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Normal endothelial cells synthesize and release biologically active substances. These substances 
maintain homeostasis through adequate blood flow, delivery of nutrients, activation and inhibition of 
coagulation proteins, prevention of thrombosis and diapedesis of leukocyte. Endothelial dysfunction 
implies failure of vascular endothelium to perform its normal functions of vasodilatation and 
vasoconstriction. It results from an imbalance between endothelium derived constricting and relaxing 
factors. Altered endothelial cell activity predisposes to increased production of vasoconstrictors, i.e., 
prostaglandins, endothelins, glycated proteins, endothelial adhesion molecules and platelet and vascular 
growth factors. These changes enhance vasomotor tone, vascular permeability, growth and remodeling 
of the vessels. Diabetes is associated with abnormalities of vascular endothelium. Several regulatory 
vasodilators and vasoconstrictors are altered in diabetes leading to diabetic vascular complications. 
Balance between dilating and constricting substances is altered and is shifted towards vasoconstriction 
in diabetes. Disturbances in the endothelial functions lead to increased platelet adhesion and 
aggregation in patients with diabetes. Activated platelets interact with endothelial cells and leukocytes 
in the genesis of atherosclerosis. High level of Von Willebrand factor(vWF) is a consistent finding in 
diabetes. Increased vWF level is one of the major risk factors for the development of micro vascular 
complications. High levels of vWF may predict cardiovascular disease progression in diabetes mellitus. 
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INTRODUCTION  
Endothelial cells regulate vascular function and 
structure due to their strategic anatomic position 
between the blood and vessels. Normal endothelial cells 
synthesize and release biologically active substances. 
These substances maintain homeostasis through 
adequate blood flow, delivery of nutrients, activation 
and inhibition of coagulation proteins, prevention of 
thrombosis and diapedesis of leukocyte.1 

Regulatory functions of the vascular 
endothelium include vasodilatation, vasoconstriction, 
antiplatelet and anticoagulant effects.2 Endothelium 
produces dilating factors e.g. nitric oxide, prostacyclin 
and bradykinin and constricting factors like endothelin, 
superoxide ions, endothelium derived constricting 
factor, angiotensin II and thromboxane. Many other 
endothelium derived factors are involved in the 
regulation of blood coagulation and fibrinolysis such as 
von Willebrand factor (vWF), tissue factor (TF), tissue 
factor pathway inhibitor (TFPI), thrombomodulin and 
plasminogen activator inhibitor-1 (PAI-1). 

Endothelial dysfunction implies failure of 
vascular endothelium to perform its normal functions of 
vasodilatation and vasoconstriction. It results from an 
imbalance between endothelium derived constricting 
and relaxing factors. Altered endothelial cell activity 
predisposes to increased production of vasoconstrictors, 
i.e., prostaglandins, endothelins, glycated proteins, 
endothelial adhesion molecules and platelet and vascular 
growth factors. These changes enhance vasomotor tone, 
vascular permeability, growth and remodeling of the 
vessels. 3  

Diabetes is associated with abnormalities of 
vascular endothelium. Several of the above mentioned 
regulatory factors, i.e., vasodilators and vasoconstrictors 
are altered in diabetes leading to diabetic vascular 
complications.4,5 Balance between dilating and 
constricting substances is altered and is shifted towards 
vasoconstriction in diabetes.6 Following are some of the 
factors and mechanisms that predispose to vascular 
abnormalities in diabetes mellitus.  

Nitric Oxide and Reactive Oxygen Species 
Nitric oxide is one of the most important platelet 
inhibiting substances. Nitric oxide synthase (eNOS) in 
the endothelial cells synthesizes nitric oxide through 
oxidation of the guanidine-nitrogen terminal of L-
arginine utilizing O2 as a cofactor and nicotinamide 
adenine diucleotide phosphate (NADP) as a coenzyme.7 

Nitric oxide performs many important 
functions. It plays a major role in the vascular integrity. 
It also causes vasodilation by activating guanylate 
cyclase on adjacent vascular smooth muscle cells. 12 
GTP degradation releases cGMP by the action of 
guanylate cyclase which regulates cytoplasmic Ca2+ 
level. Increase in the cytosolic Ca2+ causes smooth 
muscle cells relaxation and consequent vasodilatation.8 

Nitric oxide protects blood vessels from 
endogenous injury by mediating molecular signals that 
prevent platelet and leukocyte interaction with the vessel 
wall. It also inhibits vascular smooth muscle cells 
proliferation, migration and growth.9,10  

Nitric oxide inhibits platelet aggregation, 
procoagulants activation, tissue oxidation, inflammation 
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and release of pro-atherogenic and pro-inflammatory 
cytokines. It also facilitates fibrinolysis.8 

Reduced vascular synthesis and sensitivity to 
prostacyclin and decreased synthesis and release of 
nitric oxide are the two consistent features in 
diabetes.6,11 Impaired endothelial dependent nitric oxide 
mediated relaxation in patients with diabetes is an 
indication of endothelial dysfunction and seems to 
precede atherosclerosis in diabetes mellitus.12–13 

Decreased availability of endothelium derived 
nitric oxide in diabetes is due to various reasons. 
Hyperglycemia inhibits production of nitric oxide by 
blocking endothelial nitric oxide synthase activation. 
This inhibition increases the production of reactive 
oxygen species (ROS), especially superoxide ions (O2

−) 
in the endothelium and smooth muscles.14 Peroxynitrite 
ions are formed from superoxide ions. Peroxynitrite 
separates tetrahydrobiopterin by oxidation which is a 
cofactor of eNOS and produces O2.15 Production of 
peroxynitrite decreases the synthesis of prostacyclin that 
causes vasodilation and inhibits platelet functions.16 
Nitric oxide synthesis is inversely proportional to the 
production of peroxynitrite; this further impairs the 
production of vasodilators. 

Diabetic endothelial dysfunction is also 
expressed by increased vascular permeability related to 
hyperglycemia-induced free oxygen radical 
production.17 Diabetes induced microvascular 
permeability is responsible for the expression of 
endothelial mitogen growth factor which is the main 
promoter of angiogenesis and neovascularization in 
diabetic microangiopathy.18 

Endothelin Production 
Diabetes induced endothelial cell dysfunction is 
characterized not only by decreased nitric oxide 
production but also by increased synthesis of 
vasoconstrictor prostanoids and endothelin-1.19,20 

Endothelin-1 promotes inflammation and acts 
on endothelin-A receptors on vascular smooth muscle 
cells to induce vascular smooth muscle contraction. 
These functions of endothelium play a pivotal role in 
vascular diseases in diabetes.14 Response to endothelin-1 
is also reduced in diabetes mellitus.21 Increased renal 
salt and water retention, stimulation of renin-angiotensin 
system and induction of vascular smooth muscles 
hypertrophy are some of the other functions of 
endothelin-1.  

Activation of Protein Kinase C 
Protein kinase C (PKC) pathway is activated by 
hyperglycemia. Like endothelial nitric oxide synthase 
pathway, PKC system also plays an important role in 
the development of diabetic complications.22,23 PKC is 
involved in the endothelium dependent vasodilatation in 
diabetes mellitus. PKC increases the production of 
superoxide ions (O2

─). These react with nitric oxide to 
produce peroxynitrite (ONOO─) which damage tissues 

and activates monocyte and macrophages. Apart from 
peroxynitrite production, activated PKC also increases 
the expression of platelet derived growth factor-β 
receptor on endothelium and smooth muscle cells.24  

Transforming growth factor-β1 (TGF-β1) 
regulates the production of endothelial cell matrix. 
Hyperglycemia induced activation of PKC increases the 
expression of TGF-β1 which activates gene expression 
of proteoglycans, collagen type IV and fibronectin 
causing thickening of the basement membrane. TGF-β1 
also decreases the synthesis of proteolytic enzymes (e.g. 
matrix metalloproteinase) that degrade matrix proteins. 
Early structural abnormalities in pre diabetic animals 
show increased expression of TGF-β1 that causes 
thickening of the basement membranes.25 

Nuclear Transcription Factor 
Hyperglycemia induced endothelial damage is also 
associated with excessive formation of advanced 
glycation end products (AGEs) and increased activation 
of pro-inflammatory nuclear transcription factor, i.e., 
nuclear factor-kappa B (NF-B).26,27 NF-B activated 
by hyperglycemia induces inflammatory gene 
expression which causes increased production of 
leukocyte attracting chemokines, inflammatory 
cytokines and expression of cell adhesion molecules. 28 
These changes in the endothelial cells lead to increased 
production of tissue factor (TF), platelet activation and 
aggregation, alterations in coagulation and fibrinolytic 
factors. They also promote monocyte and vascular 
smooth muscle cells migration into the intima and 
formation of macrophage foam cells characterizing the 
initial morphological changes of atherosclerosis.29,30  
Advanced Glycation End Products 
Diabetes is associated with increased oxidative stress, 
enhanced leukocyte–endothelial interaction and 
glycation of proteins and phospholipids in the body.31 
Glycation is a process of binding glucose to amino 
group of proteins or phospholipids in the absence of 
enzymes. In the early phase non enzymatic reactive 
products such as Maillard, Schiff base and Amadori 
products are formed. These biochemical changes are 
initially reversible. Continued hyperglycemia 
subsequently leads to the formation of more stable 
products known as advanced glycation end products.32  

AGEs have a potential to cause certain 
pathological changes. They disrupt the molecular 
conformation of proteins and lipids, reduce the 
enzymatic activity, degradative capacity and receptor 
recognition of protein and lipids.33 AGEs are also 
associated with the development of vascular 
dysfunctions and diabetic complications.34,35 AGEs bind 
with receptors for advanced glycation end products 
(RAGE) present on endothelial cells and initiate a series 
of reactions. These include; induction of oxidative 
stress, reduction in the vascular barrier function, 
increased vascular permeability and enhanced 
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expression of vascular cell adhesion molecules 
(VCAM-1). These molecules when expressed on the 
surface of monocytes act as chemokines which facilitate 
monocyte recruitment.28 

AGEs produce superoxide ions leading to 
increased oxidative damage of the endothelium.11 AGEs 
cross link collagen and extra cellular matrix proteins in 
the vessel wall. This cross linking leads to accumulation 
of low density lipoproteins in the vessel wall. Low 
density lipoproteins, being more susceptible to oxidative 
stress, impair endothelial cell function, initiate 
inflammation and adhesion, and promote vascular 
smooth muscles cell changes.36 Hyperglycemia delays 
endothelial cell replication, increases apoptosis and 
accelerates atherosclerosis.37 

Endothelial Effects on Platelets 
Disturbances in the endothelial functions lead to 
increased platelet adhesion and aggregation. Altered 
platelet metabolism and changes in intra platelet 
signaling pathways contribute to the overall increased 
platelet hyperactivity.38 Platelets-derived growth factor 
is released from the platelet granules which stimulates 
proliferation of smooth muscle cells and subsequently 
results in the thickening and vasoconstriction of vessel 
wall. Platelet adhesion and aggregation may occur in 
diabetes even when the endothelium is injured but is still 
intact. Platelet-endothelial cell adhesion molecule-1 
(PECAM-1) and decrease NO synthesis facilitate 
platelet adhesion and aggregation.39 

Hyperactive platelets act by three major 
mechanisms for the development of atherosclerosis; 
these include micro embolisation of the capillaries, local 
progression of vascular lesions and triggering of acute 
arterial thrombosis.40 

Increased Expression of Adhesion 
Molecules 
Activated platelets interact with endothelial cells and 
leukocytes in the genesis of atherosclerosis. This 
process is dependent on a group of receptors and 
binding proteins termed adhesion molecules. These 
adhesion molecules are expressed by several cells. L-
selectin is expressed by leukocytes. P-selectin is 
expressed both by activated platelets and endothelial 
cells while E-selectin (also known as endothelial 
leukocyte adhesion molecule-1, ELAM-1) is expressed 
by endothelial cells. Expression of various members of 
the immunoglobulin super family, i.e., intercellular 
adhesion molecules (ICAM-1), (ICAM-2), vascular cell 
adhesion molecule-1 (VCAM-1) and PECAM-1 by 
endothelial cells, leukocytes and platelets or smooth 
muscle cells are the other adhesion molecules.4, 41 
Hyperglycemia causes increased expression of adhesion 
molecules like ICAM-1 and reduce PECAM-1 
expression. These numerical aberrations facilitate the 
development of atherosclerotic lesions.42 

Endothelial cells produce soluble E-selectin 
(sE-selectin) when activated by cytokines. Elevated 
levels of sE-selectin have been reported in patients with 
diabetes mellitus. Positive correlation of sE-selectin 
with hyperglycemia,43 macro as well as 
microangiopathy has been shown in patients with 
diabetes.44 sE-selectin and cell adhesion molecules 
ICAM-1 and VCAM-1 predict the development of type 
2 diabetes mellitus in initially non-diabetic women.45 

Adhesion molecules mediate the process of 
platelet activation. Platelets activation is regulated by 
the biochemical signal transduction mechanisms. P-
selectin from the outer membrane of activated platelets 
and endothelial cells is responsible for the recruitment 
and activation of leukocytes. It also acts as a receptor for 
sialic acid containing oligosaccharides in the cell 
membranes of monocytes and neutrophils. Leukocytes 
become ligands for the adherence of P-selectin of 
platelets. Leukocytes can further adhere to locally 
activated endothelium and cause further adherence of P-
selectin containing cells.42 Platelet adhesion molecules 
e.g. PECAM-1 act as ligands for the αIIbβ3 integrin 
(vitronectin receptor) expressed on activated endothelial 
cells and leukocytes. αIIbβ3 mediates not only platelet-
platelet interaction, it also interacts with neutrophil 
CD11/CD18 complex that enhances platelet 
activation.46 

ICAM-2 present on the surface of the activated 
platelets anchors platelets irreversibly to leukocytes. In 
this interaction of platelets, leukocytes and endothelial 
cells platelets play their role as a component of the 
cellular hemostasis and immune system.46 

Levels of von Willebrand Factor  
von Willebrand factor is a multimeric glycoprotein 
stored in the Weibel-Palade bodies of endothelial cells 
and -granules of platelets. vWf carries factor VIII in 
the circulation, mediates platelet adhesion and 
participates in platelet aggregation. vWF is a well 
recoganised plasma marker of endothelial cell damage 
and dysfunction.41 High level of vWF is a consistent 
finding in diabetes. vWF levels correlate with the age of 
the patient and duration of diabetes mellitus which is 
one of the major risk factors for the development of 
micro vascular complications. High levels of vWF may 
predict cardiovascular disease progression in diabetes 
mellitus.47 Glycosylation of vWF does not alter its 
function since vWF antigens are not affected by acute 
changes in blood glucose level or the degree of 
glycemic control. 

Insulin Resistance and its Effects on 
Vascular Endothelium 
More than 80% of the individuals with type 2 diabetes 
show insulin resistance. Insulin resistance leads to 
abnormal endothelial functions. It precedes the 
development of type 2 diabetes and is associated with 
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increased plasma concentrations of endothelin and vWF 
even in the absence of diabetes.48 

Insulin Resistance and Nitric Oxide 
Physiologically insulin stimulates NO production in the 
endothelial cells by increasing the activity of nitric oxide 
synthase via activation of phosphatidylinositol-3 kinase 
and protein kinase (Akt kinase).49 Insulin increases 
endothelium dependent NO mediated vasodilation in 
healthy individuals. As type 2 diabetes mellitus is 
characterized by insulin resistance, endothelial 
dependent vasodilation is reduced in insulin resistant 
subjects. Insulin-mediated glucose disposal correlates 
inversely with the severity of impairment of endothelial 
dependent vasodilation.50 

Abnormal vasodilation in insulin resistant state 
may be explained by changes in intracellular signaling 
that reduces the production of NO. Insulin signal 
transduction via phosphatidylinositol-3 kinase pathway 
is impaired and insulin is less able to activate nitric 
oxide synthase and produce NO.51  

Insulin Resistance and Inflammation  
Insulin signaling via mitogen activated protein kinase 
pathway remains intact. Mitogen dependent protein 
kinase activation is associated with increased endothelin 
production and a greater level of inflammation and 
thrombosis.51 

Matrix Metalloproteinase and Insulin 
Resistance 
Insulin resistance is associated with the up-regulation of 
CD36 protein of macrophages. This increases the uptake 
of oxidized low density lipoprotein by macrophages.52 
Hyperglycemia increases macrophage matrix 
metalloproteinase (MMP) expression in human 
fibroblasts in patients with diabetes mellitus.53 Increased 
MMP-2 is an indicator of microangiopathy in children 
with type 1 diabetes.54 

Production of Free Fatty Acids 
Circulating levels of free fatty acids are elevated in 
diabetes because of their excess liberation from adipose 
tissue and diminished uptake by skeletal muscles.55 Free 
fatty acids impair endothelial function through several 
mechanisms. These include increased production of 
oxygen-derived free radicals, activation of protein 
kinase C and exacerbation of dyslipidemia.56 

Elevation of free fatty acid levels activate PKC 
and decrease insulin receptor substrate-1-associated 
phosphatidylinosital-3 kinase activity.56 These may 
decrease nitric oxide synthase activity through their 
effect on signal transduction.  

Liver responds to free fatty acid flux by 
increasing very low density lipoprotein (VLDL) 
production and cholesterol ester synthesis.57 Increased 
production of triglyceride rich proteins and diminished 
clearance by lipoprotein lipase results in hyper 

triglyceridemia typically observed in diabetes. Elevated 
triglyceride level decreases high density lipoprotein by 
promoting cholesterol transport from HDL to VLDL. 
These abnormalities change structure of LDL, 
increasing the amount of the more atherogenic, small, 
dense LDL. Hypertriglyceridemia and low HDL are 
both associated with endothelial cell dysfunction.58 
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