculated. P < 0.05 was considered significant.

Probes) for 30–40 min and analyzed with a Gel Doc 2000 gel
documentation system (Bio-Rad).

3. Statistics

The data was subjected to linear regression analysis. Statisti-
cal significance was accepted at P < 0.05.

4. Results

4.1. BK-2R Expression Increases with Age in Normal and IDC
Hearts. By simple linear regression analysis, a strong positive
correlation (r = 0.827; P < 0.05) was found between the
level of BK-2R mRNA expression and age in normal human
hearts (Figure 1, upper panel), suggesting that normal hearts
adapt to age-related changes by increasing their expression of
cardiac BK-2Rs. In addition, a significant positive correlation
(r = 0.951; P < 0.001) was also seen between the level
of BK-2R mRNA expression and age in the IDC hearts
(Figure 1, middle panel). However, the relative increase in
BK-2R mRNA expression, that is the slope of the regression

curve, was significantly lower in the IDC hearts than in the
normal hearts. Surprisingly, a mild negative correlation (r =
0.509) was found between BK-2Rs mRNA and age in the
CHD hearts (Figure 1, bottom panel), suggesting a disease-
dependent suppression of BK-2R expression. On account
of the nature of the disease, all the CHD hearts were from
patients older (>50 years) than those in the normal group.

4.2. Linear Correlation between BK-2R mRNA and Protein
Expression. By further plotting the BK-2R protein levels
against age of the patients (Figure 2(a)) and the BK-2R
mRNA levels against the receptor protein levels of both
normal and failing hearts (n = 18) (Figure 2(b)), we found
a positive linear correlation (R = 0.761, P < 0.001) between
the mRNA and protein levels. This result suggests that the
expression of BK-2Rs in both normal and failing human
hearts may be regulated on the transcriptional level, rather
than on the translational level.

4.3. BK-2R Polymorphism in Failing Human Hearts. To
further analyze the possible transcriptional mechanisms
involved in the observed downregulation of BK-2R expres-
sion in failing hearts, we determined the presence of two
polymorphisms, a −58T/C promoter polymorphism and a
9 base pair (bp) exon 1 deletion/insertion polymorphism,
both previously known to affect the BK-2R expression levels
(Table 1). The characteristics of the analyzed patients as well
as the presence of the two analyzed BK-2R polymorphisms,
are described in Table 1. As shown in Tables 1 and 2, the
genotypic frequency of CC in the IDC hearts (71%) was
significantly increased, as compared to the normal hearts
(33%). In contrast, the frequency of the TT genotype was
found to be similar in both IDC (14%) and normal (17%)
hearts, whereas the TC genotype dominated in the normal
hearts (50%), as compared to the IDC hearts (15%). The
genotypic frequencies in the CHD hearts were identical to
the normal hearts, that is, 33% were CC, 17% were TT,
and 50% were TC. Furthermore, the allelic frequencies of
the −58T/C promoter polymorphism were 0.58 for the C-
allele and 0.42 for the T-allele in both normal and CHD
hearts. In contrast, the allelic frequencies in IDC hearts were
0.81 for the C-allele and 0.19 for the T-allele. In terms
of the 9-bp exon 1 deletion/insertion polymorphism, we
found that all patients in the CHD group (100%) were
homozygous for the deletion (−9/−9) (Table 2). In contrast,
in the normal group, only 17%, and in the IDC group,
29% were homozygous for the 9 bp deletion. Among the
IDC hearts, 71% were heterozygous, whereas, in the normal
hearts, 50% were found to be heterozygous (−9/+9) and 33%
were homozygous for the +9 allele.

5. Discussion

Here we show that a linear relationship between BK-2R
mRNA and protein expression exists in normal and failing
human left ventricles, suggesting that the expression of
cardioprotective BK-2Rs in human myocardium may be
regulated on the transcriptional level, rather than on the
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Figure 2: (a) BK-2R protein levels in normal and failing hearts
show a linear trend (not significant) when plotted against age.
(b) BK-2R mRNA expression levels plotted against BK-2R protein
levels show a positive linear correlation (R = 0.761, P <
0.001), suggesting that BK-2R expression may be regulated on the
transcriptional level.

translational level. In addition, in normal and IDC hearts,
the BK-2R expression was found to correlate positively with
age, but the relative increase was clearly lower in the IDC

Table 2: Genotypic and allelic frequencies of two BK-2R gene poly-
morphisms in normal and failing human hearts. The genotypic and
allelic frequencies for two common BK-2R gene polymorphisms
were calculated in both normal and failing human hearts.

(a)

Polymorphism Genotype Normal IDC CHD

−58T/C
T/T 17.0% 14.0% 17.0%

T/C 50.0% 15.0% 50.0%

C/C 33.0% 71.0% 33.0%

−9/+9
−9/−9 17.0% 29.0% 100%

−9/+9 50.0% 71.0% 0%

+9/+9 33.0% 0% 0%

(b)

Polymorphism Allele
Frequency

Normal IDC CHD Average

−58T/C
C-allele 0.58 0.81 0.58 0.66

T-allele 0.42 0.19 0.42 0.34

−9/+9
−9-allele 0.42 0.64 1.00 0.69

+9-allele 0.58 0.36 0.00 0.31

hearts than in the normal hearts. The increased presence of
the C-allele in the IDC hearts may explain the age-related
lower relative increase in BK-2R expression in IDC hearts,
as compared to normal hearts. These results suggest that the
human heart adapts to age-related changes in heart function
[21] by upregulating the expression of cardioprotective BK-
2Rs. This is consistent with previous studies performed with
BK-2R KO mice, which in the absence of BK-2Rs show an
accelerated ageing phenotype [16, 22]. Moreover, in a recent
study, BK was shown to protect against ROS-mediated DNA
damage and reduce endothelial cell senescence via BK-2R
and NO-dependent pathway, supporting an important role
for BK and BK-2Rs in ageing processes [23].

In a recent study, a correlation between age and the
expression of BK-1Rs and BK-2Rs has also been observed in
male Brown Norway rats [24]. The authors showed that the
expression of BK-2Rs was decreased in rat hearts as a func-
tion of age, whereas the expression of BK-1Rs was increased.
Hence, they suggested that the age-related decrease in BK-
2Rs is cardiotoxic and that the increased expression of
BK-1Rs may be a compensatory effect. Similarly, in our
previous studies, we observed an age-related decrease in
both mRNA and protein expression of BK-2Rs in normal
Wistar-Kyoto rats (WKYs) [25]. However, in contrast to
normotensive WKYs, spontaneous hypertensive rats (SHRs),
that is, rats with a hypertensive phenotype, showed an age-
related increase in BK-2R mRNA expression. Interestingly,
also BK-2R protein levels increased in the SHRs during the
first half of their lifespan, that is, during the LVH stage, but
were significantly decreased in the failing rat hearts [25].
In our present human studies, the expression of BK-2Rs
increased with increasing age in both the control and the IDC
group, whereas a relative decrease in BK-2Rs was observed in
the CHD study group.
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It seems evident that LVH may develop as a compen-
satory mechanism during the early stages of the disease,
whereas the later stages are characterized by a maladaptive
loss of myocytes with subsequent fibrosis, LV dysfunction,
and heart failure. Thus, if BK-2Rs are an essential part of
a local cardioprotective system, a logical adaptive response
to an ongoing pathological process would be an increased
expression of BK-2Rs. Therefore, it is possible that BK-2R
expression is upregulated during LVH, and that the observed
receptor downregulation occurs only later, at the stage of
heart failure. Similarly, the increased expression of BK-2Rs
with increasing age in normal human hearts may occur as
an adaptive response to an age-related physiologic process of
disease-independent fibrosis [23]. It therefore seems unlikely
that the observed down-regulation of BK-2Rs in the failing
hearts is due merely to the greater age of the patients. This,
however, is clearly different from normotensive rats, in which
the expression of BK-2Rs is decreased with increasing age
[24, 25]. The increased levels of fibrosis observed in the
IDC hearts [11] in relation to a reduction in the number of
myocytes may partly also explain the reduced amount of BK-
2Rs in the IDC hearts, however; this may not hold true for
the CHD hearts, since no increase in fibrosis was observed in
CHD hearts [11].

Recent studies have suggested that patients developing
LVH and heart failure may have a genetic background in
which their expression levels of cardioprotective BK-2Rs are
significantly weaker than in normal hearts, or completely
lacking. Indeed, the C allele of the −58T/C promoter
polymorphism in the BK-2R gene has been associated with
the occurrence of essential hypertension in several ethnic
groups, including African Americans [13], Japanese [14],
and Chinese [15] populations. Our present results also sug-
gest that the expression of BK-2Rs in IDC hearts is associated
with the C allele of the –58T/C promoter polymorphism and
are the first to suggest that this allele is accumulated in IDC
patients and may partially explain the observed reduction
in BK-2R expression in this patient group [11]. In contrast,
the distribution of the C allele in CHD hearts is similar to
the distribution in normal hearts, although the expression of
BK-2Rs appears negatively correlated with age in the CHD
group.

Military trainees, which were homozygous for the −9
allele and underwent physical training, did not develop
exercise-induced myocardial hypertrophy to a similar extent
as heterozygous subjects or homozygous for the +9 allele
[18]. This result suggests that the −9 allele suppresses
physiological LV hypertrophy induced by physical training,
whereas the +9 allele may associate with increased phys-
iological hypertrophy, and possibly also with pathological
hypertrophy. Indeed, it was recently shown that patients with
a +9/+9 genotype and suffering from essential hypertension
responded poorly in LV mass regression, independent of
blood pressure reduction or treatment, as compared to
other genotypes [19]. In the present work, none of the
IDC and CHD hearts were homozygous for the +9/+9
genotype, whereas 33% of the normal hearts were +9/+9
genotypes. This result contradicts previous studies, in which
the +9/+9 genotype has been linked to increased exercise-

induced physiological LV hypertrophy in normotensive sub-
jects and to poor LV mass regression during antihypertensive
treatment. However, the question remains whether the
mechanisms involved in the progression of physiological
and pathophysiological LV hypertrophy diverge, and whether
also the cardioprotective mechanisms vary depending on the
initial cause of the disease? Similarly, the contribution of BK-
2R polymorphisms in the development of LV hypertrophy
and heart failure may differ between CHD hearts and IDC
hearts. These statements remain to be considered in future
experiments.

6. Limitations of the Study

The number of human heart samples in this study is too low
to allow any conclusions regarding the general distribution
of the studied polymorphisms in failing hearts on the
population level. Future studies should aim at analyzing the
correlation between IDC and CHD patients and specific
promoter polymorphisms capable of affecting the expression
of BK-2Rs in a large clinical setting. However, due to
the advancement of various preventive treatment modes of
coronary heart disease, particularly the use of statins, the
number of CHD patients subjected to transplantations per
year has dramatically dropped. Thus, most of the patients
undergoing heart transplantation are diagnosed with pri-
mary myocardial disease. Also, acute coronary syndromes
hardly lead to massive myocardial necrosis any more. Finally,
patients with multiple myocardial infarctions and ensuing
end-stage heart failure are also very rare, and if patients have
a severe heart failure due to CHD, they are too old for heart
transplantation.
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