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Abstract

Significance: Disruption of endothelial function is considered a key event in the development and progression
of atherosclerosis. Endothelial nitric oxide synthase (eNOS) is a central regulator of cellular function that is
important to maintain endothelial homeostasis. Recent Advances: Endothelial homeostasis encompasses acute
responses such as adaption of flow to tissue’s demand and more sustained responses to injury such as re-
endothelialization and sprouting of endothelial cells (ECs) and attraction of circulating angiogenic cells (CAC),
both of which support repair of damaged endothelium. The balance and the intensity of endothelial damage and
repair might be reflected by changes in circulating endothelial microparticles (EMP) and CAC. Flow-mediated
vasodilation (FMD) is a generally accepted clinical read-out of NO-dependent vasodilation, whereas EMP are
upcoming prognostically validated markers of endothelial injury and CAC are reflective of the regenerative
capacity with both expressing a functional eNOS. These markers can be integrated in a clinical endothelial
phenotype, reflecting the net result between damage from risk factors and endogenous repair capacity with NO
representing a central signaling molecule. Critical Issues: Improvements of reproducibility and observer in-
dependence of FMD measurements and definitions of relevant EMP and CAC subpopulations warrant further
research. Future Directions: Endothelial homeostasis may be a clinical therapeutic target for cardiovascular

health maintenance. Antioxid. Redox Signal. 22, 1230-1242.

Introduction

A DISTURBANCE OF ENDOTHELIAL FUNCTION is considered
a key event in the development and progression of ath-
erosclerosis (94). This article aims at capturing current knowl-
edge on the role of endothelial homeostasis, maintenance of
endothelial integrity, and functional competence throughout
life. Endothelial homeostasis encompasses a number of acute
responses such as adaption of flow to tissue’s demand via me-
chanosensing and acute modulation of vascular tone via pro-
duction of autocoids, including nitric oxide (NO), that are
affected by sympathetic tone (Fig. 1). In the mid and long term,
changes in endothelial homeostasis (i.e., endothelial injury)
affect the vascular structure by interacting with extracellular
matrix turnover and smooth muscle cells controlling intimal
hyperplasia. Important determinants of endothelial homeostasis
include not only endothelial membrane function and adhe-
siveness to proteins of the coagulation cascade and platelets
but also membrane permeability and the integrity, that is,

endovascular coverage by ECs (30). EC functions that support
the repair of damaged endothelium and more sustained re-
sponses to injury include re-endothelialization, sprouting of
ECs, and attraction of immune cells and circulating angiogenic
cells (CAQ).

In this article, the physiological functions of the vascular
endothelium will be reviewed with particular focus on the
essential role of endothelial nitric oxide synthase (eNOS) in
this context. Importantly, eNOS is intimately involved in
coupling changes in blood flow to long-term remodeling of the
vascular architecture, thereby having a long-term impact on
vascular health and disease. The most important clinical and
experimental methods to measure endothelial function, in
particular flow-mediated vasodilation (FMD), will be outlined.
FMD has emerged as the most important and most widely used
non-invasive methodology to measure endothelial function
and is now even available in rodents (41). We will discuss how
genetic and environmental factors, in essence cardiovascular
risk factors, induce endothelial dysfunction, promoting the
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initiation and progression of cardiovascular diseases (CVDs),
and we will also critically review markers of endothelial injury
and regenerative capacity. We will conclude with arguing on
the emerging concept that endothelial homeostasis should
serve as an integrated therapeutic target to maintain vascular
health.

Physiological Roles of the Vascular Endothelium

The endothelium maintains vascular homeostasis through
multiple complex interactions with cells in the vessel walls
and lumen. It regulates the vascular tone by balancing the
production of not only vasodilators, most importantly NO,
but also prostaglandins, endothelium-derived hyperpolarizing
factor, and vasoconstrictors, including Endothelin-1. En-
dothelium-derived NO also participates in systemic physio-
logic functions of the endothelium, such as the control of
vascular tone, leucocyte immigration, and blood clotting.
Furthermore, the endothelium controls blood fluidity and
coagulation through the production of factors that regulate
platelet activity, the clotting cascade, and the fibrinolytic
system. Finally, the endothelium has the capacity to produce
cytokines and adhesion molecules that regulate and direct in-
flammatory and regenerative processes, including leucocyte
traffic. Therefore, the endothelium modulates the structure and
physicomechanical properties of the vessel walls over time and
profoundly affects vascular health.

eNOS is a constitutively expressed enzyme that modulates
most of the functions of the endothelium mentioned earlier. It
is expressed mainly in the endothelium of large arteries with
the expression decreasing in smaller arteries and not ex-
pressed in capillary ECs. As depicted in Figure 2, eNOS is
also expressed in essentially all blood cells, including
erythrocytes, leucocytes, platelets, and CAC (previously
termed endothelial progenitor cells [EPCs]) (21, 40, 42). We
have recently shown the expression of a functional eNOS
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enzyme in circulating microparticles (MP) (47). However,
we were not able to link eNOS expression or activity to in-
dividual MP subpopulations. Given that MPs derived from
other cells not classically known to express eNOS, including
smooth muscle cells, have been described, it remains to be
investigated whether or not eNOS is expressed only in certain
subpopulations or all circulating MPs. Since the NO syn-
thesized in the endothelium is a gas, it not only can act locally
on the ECs and cells in the vessel wall but can also feed into
the circulating NO pool, which, due to the short half life of
NO itself, comprises more stable species, that is, nitrite, ni-
trate, and nitroso species. These species can also mediate
NO-like bioactivities along the cardiovascular system, in-
cluding vascular tone (74, 76, 78).

The most widely studied physiological function of the
endothelium is the regulation of vascular tone via responding
to a variety of stimuli that are aimed at optimizing the blood
flow to dependent tissues. This process involves a complex
interplay between intracellular receptors, the synthesis, and
the release of a variety of endothelium-derived relaxing and
constricting substances. The endothelium is essential for the
sensing of changes in blood flow and responds to it imme-
diately by production of vasoactive substances, primarily NO
(26, 68), rapidly by activation of extracellular-regulated ki-
nases (ERK1/2; p44/p42 mitogen-activated protein [MAP]
kinases), and also by tyrosine phosphorylation of focal ad-
hesion kinase as a sustained response (48, 93). All these
signals are linked to important aspects of vascular homeo-
stasis: integrity, permeability, diameter regulation, and ar-
chitecture.

The mechanical forces exerted by the circulating pulsatile
blood flow are pressure, shear, and stretch, which are hard to
distinguish but may account for different responses (15). It is
long appreciated that acute increases in blood flow in conduit
arteries such as the brachial artery and femoral artery due to
dilation of downstream resistance vessels during reactive
hyperemia of the forearm or lower leg lead to an increased
synthesis of NO in the EC. The released NO will lead to
relaxation of the underlying smooth muscle cells and de-
creased vascular tone in the conduit artery. This physiologi-
cal flow-dependent vasodilator response of conduit arteries is
also seen during exercise. For example, Gaenzer et al. ob-
served that bicycle exercise leads to vasodilation of the fem-
oral artery, which correlated with brachial artery FMD (27).

The mechanotransducing signaling events secondary to
increased shear stress are not completely understood but in-
volve deformation of the ECs and their glycocalix due to
viscous drag of the flowing blood. This leads to activation of
cell adhesion proteins, including integrins (57), platelet

FIG. 2. Expression of endothe-
lial nitric oxide synthase (eNOS)
in the blood vessels and blood
cells. eNOS is expressed in vascu-
lar endothelial cells, and the ex-
pression decreases toward the
microvasculature. Furthermore,
eNOS is expressed in all blood
cells and circulating microparticles
(MPs).
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endothelial cell adhesion molecule (67), and cytoskeletal
proteins (56). This, in turn, leads to PI3 kinase-dependent
phosphorylation of protein kinase B (Akt), which phos-
phorylates eNOS, rendering it more active to produce NO
(22). Another contributing mechanism is Ca” " influx with Ca/
calmodulin-mediated activation of eNOS activity. Freshly
synthesized NO diffuses into the blood stream and vessel
wall. In the vessel wall, it binds to the central iron atom of the
guanylyl cyclase, displacing a histidine residue away from
the active center. The resulting increased concentration of
cGMP opens calcium channels, and calcium leads to re-
laxation of smooth muscle cells. NO reaching the blood may
undergo transformation to other partly bioactive NO storage
forms, including nitrosothiols or nitrite, which, in turn, may
mediate NO bioactivities in the blood or vasculature distal
to the site of production, including even systemic hemo-
dynamics, that is, blood pressure (76—78). Longer exposure
to shear stress increases eNOS expression in ECs via tran-
scription factors and mRNA stability (9). Data suggest that
eNOS expression is essential in coupling vascular archi-
tecture to blood flow demands (9). [llustrative of this, it was
shown that eNOS knockout mice exhibit a pathological
phenotype in response to experimentally altered blood flow
in the common carotid artery (85). The authors occluded the
external carotid artery to decrease blood flow in the ipsi-
lateral common carotid. This led to a shrinking of the ipsi-
lateral common carotid in the wild-type mice, whereas the
common carotid artery of eNOS knockout mice did not re-
model to shrink in order to accommodate the decreased blood
flow but rather exhibited significant intimal hyperplasia.

Measurement of Endothelial Function

While atherosclerosis is associated with a broad alteration in
endothelial phenotype, the assessment of endothelium-de-
pendent vasodilator function of peripheral arteries has
emerged as an accessible indicator of endothelial health (20).
In particular, stimuli that increase production of endothelium-
derived NO have proved useful in assessing endothelium-
dependent vasodilation in humans. Such stimuli include
increased shear stress resulting from augmented blood flow
and receptor-dependent agonists, such as acetylcholine,
bradykinin, or substance P. In healthy individuals, the en-
dothelium responds to these stimuli by releasing vasodilator
factors, particularly NO. Earlier studies demonstrated that
patients with angiographically proven coronary artery dis-
ease (CAD) display impaired FMD (8) and a vasoconstrictor
response to acetylcholine rather than the normal vasodilator
response, likely reflecting loss of NO and unopposed con-
strictor effects of acetylcholine on vascular smooth mus-
cle (59). Correlations exist between peripheral artery and
coronary artery endothelial function (8). There has been con-
siderable interest in noninvasive examination of endothelium-
dependent FMD of the peripheral arteries using vascular
ultrasound due to the ready accessibility of the brachial artery
(20). Other more classical and invasive but also more recent
yet less validated techniques to measure endothelial function,
including epicardial coronary vasorectivity, venous occlusion
plethysmography, or the Endo PAT system, respectively, were
recently reviewed by Flammer ef al. (25).

Celermajer et al. established a non-invasive method to
measure FMD of the brachial artery using ultrasound (18).
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Later, the reproducibility was increased enormously by in-
troduction of an automated edge-detection system to more
observer-independently quantitate the diameter of the bra-
chial artery (72). Briefly, FMD measures the percent diameter
gain as calculated based on pre and postischemia (and after
reactive hyperemia) diameter measurements of the brachial
artery (20). In this context, ischemia is induced through
vessel occlusion by means of inflating a blood pressure cuff
around the forearm or upper arm (Fig. 3). Ischemic dilation of
downstream resistance vessels leads to increased blood flow
and shear stress in the upstream conduit brachial artery. Shear
stress stimulates endothelial NO synthase and NO dilates
underlying smooth muscle cells via activation of guanylyl
cyclase. Under standard conditions, brachial artery FMD is
largely mediated by NO synthesis and is, therefore, used as a
functional NO readout (29). The absolute values may vary
depending on various factors, including the position of the
cuff, site of artery used to measure diameter, time of ische-
mia, and time point of measurement after ischemia. For in-
stance, when the blood pressure cuff for the induction of
brachial artery vasodilation is positioned around the upper
arm, FMD is significantly greater and, to a larger degree,
mediated by eNOS-independent factors as opposed to reac-
tive hyperemia being induced by distal placement of the cuff
at the forearm (29). Comparisons of FMD values should be
made with caution and ideally refer to values of a control
group measured with the identical setup. This technique can
be safely applied to large and diverse groups of patients,
including children (63). Repeated measurements can be
made over time without side effects. As in the coronary cir-
culation, endothelial function in the brachial circulation is
impaired in the setting of traditional and novel risk factors
and responds to interventions known to reduce cardiovascu-
lar risk. Studies suggesting that endothelial function detected
non-invasively in the brachial artery correlates with function
in other conduit arteries, including the coronaries demon-
strating the systemic nature of endothelial dysfunction (100).
Although the resolution of ultrasound and image analysis
systems have greatly improved, one of the major limitations
of FMD is the considerable dependence on the observer re-
quiring well-trained personnel to perform and critically re-
view ultrasound images (71). It was recently demonstrated
that when applying rigorous standard operating procedures,
training, and quality control, reproducible and comparable
FMD measurements can be achieved for short- and medium-
term evaluation even in a multicenter setting, justifying the
use of FMD as an outcome measure for short- and medium-
term assessment of pharmacological interventions (19).
While several ex vivo and in vivo experimental models are
available to measure vasodilator functions, including aortic
rings, cremaster, or mesenteric artery arteriography (57),
only a few can be easily translated to human findings. We
have published a rodent model allowing FMD measure-
ments of the femoral artery in living rats (41) and mice
(unpublished). Although it is believed that the measurement
of endothelium-dependent vasodilation can be used as a
marker of endothelial function per se, this has not been
proved and it is likely that a more diversified definition of
endothelial function will arise in the future. Besides mea-
surements of endothelium-dependent vasodilation, a pleth-
ora of models that reflect other aspects of endothelial
function, including barrier function (66), arteriogenesis, and
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FIG. 3. Measurement of endothelial function in humans as flow-mediated vasodilation (FMD). (a) Setup: FMD is
measured by ultrasound of the brachial artery, und reactive hyperemia is induced by 5 min inflation of a forearm blood
pressure cuff. (b) Original B-mode ultrasound image of brachial artery. (¢) Pulsed-wave Doppler measurements of blood
flow velocity in the brachial artery at baseline and at the onset of reactive hyperemia after 5 min of lower arm ischemia. (d)
Measurements for FMD are taken after 5 min of supine rest and during reactive hyperemia after 5 min of forearm ischemia.
(e) Ischemia leads to vasodilation of resistance arteries in the forearm. At deflation of the forearm blood pressure cuff, the
blood flow velocity increases and this leads to increased shear stress (WSS =wall shear stress). This leads to a vasodilation
of the brachial artery with a maximum at ~60s. (f) The brachial artery vasodilation is caused by an increased activity of
eNOS, which is reflected by increased concentrations of the NO metabolite nitrite in the draining vein (74).

angiogenesis (55) models, are available, but will not be dis-
cussed in this review.

Pathophysiology of Endothelial Dysfunction,
Cardiovascular Health, and Disease

In the presence of risk factors for CVD, concerted with a
genetic disposition and environmental factors, the arterial
endothelium loses its normal regulatory function for vessel
wall homeostasis, a concept termed ‘‘endothelial dysfunc-
tion”” (100) (Fig. 4). The development and clinical manifes-
tations of atherosclerosis include stable and unstable angina,
acute myocardial infarction, claudication, and stroke. These
outcomes correlate with and are preceded by a loss of en-
dothelial control of vascular tone, thrombosis, and the com-
position of the vascular wall. The severity of endothelial
dysfunction relates to a patient’s risk for experiencing an
initial or recurrent cardiovascular event (70, 73).

Both traditional and novel CVD risk factors initiate a
chronic inflammatory process that is accompanied by a loss
of vasodilator and anti-thrombotic factors and an increase in
vasoconstrictor and pro-thrombotic products (84). Risk fac-
tors as diverse as smoking (active and passive) (32), aging
(36), hypercholesterolemia, hypertension, hyperglycemia,
and a family history of premature atherosclerotic disease
are associated with an attenuation or loss of endothelium-
dependent vasodilation in both adults and children (18). More
recently, recognized risk factors such as obesity, elevated

C-reactive protein, postprandial state, hyperhomocysteine-
mia, and chronic systemic infection are also associated with
endothelial dysfunction (100). A growing number of inter-
ventions known to decrease cardiovascular risk, including
diets rich in fruit and vegetables, exercise, smoking cessation,
weight reduction, or medication with angiotensin converting
enzyme (ACE) inhibitors (7) and statin (81) administration,
will also improve endothelial function (100). Therefore, endo-
thelial function is viewed as a “‘barometer”’ for cardiovascular
health that can be used for evaluation of novel therapeutic
strategies aimed at improving vascular function (98).

The clinical relevance of endothelial homeostasis lies in
the fact that it may be the central biological switch at the
intersection of health and disease. The understanding of
health has undergone a paradigm shift. The broad term of
health is classically defined by the World Health Organiza-
tion (WHO) as “‘a state of complete physical, mental and
social well-being and not merely the absence of disease or
infirmity.”” Recently, the American Heart Association (AHA)
has introduced the concept of cardiovascular health (102).
According to AHA, cardiovascular health is defined as the
absence of clinical CVDs, including CAD, cerebrovascular
or peripheral artery disease, and a specific metrics allows
grading of cardiovascular health into the categories ideal,
intermediate, and poor cardiovascular health according to the
seven most important key health factors and behaviors: blood
pressure, cholesterol, smoking status, healthy diet, physical
activity, healthy weight, and blood glucose. This is based on
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the fact that these factors are the key drivers of CVD devel- becomes clinically apparent when a major adverse cardio-
opment long before clinical symptoms occur which promote  vascular event (MACE), that is, acute coronary syndrome or
intimal hyperplasia and plaque development. These associ-  stroke, occurs. After the first MACE, the impairment usually
ated changes usually only cause little or no impairment of life  more rapidly progresses and risk to die from cardiovascular
quality or physical performance (Fig. 5). In most cases, CVD  cause becomes very high, that is, >20% older than 10 years

Sub clinical

Degree of impairment

Healthy

Life span

FIG. 5. Concept of health and disease. The course of life is accompanied by a gradually increasing degree of physical
impairment (black line). For a long time, this remains clinically silent despite subtle changes in the vascular system,
including endothelial dysfunction, vascular stiffening, or plaque build-up in arteries. However, humans are ‘‘healthy’ until a
major adverse cardiovascular event, mostly a heart attack, occurs. From this point on, cardiovascular disease (CVD) progresses
until death. This is promoted by cardiovascular risk factors (red line). It is one of the major concepts of cardiovascular medicine
to prevent disease and death by interfering with the underlying processes, that is, endothelial dysfunction (green line).
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FIG. 6. Age-dependent decline in endothelial function and cardiovascular risk. (a) Age-dependent decline in FMD in
healthy male volunteers (32, 36, 38-40, 46, 52, 63, 65, 74, 75, 82, 88) (green symbols) studied in our institution using the
identical standardized methodology. Decreased values in smokers (34, 37) and non-smokers exposed to second-hand smoke
(32) and patients with coronary artery disease (CAD) (40, 47, 75), with diabetes mellitus (10, 50) and on optimal medical
therapy (OMT) (35, 40). (b) Relative cardiovascular risk (RR) associated with continuous (e.g., 1% absolute difference) and
categorical differences (“‘high vs. low” populations) in FMD values according to a recent meta-analysis (73). (¢) Cardio-
vascular risk (10 year cardiovascular mortality) associated with age according to heart SCORE in male non-smokers with
optimal blood pressure and cholesterol in a low-risk European country (69).

(69). The factors that promote progression of disease, in-
cluding further plaque development, destabilization, and
rupture, remain the same. Due to the fact that the processes
that initiate and promote the progression of CVD are very
similar, professional societies, including the European So-
ciety of Cardiology, have published prevention guidelines
which no longer strictly distinguish between primary and
secondary prevention (69). Therapeutically targeting the
factors mentioned earlier along with medical therapy is the
main stake of primary and secondary prevention aiming at
increasing not only lifespan, but also, more importantly,
healthy life span (‘‘health span’’). Taken together, these
factors appear to converge both in positive and in negative
ways, on the vascular endothelium, with profound effects on
both health span and total life span, rendering endothelial
function the key target of CVD prevention.

The prognostic value of endothelial functional measure-
ments was analyzed in a meta-analysis, including a total of 23
studies including 14,753 subjects that have addressed the
predictive value of endothelial function as measured by
brachial artery FMD (73). For studies reporting continuous
risk estimates, the pooled overall CVD risk was 0.92 (95%
CI: 0.88; 0.95) per 1% higher FMD (Fig. 6). The observed
association seemed stronger (p<0.01) in diseased popula-
tions than in asymptomatic populations (0.87 [95% CI: 0.83;
0.92] and 0.96 [95% CI: 0.92; 1.00] per 1% higher FMD,
respectively). For studies reporting categorical risk estimates,
the pooled overall CVD risk for high versus low FMD was on
average 0.49 (95% CI: 0.39; 0.62). However, the incremental
value of FMD measurements in addition to classical cardio-
vascular risk prediction models, including the Framingham
Risk Score or Heart SCORE, has only been evaluated in a

limited number of studies (70). In one study in male subjects
at intermediate risk, the addition of FMD using 4.75% as a
cut-off value increased the AUC (c-statistic) from 0.68 to
0.76. In the Cardiovascular Health Study and Multi-Ethnic
Study of Atherosclerosis (MESA), no changes in the c-sta-
tistic were reported after the addition of FMD to the basic
prediction model. The MESA Study showed that the addition
of FMD to the model reclassified 29% of the individuals into
appropriate risk categories (p<0.0001), and was most ap-
parent in those at intermediate risk (Net reclassification
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FIG. 7. Cellular origin of circulating microparticles.
MPs are shed from a variety of cells and retain surface
markers from their parent cells, enabling their identification.
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improvement in intermediate risk group: 28%, p <0.0001).
The authors of the meta-analysis concluded that these results
need to be replicated in other cohorts and that the interob-
server and intraobserver variability of FMD measurements
should decrease before implementation of FMD as a formal
screening tool for CVD risk could be justified (70).

Endothelial Injury, Circulating Endothelial
MPs and Cells

Endothelial microparticles (EMPs) are emerging markers
of endothelial injury and may contribute to the progression of
CVD as mediators of endothelial dysfunction. EMPs are
membrane particles of less than a micrometer in diameter,
carry endothelial surface markers (14, 62, 79) and enzymes,
including eNOS (47). Besides EMPs, MPs exist in human
plasma that stem from platelets, erythrocytes, leucocytes, and
smooth muscle cells and can be distinguished due to their
surface marker expression reminiscent of their origin (Fig. 7).
Typical surface markers used to identify EMPs include
CD31, CD62e, CD144, CD105, CD106, and CD146. The
current knowledge on MP formation derives mainly from
experiments on isolated or cultured cells showing that both,
cell activation and cell apoptosis, can lead to MP release by
increasing intracellular calcium, loss in membrane lipid
asymmetry, and cytoskeleton protein reorganization (91).
Vion et al. have recently identified endothelial shear stress as
a physiological regulator of MP release (97). They demon-
strated that sustained atheroprone low shear stress stimulates
EMP release through activation of Rho kinases and ERK1/2
pathways, whereas atheroprotective high shear stress limits
EMP release in an NO-dependent regulation of ABCAI ex-
pression and of cytoskeletal reorganization. A different mode
of mobilization due to cell activation, for example, by tumor
necrosis factor-o rather involved p38-MAP kinase and nu-
clear factor kB activation. Some authors argue that phosphatidyl
serine exposure mediating annexin V binding can be seen as
an indicator of apoptosis being involved in their release (86).

Circulating levels of EMPs increase in plasma early in
atherosclerotic processes, correlate with the degree of endo-
thelial dysfunction (100), and have been established as
prognostic biomarkers that predict adverse cardiovascular
outcome (5, 6, 54, 90). Cardiovascular risk factors may
trigger endothelial MP release (3, 79, 92). For instance,

| —_— = —
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smoking, as well as second-hand smoking, forced physical
inactivity, and increased blood pressure were associated with
increases in circulating EMPs in healthy subjects (28, 32, 64).
Increases in plasma endothelial MPs were also observed after
high-fat meals with augmented circulating levels of modified
low density lipoprotein and triglycerides (24). Conversely,
Mediterranean diet was shown to lower levels of circulating
EMPs in healthy elderly subjects, indicating that diet can
improve endothelial integrity or prevent endothelial damage
(31, 61, 95).

However, in addition to being a marker of endothelial
integrity, EMPs were shown to play an active role in the
induction of endothelial dysfunction. Both in vivo—and
in vitro—generated isolated EMPs were shown to impair en-
dothelial function by decreasing the production of NO when
incubated with rat aortic rings ex vivo (4, 11, 13). Therefore,
the decreased presence of EMPs in circulation as observed in
some studies might contribute to the improvement of endo-
thelial dysfunction (46).

During their formation, MPs retain surface molecules from
parent cells, as well as a part of their cytosolic content
(proteins, RNA, and microRNA). We have recently shown
that functional eNOS exists in MPs from subjects with nor-
mal endothelial function which was significantly lower in
patients with CAD and endothelial dysfunction (46, 47).
Whether eNOS is only present in circulating EMPs or all MP
subpopulations and has a physiological and potentially ben-
eficial role in healthy subjects remains to be shown. Besides
this, MPs have been proposed to be potential carriers of
cellular information via their protein, lipid, or nucleic acid
content that can be transported into other cells and induce
effects, including transfer of miRNA from endothelial to
smooth muscle cells (58, 79).

Regenerative Capacity of the Endothelium and CACs

The regenerative capacity of the endothelium is key to the
maintenance of its function. Successful endothelial regener-
ation is crucial for the prevention of atherosclerotic lesion
formation and vascular regeneration (23, 83). CACs, previ-
ously referred to as early EPCs (45), are key players in vas-
cular repair, and represent a key contributing factor with
regard to the maintenance of endothelial function (23). Al-
most two decades ago, it was assumed that endothelial repair
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mechanisms mainly comprised proliferation and migration
processes that involve mature ECs. However, more current
studies demonstrated that bone marrow-derived cells, in-
cluding CACs, essentially contribute to the regeneration and
maintenance of endothelial function. CACs have the ability
to home to sites of ischemic damage and endothelial injury,
and may promote angiogenesis and endothelial repair without
differentiating into mature ECs themselves (80). It is cur-
rently believed that these cells contribute at the site of re-
generation to the endothelial maintenance and healing via
production of factors, including not only VEGF, SDF-1¢, and
MCP-1 but also NO. We and others have previously shown
that the presence of cardiovascular risk factors is associated
with a reduced number and function of CACs, as well as with
endothelial dysfunction (36, 44, 96). In patients with CAD, a
low number of CACs has been shown to predict an increased
risk of experiencing cardiovascular events (99). Such learn-
ing has led to the successful therapeutic use of CACs and
different types of circulating progenitor cells in animal
models of CVDs (60, 89) as well as in a human context (12).
Primary and secondary preventive life-style intervention
therapy, including smoking cessation, exercise training, and a
dietary flavanol or nitrate intervention, as well as statin
therapy have been shown to enhance endogenous endothelial
repair mechanisms, including CACs mobilization (35, 51,
53). Despite these promising results, the field of CAC re-
search suffers from the fact that no gold standard exists to
quantify CACs in vivo and to determine their proangiogenic
capacity (103).

Interestingly, eNOS appears to be an important modulator
of CAC function similar to ECs (40) and mobilization from
the bone marrow (2). We have shown that eNOS activity is
required for CAC chemotaxis (40). Furthermore, in CAD
patients, impairment of NOS expression and NO bioavail-
ability, rather than response to NO, may contribute to dys-
function of CACs and limit their regenerative capacity.
Furthermore, eNOS appears to play an essential role in the
release of these cells from the bone marrow via activation of
MMP-2 and 9 (1). Therefore, therapeutic approaches that
improve endothelial function or factors which induce endo-
thelial dysfunction may also affect CAC function.

Endothelial Homeostasis as a Therapeutic Target

The vascular endothelium has emerged as a dynamic organ
that responds to environmental factors (Fig. 8). According to
the response to injury theory, mechanical injury and exposure
to cardiovascular risk factors impairs the regulatory functions
of the endothelium and progresses toward a pro-inflamma-
tory phenotype, senescence, and apoptosis (83). Along with
endothelial functional impairment, the endothelial integrity
can be disrupted with ECs or a part of these cells being de-
tached and released into the circulation (101). Therefore,
EMPs can be viewed as circulating markers of a compro-
mised endothelial integrity that are released from activated
and apoptotic ECs (14, 62). In order to maintain endothelial
integrity and functionality, the endothelium constantly re-
generates by proliferating, migrating, and with the support
of circulating cells, for example, CACs. Dignat-George and
coworkers have proposed the concept of “‘vascular compe-
tence” (86). The authors suggest that regenerative versus
degenerative endothelial responses can be integrated in a
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clinical endothelial phenotype, reflecting the net result be-
tween damage from risk factors and endogenous repair ca-
pacity (i.e., EMPs and CACs, respectively). This endothelial
phenotype characterizes a vascular status that could define
the “‘vascular competence’ of each individual. As impor-
tant examples, we will discuss this concept in the context of
modifiable environmental cardiovascular risk factors such as
smoking and diet. However, similar arguments could be
made for the treatment with statins or ACE inhibitors in the
context of primary and secondary prevention.

Smoking

It is known for a long time that not only cigarette smoking
but also second-hand smoke exposure leads to accelerated
development of CVD and mortality (49). Cigarette smoking
and exposure to environmental cigarette smoke are associ-
ated with dose-related and potentially reversible impairment
of endothelium-dependent dilation in healthy young adults
(16, 17). A part of these detrimental effects of cigarette
smoke were ascribed to uncoupling of eNOS due to decreased
availability of tetrahydrobiopterin, an important cofactor of
eNOS (43). In order to investigate the effects of second-hand
smoke, we exposed healthy young non-smokers to 30 min of
environmental cigarette smoke (32). In this study, second-
hand smoke acutely increased EMPs and decreased FMD,
suggesting a significant endothelial activation and injury with
functional impairment of the vascular endothelium. CAC and
plasma vascular endothelial growth factor also increased
acutely. This could be interpreted as an endogenous regen-
erative response. However, the mobilized CACs were func-
tionally severely impaired and chemotaxis was completely
abolished in these cells during 24 h after exposure. Exposure
to smoke-free air had no effect. Incubation of CACs from
non-exposed subjects with plasma isolated from subjects
exposed to second-hand smokers decreased chemotaxis
in vitro by blockade of vascular endothelial growth factor-
stimulated NO production (43). We have recently confirmed
this in subjects undergoing radial artery injury due to trans-
radial coronary catheterization. In smokers, the recovery of
local endothelium-dependent vasodilation after radial injury
was significantly slower (33). Active cigarette smokers had
functionally impaired CACs and exhibited significantly
greater intimal hyperplasia at 6-10 months at the site of in-
jury than age-matched non-smokers (87). Taken together,
cigarette smoke appears to not only acutely injure the vas-
cular endothelium and block eNOS activity, but also interfere
with the vascular regenerative capacity.

Healthy diet

It is believed that diets, that is, Mediterranean diet, and
dietary compounds such as flavonoids can have positive
cardiovascular health effects. One study suggests that diet
may be capable of improving endothelial phenotype in hu-
mans, thus re-establishing ‘‘vascular competence’ (61). In
this randomized, cross-over dietary intervention study, the
authors show that a 1 month Mediterranean diet, that is, a diet
rich in fruits and vegetables (which, in turn, is high in fla-
vonoids) can improve ischemic reactive hyperemia and that
this was associated with a decrease in the levels of circulating
EMPs and increase in CACs in healthy elderly subjects (61).
A more recent study of our group yielded similar responses in
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CAD patients on optimal medical therapy after 1 month of
cocoa flavanol (CF) intervention. In this study, we observed a
significant improvement in endothelial function as measured
by FMD, increase in plasma nitrite indicative of increased
NO availability, and decrease in systolic blood pressure (35).
These positive effects were associated with mobilization of
CACs (35) and a decrease in EMPs (46), suggesting that CF
are capable of improving vascular functional competence by
re-establishing endothelial homeostasis.

Conclusion

Both cardiovascular risk and protective factors converge
on the vascular endothelium via interaction with injurious
effects and regenerative capacity. eNOS expression and ac-
tivity is intimately involved in the these processes. Given that
endothelial phenotypes vary according to time and location in
the vascular tree, in both health and disease states, it is es-
sential to modulate therapy to specific vascular beds. Further
challenges include reproducibility of endothelial functional
measurements and agreement on markers in the context of
EMPs and CACs. Conceptually, endothelial homeostasis
appears to be the central biological balance, enabling to
maintain functional integrity in the short term and prevent
CVD in the future.
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CAC = circulating angiogenic cell
CAD = coronary artery disease
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