ENDOTHELIAL FUNCTIONS
Alterations of endothelial cells and the vasculature play a central role in the pathogenesis of a broad spectrum of the most
dreadful of human diseases, as endothelial cells have the key function of participating in the maintenance of patent and
functional capillaries. The endothelium is directly involved in peripheral vascular disease, stroke, heart disease, diabetes,
insulin resistance, chronic kidneyfailure, tumor growth, metastasis, venous thrombosis, and severe viral infectious diseases.
Dysfunction of the vascular endothelium is thus a hallmark of human diseases. In this review the main endothelial
abnormalities found in various human diseases such as cancer, diabetes mellitus, atherosclerosis, and viral infections are
addressed.
ENDOTHELIAL FUNCTIONS
Thrombosis and thrombolysis
The endothelium plays a crucial role in providing the proper haemostatic balance. The function of endothelial cells far exceeds
that of providing a non-thrombogenic inner layer of the vascular wall that helps to maintain blood fluidity. Under
physiological conditions, endothelial cells prevent thrombosis by means of different anticoagulant and antiplatelet
mechanisms. These cellsare involved in all main haemostatic pathways triggered upon vascular injury and limit clot formation to
the areas where haemostasis is needed to restore vascular integrity. Breakdown of this complex balance between pro- and
anticoagulant systems because of genetic or acquired disturbances may result in bleeding or thrombosis. Endothelial
heterogeneity assures adequate homeostasis in the different organs and parts of the vascular tree. The local environment elicits
heterogeneous endothelial cell phenotypes determined by local needs. This heterogeneity also explains the diverse pathological
responses to a disturbed vascular integrity. Localized manifestation of thrombosis in spite of disturbance of systemic
procoagulant systems depends onvascular bed-specific properties. Endothelial dysfunction not only precedes atherogenesis but
may also predispose to arterial thrombosis. The potential role of the endothelium in venous thrombosis with and without
overt vessel wall injury has been discussed. The vast majority of endothelial cells are located in the micro vessels. Therefore, it
is no surprise that endothelial cellsplay a key role in microcirculatory diseases such as thrombotic microangiopathies and diffuse
intravascular coagulation. Microcirculatory endothelial cell activation is an important feature in all thrombotic
microangiopathies. In diffuse intravascular coagulation, the endothelium is the interface between inflammation and
inappropriate activation of the coagulation system 6.
Coagulant mechanisms
Endothelial cells form the luminal vascular surface and thus have a central role in the regulation of coagulation. One important
way in which endothelial cells control the clotting system is by regulating the expression of binding sites for anticoagulant and
procoagulant factors on the cell surface. In the quiescent state, endothelial cells maintain blood fluidity by promoting the activity
of numerous anticoagulant pathways, including the protein C/protein S pathway. After activation, as can be brought about
by cytokines, the balance of endothelial properties can be tipped in favor of clot formation through the coordinated
induction of procoagulant and suppression of anticoagulant mechanisms. Tumor necrosis factor suppresses the formation of
throbomodulin, an endothelial anticoagulant cofactor, and induces the expression of tissue factor,which is a t procoagulant
cofactor. Working in concert, these changes can allow fibrin formation to proceed in an inflamed focus but still maintain blood
fluidity in the surrounding area of normal vasculature. Recent studies suggest that similar changes in endothelial coagulant
properties can be induced by advanced glycosylation end products, which are proteins modified by glucose and accumulate in the
vasculature at a rapid rate in diabetic subjects, indicating the potential relevance of these mechanisms to diabetic vascular
disease 7.

Platelet and leukocyte interaction
The first description of rolling of blood cells along the endothelial surface of venules was reported more than 160 years ago,
when leukocytes were shown to adhere to blood vessel walls,an interaction that increased in inflammation 8. Giulio Bizzozero in
1882 first described platelets as a new blood corpuscle, playing a relevant role in thrombosis and haemostasis, and observed that
“Every time when a vascular wall is damaged arrest of white blood corpuscles represents a secondary phenomenon and may,
perhaps, be caused by increased stickiness of blood platelets whereby the latter react with white blood corpuscles which have
been brought in contact with theformer by blood circulation”9. Many decades later, the modern version of intravital microscopy
allowed the first quantitative observations of leukocyte rolling in the cheek pouch of hamsters and in mouse mesentery 10.
Platelet adhesion to and leukocyte rolling on the endothelium represent the initial stage of a multistep process leading to
extravasation of white blood cells to sites of inflammation or infection, to platelet-leukocyte interaction and aggregation
on a thrombogenic surface, and finally to vascular occlusion. Platelets may interact with the endothelium even in the
absence of any apparent morphological damage. Indeed, they may stick to an apparently intact endothelium inflamed by different
stimuli, such as infection, mechanic alteration or ischemia and reperfusion, or to endothelium located at lesion-prone sites, such
as the carotid artery bifurcation. The recruitment of platelets and leukocytes at sites of vascular injury is a very rapid response
and is mediated by the release of preformed components elaborated by the endothelium, including Weibel-Palade bodies
and their major constituents, thelargest multimers of von Willebrand factor, and P-selectin, which are the most active
promotersof platelet and leukocyte adhesion. P-selectin mediates both leukocyte and platelet adhesion andduring secretion
fuses with the endothelial plasma membrane. The process of leukocyte rolling siinitiated by P-selectin secretion and is
concluded by leukocyte adhesion and transmigration into inflamed tissue 11-14.
Regulation of vascular tone and growth
Endothelial cells play an important regulatory role in the circulation as a physical barrier and asasource of a variety of
regulatory substances. Endothelium-derived nitric oxide and prostacyclin are released in response to physical stimuli,
hormones, and platelet-derived substances and induce vascular relaxation and inhibit platelet function. Certain substances can
evoke a hyperpolarization of smooth muscle cells. In addition, endothelial cells can release several contraction-inducing
factors (e.g., endothelin, thromboxane A2, angiotensin II, superoxide, and unidentified endothelium-derived contractioninducing factors), at least under certain conditions. Endothelial cells are also a source of growth inhibitors and promoters, such
as heparin and heparin sulphates, platelet-derived growth factor, and thrombospondin. Several vasoactive substances produced
by the endothelium, such as nitric oxide, endothelin, and angiotensin II mayalso play a role in the regulation of vascular
growth. Thus, the endothelial layer can regulate vascular tone and growth. Dysfunction of these endothelium-dependent
regulatory systems may play a role in cardiovascular diseases, such as hypertension and atherosclerosis 15.
Cell Proliferation and Angiogenesis
The endothelium also involved in blood vessel formation. The development of a functional vascular network requires a
remarkable degree of coordination between different cell types undergoing complex changes and is exquisitely dependent
upon signals exchanged between these cell types. Vascular endothelial growth factor (VEGF) provided the first example of
a growth factor specific for the vascular endothelium. More recently, an entirely unrelated familyof growth factors known as the
angiopoietins (Ang) and particular members of the very large ephrin family have been identified as having unique effects on
the endothelium. Recent insightshave led to a model of vascular formation that attempts to incorporate the known vascularspecific growth factors. According to this model, VEGF is the most critical driver of vascular formation, as it is required to
initiate the formation of immature vessels by vasculogenesis or angiogenic sprouting. Ang1 and ephrinB2 are subsequently
required for further remodeling andmaturation of this initially immature vasculature, notably as endothelial cells integrate with
supporting cells such as smooth muscle cells and pericytes. Following vessel maturation, Ang1seems to continue to be
important for maintaining the quiescence and stability of the mature vasculature 16.
Go to:

ENDOTHELIALDYSFUNCTION
Endothelial dysfunction is characterized by a shift in the actions of the endothelium toward reduced vasodilation, a
proinflammatory state, and prothrombic properties. It is associated with most forms of cardiovascular disease, such as
hypertension, coronary artery disease, chronic heart failure, peripheral vascular disease, diabetes, chronic kidney failure, and
severe viral infections. Free radicals can disrupt the balance of NO, damage the endothelium, and leave it overly permeable,
allowing toxins to pass into body tissues 17. In most instances, the human bodyhas an adequate supply of antioxidants obtained
from various foods to neutralize these free radicals; but if the body is depleted of these antioxidants, or if there are too many
coexistent factors, injury to the endothelium and a change in the balance of NO may occur. If the endothelium becomes
damaged and the NO levels become imbalanced, cells that should remain in the blood can pass through blood vessels into the
adjacent body tissue. Some of these proteinsinclude C - reactive protein, which is produced by the liver and causes inflammation
18. When NO action is inhibited, endothelial signaling can become impaired, resulting in widespread disease, because the
endothelium actively maintains approximately 60,000 miles of blood vesselsin the human body. Several factors that can increase
the number of free radicals in the body including obesity, smoking, sleep deprivation, acute microbial infections, high glucose
intake, and exposure to metals and air pollutants. When the endothelium is functioning normally, it helps to regulate blood
clotting, assists the body's immune response, controls the volume of fluidand the amount of electrolytes and other substances that
pass from the blood into the tissues, andproduces dilation or constriction of the blood vessels (Fig. (Fig.1)1) 19. When
endothelial dysfunction is present, however, the ability to perform one or more of these functions is reduced.Actually measuring
a patient's endothelial function is not routinely done; but when it is, the ability of the blood vessels to dilate and/or constrict in
response to drug administration can be assessed. Endothelial dysfunction is thought to play a major role in the
development of atherosclerosis, angiogenesis in cancer, vascular leakage, infectious diseases, and stroke.
Endothelial dysfunction can be caused by several conditions, including diabetes or metabolic syndrome, hypertension,
smoking, and physical inactivity [20].

Fig 1

Peripheral vascular disease
Endothelial dysfunction can contribute to the clinical status in peripheral vascular disease (PAD)in a number of ways. Loss of
nitric oxide in skeletal muscle microvessels blunts the hyperemic responses to exercise and ischemia, which would be expected
to limit oxygen delivery under conditions of increased demand 21-22. As that in epicardial coronary arteries, the loss of nitric
oxide in the lower extremities can worsen the vasoconstrictor effects of catecholamines and impair flow-mediated dilation,
which might increase the severity of stenosis and resistance to blood flow during exercise 23. Importantly, such abnormalities
can be reversed over weeks to months with risk-reduction therapy; even if lesion regression does not occur 24. This time course
corresponds to improvement of claudication symptoms and reduced cardiovascular events duringintervention studies. As
described by Glagov et al. 25, outward remodelling helps to maintain a patent arterial lumen as atherosclerotic plaques increase
in size. Experimental studies have shown that compensatory remodeling depends on the activity of nitric oxide synthase 26, and
theauthors of these studies recently demonstrated that the remodelling response is blunted in patients with local endothelial
dysfunction. Chronic and recurrent limb ischemia stimulates compensatory formation of collateral vessels 27-30, and this
response depends on the bioavailabity of nitric oxide 31-33. Thus, endothelial dysfunction may worsen the clinical status in
PAD becauseof impaired formation of collateral vessels and remodelling. Endothelial activation with expression of
proinflammatory and prothrombotic factors may also contribute to ischemia by promoting plaque rupture 35, 36. Studies
completed by us and others have shown that endothelial dysfunction predicts acute coronary events in PAD patients, suggesting
a relationship between such dysfunction and plaque rupture in the coronary circulation 23, 35, 36. Plaque rupture in the lower
extremities would produce an acute reduction in blood flow, and this mechanism has beenproposed to contribute to the
development of critical limb ischemia 34. The observed benefits of

antiplatelet therapy supports this concept. Furthermore, thrombus reorganization following subacute rupture has been
proposed as a mechanism for lesion progression 37-39. Consistent with these potential mechanisms, several small cross-sectional
studies have demonstrated the loss of nitric oxide bioavailability in patients with PAD. For example, PAD patients have
blunted vasodilator responses to acetylcholine and impaired endothelium-dependent flow-mediated dilation of their brachial
artery 40-42. Flow-mediated dilation also has been reported to correlate inversely with the ankle-brachial index 43-45. Urine
nitrate and cyclic GMP levels are reduced inpatients with PAD, suggesting decreased total body nitric oxide production.
Polymorphisms of the nitric oxide synthase gene correlate with the ankle-brachial index. Finally, PAD is associated with
increased production of endothelin and plasminogen activator inhibitor-1 46. These studies support a link between
endothelial dysfunction and PAD.
Stroke
Endothelial dysfunction may not only be a vascular disease marker, but may also actually play animportant pathogenetic role,
leading to progression of the disease and unfavorable outcomes.
Among vascular diseases, cerebrovascular accidents, namely, stroke, clearly represent a paradigmatic example of the
potential role of a dysfunctional endothelium. In fact, in the world'sgrowing elderly population few diseases are more dreaded
than stroke. With an increasing incidence and a mortality of 30%, stroke carries the threat of death or long-term disability and
suffering 47. Elevated blood pressure has long been recognized as one of the most important risk factors for stroke; however,
other factors appear to play an important role as well. Indeed, epidemiological evidence suggests that in spite of an
improved control of blood pressure, the secular trend of stroke in well-controlled populations is increasing. Moreover,
although the hemorrhagic subtype of stroke has continuously decreased in incidence over the years; ischemic stroke is little
affected by the current pharmacological treatment for hypertension 48. Many cardiovascular risk factors increase the
production of reactive oxygen species (ROS) and promote inflammation in systemic and cerebral blood vessels. The
predominant vascular sources of ROS are the superoxide-producing enzyme NADPH oxidase, xanthine oxidase, and
mitochondrial enzymes, as well as the uncoupling of nitric oxide synthase (NOS), a state in which this enzyme generates
superoxide instead of NO. Thus, oxidative stress and vascular inflammation are major pathways through which risk factors
exert their deleterious effects on blood vessels. However, it remains to be determined how individual risk factors trigger
the activation of one or both of these processes. This is a critical question for targeting preventive strategies in patients with
specific risk factors 49. Finally, beyond the influence of reactive oxygenspecies and environmental factors, there is growing
evidence that may contribute to the etiology of stroke 50. There is much evidence suggesting that endothelial dysfunction can
play a role in thepathogenesis of ischemic stroke 51.
Hypertension and atherosclerosis
Endothelial cell damage occurs in many vascular beds during hypertension 52,53. However, it si not clear whether
hypertension is the cause or the result of this damage. In 1978, Moncada andVane suggested that endothelial dysfunction
follows the course of a chronic increase in bloodpressure and is therefore a consequence of hypertension 54. On the other
hand, another study found that treatment of hypertension did not improve endothelial function 55, arguing against
endothelial dysfunction as being a consequence of hypertension. An important consideration in this context is the mode of
treatment of hypertension. For example, lowering blood pressure withbeta-blockers does not improve endothelial function,
whereas treatment with angiotensin- converting enzyme inhibitors (ACEI's) or angiotensin-receptor blockers (ARB's)
significantly improves it 56. Supporting the notion that endothelial dysfunction is one of the causes of hypertension is the
finding of impaired endothelial function in the normotensive offspring of patients with essential hypertension 57. A common
abnormal finding in hypertensive states is a lower production of endothelial vasodilatory factors or their ineffectiveness
and/or over production of or sensitivity to vasoconstrictor agents. One suggestion is that increased oxidative stress in
hypertensive states leads to decreased availability of NO 58. In agreement with this suggestion is the finding that antioxidants
improve endothelium-dependent relaxation 59. Higher oxidative stress in some hypertensive states could be due to increased
levels of angiotensin-II, which stimulates NADPH oxidase to generate ROS, thus causing vascular inflammation 60. By

preventing these effects, ACEI's and ARB's improve vasorelaxation in hypertensive patients.
Other than angiotensin-II, endothelial vasoconstrictor prostanoids have also been implicated ni the production of increased
vascular tone in patients with essential hypertension 61. It is also likely that overproduction of endothelin-1 may play a role in
hypertension. Measurement of plasma levels of ET-1 in hypertensive rats has been promising but is confounded by
oppositeresults in human patients. In pulmonary hypertension, however, a higher plasma level of ET-1occurs in both human
and animal disease 62. There is some success in the clinical use of bosentan, an antagonist of ET-1 receptors A and B,
in patients with pulmonary hypertension 63.
Predisposing risk factors for atherosclerosis, which include hypertension, diabetes, smoking, andhypercholesterolemia, are all
associated with endothelial dysfunction. In these conditions, the endothelial phenotype changes to a proinflammatory and
prothrombotic state 64 by increased expression of leukocyte adhesion molecules (such as VCAM-1) and cytokines such as
monocyte chemoattractant protein-1. These changes augment monocyte adhesion to and penetration through the vascular wall.
A reduction in endothelium-derived NO is suggested to be one of thecauses of such endothelial phenotypical changes. The
antiatherogenic role of NO is supported byseveral studies on apo-E knockout mice and other animal models of
atherosclerosis.
In these models, the inhibition of endothelial NO production accelerates lesion formation in the aorta and coronary arteries,
and L-arginine treatment preserves vessel morphology. One mechanism for lower NO bioavailability in arteries
predisposed to atherosclerosis could be the increased production of superoxide 65. The ROS will either degrade NO or
tetrahydrobiopterin (BH4), a cofactor in its synthetic pathway 66. The source for ROS in the arterial bed is through
augmented production by NADPH oxidase, xanthine oxidase 67 or reduced degradation by superoxide dismutase 68.
Endothelial dysfunction also occurs in inflammatory conditions that promote atherosclerosis due to increased levels of Creactive protein (CRP). CRP decreases eNOS-mediated NO production by decreasing the stability of eNOS mRNA 69.
Moreover, in vitro experiments suggest that oxidized lipoproteins and lysophosphatidylcholine, two important mediators of
atherogenesis, inhibit both NO and EDHF release 70. Oxidized LDL also decreases the expression of eNOS or its function
in vitro 71, effects that are reversed by antioxidants. Lipidsand oxidants also decrease the bioavailability of NO by impairing the
structure of caveolae and bactivating proinflammatory pathways such as those mediated by NFκB. Further, in response to
inflammatory mediators (IL-1, TNF-α) that are released fromactivated monocytes, endothelial cells as well as SMCs secrete
growth factors that enhance atherogenesis 72. Excessive endothelial

secretion of factors such as ET-1 can have a significant role in atherogenesis since both plasmaand coronary vascular endothelin
immunoreactivity is increased in hyperlipidemia as well as inearly and advanced atherosclerosis. Endothelin enhances
atherogenesis through several mechanisms. First, it is a strong chemoattractant that acts by stimulating ETB receptors on
circulating monocytes. Second, ET-1 activates macrophages leading to over secretion of inflammatory mediators such
as IL-6, IL-8, TNF, PGE2, and superoxide anion 73. Third, ET-1 stimulates smooth muscle cell migration and hypertrophy
and the production of fibroblast growth factor-2, making them hyper responsive to angiotensin-2 74. Fourth, ET-1 increases
fibroblast proliferation, chemotaxis, and matrix biosynthesis 74. Fifth, ET-1 causes PKC activation and increases platelet
adherence through increased expression of P-selectin; however, little is knownabout the effect of ET-1 on platelets in vivo 75.
Finally, endothelial dysfunction also causes instability of the atheromatous plaque, worsening the consequences of plaque
rupture due to ineffective anti-aggregation, antithrombotic, and fibrinolytic functions. In fact, a dysfunctional endothelium may
be prothrombotic by the overproduction of plasminogen activator inhibitor-1, an inhibitor of fibrinolysis 76.
Diabetes
Patients with diabetes invariably show impaired endothelium-dependent vasodilation. This is partly due to the frequent
association of the disease with other cardiovascular risk factors, including hypertension, obesity, and dyslipidemia. Moreover,
diabetic as well as obese patients usually consume a high-calorie diet rich in macronutrients that per se is able to induce vascular
abnormalities 77. Indeed, protein, lipid, and glucose loads are associated with a marked production of ROS 78; and highfat meals, with impaired endothelium-dependent vasodilation 79.A crucial negative effect of such meals is particularly
attributable to high levels of circulating free fatty acids, which are able to induce ROS production and impair endothelial
function 80.
Mechanisms leading to endothelial damage in diabetes, independent of the damage due to othercardiovascular risk factors,
include insulin resistance, hyperglycemia, and low-grade systemic inflammation 81. A large number of studies have been
published on the interaction between insulin and the NO system. It was shown that, in normal subjects, insulin is able to
induce a dose-dependent increase in lower limb blood flow by reducing vascular resistance in skeletal muscle 82, mainly by
vasodilating the microcirculation 83. This observed vasodilatory effect of
insulin is, at least partly, mediated by the enhanced production of NO through both the activationof the insulin receptor
substrate- 1/phosphoinositol 3-kinase/Akt pathway 84 and increased expression of eNOS 85. Interestingly, studies
on lower limb circulation showed that the magnitude of vasodilation in response to insulin appears to be linked to the
rate of insulin- mediated glucose metabolism 86. However, some controversies exist on this topic, with another group failing to
detect a net direct effect of insulin on vasodilation 87. The reasons for this couldbe related to the difference in methodology
used and different vascular districts analyzed.
Indeed, Taddei et al. showed no net direct effect of insulin on forearm microcirculation, but a potentiating effect of insulin
on acetylcholine mediated vasodilation at this level, possibly through a hyperpolarizing effect on the endothelium 88.
However, pathways downstream of insulin, whether through a direct interaction with the eNOS/NO system or
some other intracellular system(s), have been implicated in the regulation of vascular tone and reactivity; since the presence of
insulin resistance is associated with the presence of endothelial dysfunction

not only in diabetes and obesity, but also in clearer models of insulin resistance, such polycystic
as
ovary syndrome
89.
Endothelium vs. Insulinresistance
Individuals with atherosclerosis exhibit both endothelial dysfunction and impaired insulin action. The endothelium plays an
important role in the regulation of hemostasis, blood flow, maintenance of vascular architecture, and mononuclear
cell transmigration-all of primary significance in atherogenesis. The endothelium also transports small molecules,
macromolecules, and hormones such as insulin and degrades lipoprotein particles. Might endothelial dysfunction contribute to the
individual components of the insulin resistance syndrome? Endothelial cells express the cognate insulin receptor (IR), which
belongs to a family of membrane-bound receptors with intrinsic tyrosine kinase activity, whose ligands include growth
factors such as insulin-like growth factor-1, vascular endothelial growth factor, platelet-derived growth factor, and epidermal
growth factor. In addition to its crucial metabolic actions, insulin plays a critical role in the maintenance of physiological
endothelial function through its ability to stimulate NOrelease via a cascade of signaling that involves activation of the
PI3K-Akt axis and the downstream serine phosphorylation of endothelial NO synthase (eNOS) 90. In addition to its NOdependent vasodilatory actions, insulin stimulates endothelial release of the vasoconstrictor ET- 1, as suggested by increased
insulin vasodilatory effects in humans under ET-1 receptor blockade. Thus, insulin has multiple opposing hemodynamic
actions, the net effect of which on blood pressure is negligible in normal individuals. Insulin resistance is characterized by
specific impairment in PI3K-dependent signaling pathways, whereas other insulin-signaling branches, including Ras/mitogenactivated protein kinase-dependent pathways, are unaffected 91. In addition, metabolic insulin resistance is usually paralleled
by a compensatory hyperinsulinemia to maintain euglycemia. Thus, consequent hyperinsulinemia in insulin-resistant states
will overdrive unaffected mitogen-activated protein kinase-dependent pathways. In the endothelium, decreased PI3K signaling
and increased mitogen-activated protein kinase signaling in response to insulin may lead to decreased production of NO
and increased secretion of ET-1, a characteristic of endothelial dysfunction. Indeed, insulin-resistant patients have elevated
plasma ET-1 levels, and hyperinsulinemia increases ET-1 secretion in humans 91, 92. Pharmacological blockade of ET-1
receptors (ET-A isoform) improves endothelial function in obese and diabetic patients but not in lean, insulin-sensitive
subjects. Endothelial dysfunction might also play a causal role in the development of insulin resistance. Insulin can relax
resistance vessels and increase blood flow to skeletal muscle. Insulin acts on the vasculature in three discrete steps to enhance its
own delivery to muscle/fat tissues 93: Relaxation of resistance vessels to increase totalblood flow 94, relaxation of precapillary
arterioles to increase the microvascular exchange surfaceperfused within the skeletal muscle, i.e. microvascular recruitment 95,
and promotion of the transendothelial transport of insulin itself 96. Indeed, insulin resistance is associated with functional
disturbances of the coronary circulation. Conversely, insulin infusion improves coronary flow, even in the setting of type 2
diabetes mellitus and coronary artery disease. Thus, such an imbalance between production of NO and secretion of ET-1 leads
to decreased blood flow, which worsens insulin resistance. The reciprocal relationship of insulin resistance and
endothelial dysfunction has been a subject of excellent review 97.

Endothelial dysfunction precedes the development of both the insulin resistance syndrome and atherosclerosis. Peripheral
endothelial dysfunction, at the arteriolar and capillary levels, arises through a complex interplay of genetic and environmental
factors and leads to a multifaceted metabolic disturbance comprising insulin resistance and the other features of the insulin
resistance syndrome. Thus, this syndrome is a marker of peripheral endothelial dysfunction and plays a major role in
atherogenesis but has little direct metabolic impact. The coexistence of central and peripheral endothelial dysfunction
explains the observed association between atherosclerotic vascular disease and insulin resistance syndrome. This hypothesis
could offer new insights into several clinical observations. First, it may be proposed that not all patients withcoronary heart disease
have an insulin resistance syndrome phenotype, because this syndrome isnot an obligatory precursor of large-vessel
atherogenesis, but rather a marker of peripheral endothelial dysfunction. However, subjects with peripheral endothelial
dysfunction, such as those with diabetes or poor skeletal muscle capillarization, will be more likely to generate the insulin
resistance syndrome phenotype, which accelerates endothelial dysfunction and atherogenesis in the large vessels. It is
recognized, however, that additional local factors such asshear stress and rates of cholesterol deposition are likely to play
important roles in restricting plaque formation to specific sites 98. In summary, we propose that peripheral endothelial
dysfunction is the principal cause of insulin resistance and insulin resistance syndrome.
Chronic kidney failure
Renal dysfunction per se may be an underlying abnormality conducive to hypertension because hypertension “goes with the
kidney” incross-transplantation experiments, and a congenital reduction in the number of nephrons likely represents an
important cause of glomerular endothelial dysfunction and hypertension in humans 99, 100. Endothelial cell activation
was previously described as an increased adhesion between leukocytes and cultured endothelial cellswhen the latter are exposed to
inflammatory mediators, implying that endothelium is a simple on-off device. Subsequently, other findings such as
procoagulant activity, changes in vasomotor tone, and loss of barrier function were included in the definition of endothelial
activation to describe a broader spectrum of phenotypic changes 101, 102. Chronic kidney disease in essential hypertension
presents the expression of a medium- and small-size arteriolopathy characterized by intimal hyperplasia, hyalinosis, and smooth
muscle cell hypertrophy (nephroangiosclerosis). Such arteriolopathy could be reflective of systemic dysfunction of the vascular
endothelium. It seems to be the basic anatomic disturbances that may eventually lead to disastrous vascular events in the heart,
brain, and kidney 103. Moreover, the small- and medium-size vessels respondinappropriately to vasodilatory stimuli such as
acetylcholine, the production of which is mediated by nitric oxide. In the recent study of Raff et al. 104, the renal resistive
index was disproved as a valid tool to assess renal endothelial dysfunction in humans. Following inhibition
of nitric oxide synthase, the renal resistive index increases significantly but is not related to renalperfusion or renal vascular
resistance. Renal vascular resistance changes to a similar extent in hypertensives, diabetics, and healthy volunteers 105. The
pluripotent role of fat cells in renal dysfunction is still not completely understood. Fat tissue secretes a number of
adipocytokines, including leptin, adiponectin, resistin, vaspin, visfatin, as well as proinflammatory cytokines such as TNFα
and IL-6 106. It appears likely that a reduced glomerular filtration rate (GFR) can contribute to the accumulation of
adipocytokines, which could explain the marked dysmetabolism in chronic kidney disease. However, in a recent
population-based study, the

Hoorn study 107, which enrolled a cohort of 613 relatively healthy, elderly (50-75 years) subjects with an average GFR of 68
ml/min, endothelial dysfunction (estimated by plasma vWF and VCAM-1) but not inflammation (as measured by CRP
and ICAM-1) correlated negatively with the GFR. Patients with established renal disease exhibit a consistent association
between renal function and biomarkers of inflammation. In a survey based on 103 patients with established renal diseases,
creatinine clearance correlated with both CRP and interleukin-6 (IL-6) levels, theIL-6-creatinine clearance link being fairly
strong (R2=30%; 108). Similarly, in a sizeable group of patients with mild-to-severe renal insufficiency enrolled in a renal
clinic in Birmingham (CRIB study), a lower GFR was associated with both low-grade inflammation and endothelial
dysfunction, even among patients with moderate renal impairment 109. Furthermore, in another survey on patients with renal
diseases performed by the Hoorn study investigators 110, creatinine clearance exhibited a fairly strong relationship (R2=28%)
with an inflammation score composed of secretory phospholipase A(2) and CRP and with a complex endothelial function
score (a combination of vWf, ICAM-1, VCAM-1, tissue-type plasminogen activator [tPA], plasminogen activator
inhibitor-1 [PAI-1] and E-selectin [ES]) as well (R2=19%). On the other hand, in a posthoc analysis of a randomized placebocontrolled trial of a statin in persons with previous myocardial infarction, higher CRP and soluble tumor necrosis
factor receptor II were independently associated with faster rates of kidney function loss; and the statin prevented loss of
kidney function to a greater extent in individuals with greater evidence of inflammation 111.
Thus, inflammation and perhaps endothelial dysfunction may not only signal but also be causallyinvolved in the loss of kidney
function among subjects with CKF (chronic kidney failure).
Overall, inflammation seems to be a coherent, functional correlate of a reduced GFR in patients with established renal
diseases; and at least in part it seems to contribute to renal and cardiovascular damage by altering endothelial function.
Hemodynamic endothelial dysfunction (i.e., flow-mediated vasodilation) went in parallel with a reduced GFR in two studies on
patients with moderate-to-severe renal insufficiency 112, 113 and was also fairly well associated with inflammation in the
second of these studies 113,114. Some possible therapies to improve or to ameliorate endothelial dysfunction in the kidneys
include non-pharmacologic approaches such assmoking cessation; weight reduction, particularly in obese patients with metabolic
syndrome or type 2 diabetes mellitus; a low fat/Mediterranean diet; and regular exercise.
Cancer
Endothelial cell migration is an essential component of angiogenesis, which migration requires atight regulation of the contractile
and noncontractile states of the cell. These processes require the integration of signals elicited by chemotactic, haptotactic, and
mechanotactic stimuli. In turn,this movement is associated with the activation of intracellular pathways that converge on
cytoskeleton remodeling. Actin is a major cytoskeletal component of endothelial cells. It is composed of 43-kDa
monomeric globular subunits (G-actin) that polymerize into helical filaments (F-actin). The assembly of F-actin is tightly
associated with the hydrolysis of ATP byits intrinsic ATPase activity. Mg2+/ATP-bound monomeric G-actin is
incorporated into the growing filaments at the barbed end, and ATP-actin is then converted into ADP-actin as actin
monomers are shifted along the filaments toward the pointed end 115, 116. The constant remodeling of the actin cytoskeleton
into filopodia, lamellipodia, and stress fibers is essential for cell migration, as briefly overviewed below and discussed in
detail by K. Mizumo and colleagues ina forthcoming article within this thematic review series. Filopodia are membrane
projections that

contain long parallel actin filaments arranged in tight bundles. These particular structures act assensors of motile stimuli.
Classically, the formation of filopodia is regulated by activation of thesmall GTPase Cdc42, which associates with WiskottAldrich syndrome proteins (WASP's).
Lamellipodia are cytoplasmic protrusions that form at the leading edge of spreading or migratingcells 117. These protrusions are
approximately 1 to 5 µm wide and approximately 2µm thick. Theformation of lamellipodia is associated with important actin
polymerization involving the Rac and Arp2/3 complex. Stress fibers are actin filaments of inverted polarity linked by β-actinin
and myosin and distributed along contractile fibers 118. All three structures are essential to drive the several steps of actin-based
endothelial cell motility: 1) Sensing of the motogenic signal by filopodia; 2) formation and protrusion of lamellipodia and
pseudopodia-like forward extension;
3) attachment of the protrusions to the extracellular matrix (ECM); 4) stress fiber-mediated contraction of the cell body to
allow forward progress; 5) rear release of the stress fibers; and 6)recycling of adhesive and signaling materials 114.
Endothelialcellrelocationduringangiogenesis
Endothelial cell migration involves three major mechanisms, namely, chemotaxis, the directional migration toward an increasing
gradient of soluble chemoattractants; haptotaxis, the directional migration toward an increasing gradient of immobilized
ligands; and mechanotaxis, the directional migration generated by mechanical forces 115. Endothelial cell migration during
angiogenesis is the integrated result of these three mechanisms. Typically, chemotaxis of endothelial cells is driven by
growth factors such as VEGF and basic fibroblast growth factor (bFGF), whereas haptotaxis is associated with increased
endothelial cell migration activated in response to integrins binding to ECM components 116, 117. Because of their location at
the inner surface of blood vessels, endothelial cells are constantly in contact with shear stress, which contributes to the
activation of migratory pathways.
Severe infectious diseases
The endothelium plays a key role in the pathogenesis of coagulation disorders in infectious diseases, although the precise
mechanisms are not yet clear in some cases. The endothelium is involved in both bacterial and non-bacterial infections and is
important for the initiation and regulation of hemostasis. The loss of the endothelium barrier and vascular leakage play a central
role in the pathogenesis of hemorrhagic fever viruses in general. This can be caused either directly by the viral infection and
damage to the vascular endothelium or indirectly by a dysregulated immune response resulting in an excessive activation of
the endothelium.
Disruption of the vascular endothelial barrier occurs in two severe disease syndromes, dengue hemorrhagic fever and hantavirus
pulmonary syndrome. Both viruses cause changes in vascular permeability without damaging the endothelium. In the leaky
vascular endothelium seen in dengue severe syndrome (DSS), various mechanisms that have been considered include immune
complex disease, T-cell-mediated reactions, antibodies cross-reacting with the vascular endothelium, enhancing
antibodies, complement and its products, various soluble mediators including cytokines, selection of virulent strains, and viral
virulence; but the most favoured areenhancing antibodies and memory T cells in a secondary infection that results in a
cytokine “tsunami.” Whatever the mechanism, the vascular endothelium is ultimately targeted (making it a battlefield), leading to
this severe disease syndrome. Extensive recent work has been done

using in vitro endothelial cell monolayer models to understand the pathophysiology of the vascular endothelium during a
dengue virus infection, and the results may help in understanding the pathogenesis of DHF[Dengue Hemorrhagic Fever] /DSS
118. Understanding the dynamics between viral infection and the dysregulation of the endothelial cell barrier will help us to define
potential therapeutic targets for reducing disease severity 119. Given the above data, it is conceivable that the therapeutic
correction of endothelial dysfunction may lead to an improvement of prognosis in patients with PAD, cardiovascular
diseases, stroke, chronic kidneyfailure, cancer or infectious disease. However, scant data are available on this topic, and mostofthe
conclusions that can be drawn are highly speculative. There is, therefore, virtually no available substance able to
specifically target the endothelium (Fig. (Fig.22).

Schematic representation of endothelial dysfunction on human diseases.
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Endothelial dysfunction is the initial step in the pathogenesis of PAD, cardiovascular diseases, stroke, chronic kidney
failure, cancer, and infectious diseases, all of which are highly complicated human diseases. Advances in our
understanding of endothelial function/ physiology have been the basis for many therapeutic strategies. Many pharmacological
interventions have been targeted to the endothelium with the intent of restoring it to its quiescent state 120. Various
pharmacological interventions such as angiotensin-converting enzyme (ACE) inhibitors, statins, insulin sensitizers, and Larginine, as well as agents that target endothelial nitric oxide synthase (eNOS) “coupling” such as folates or tetrahydrobiopterin
(BH4) have been noted to improve the function of the endothelium. Various experimental studies have demonstrated the
protective action of inhibitors of Rho-kinase, PARP, PTPase, geranyl transferase, and transketolase and ofactivators of Akt
and PKA toward the endothelium, which would be novel future candidates fortreating cardiovascular disorders 121. It is
foreseeable that expanding our understanding of endothelial function further will lead to targeted therapies for a myriad of
diseases, including cancer, cardiovascular disease, and inflammation.
Go to:
CONCLUSIONS
The endothelium appears to play a critical role in a variety of human disorders, including
peripheral vascular disease, stroke, heart disease, diabetes, insulin resistance, chronic kidneyfailure, tumor growth, metastasis,
venous thrombosis, and severe viral infectious diseases.
Because endothelial function may serve as a marker for the initiation and progression of insulinresistance, chronic kidney
failure, and tumor metastasis, a more aggressive approach is warranted for early detection and treatment of abnormal
endothelial function. In addition, although many agents can lessen endothelial dysfunction in the short term, more long-term
reversibility studies need to be performed in humans. A better understanding of the different functions fulfilled by
endothelial cells would be expected to result not only in a better comprehension of these diseases but also in their
prevention and more effective therapeutic treatments. New pharmacological strategies are also being designed to target
endothelial cells specifically, and their development is an exciting challenge of and goal for future research.
Go to:
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