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Abstract

The endothelium releases multiple mediators, not
only regulators of vasomotor function but also
important physiological and pathophysiological

inflammatory mediators. Endothelial dysfunction is
caused by chronic exposure to various stressors such as
oxidative stress and modified low-density lipoprotein
(LDL) cholesterol, resulting in impaired nitric oxide (NO)
production and chronic inflammation. Biomechanical
forces on the endothelium, including low shear stress
from disturbed blood flow and hypertension, are also
important causes of endothelial dysfunction. These
processes seem to be augmented in patients with dia-
betes. In states of insulin resistance and in type 2 dia-
betes insulin signalling is impaired. Increased vascular
inflammation, including enhanced expression of inter-
leukin-6 (IL-6), vascular cellular adhesion molecule-1
(VCAM-1) and monocyte chemoattractant protein (MCP-
1) are observed, as is a marked decrease in NO bioavail-
ability. Furthermore, hyperglycaemia leads to increased
formation of advanced glycation end products (AGE),
which quench NO and impair endothelial function.

In summary, during the development of diabetes a
number of biochemical and mechanical factors converge
on the endothelium, resulting in endothelial dysfunction
and vascular inflammation. In the presence of insulin
resistance, these processes are potentiated and they pro-
vide a basis for the macrovascular disease seen in dia-
betes.  
Diabetes Vasc Dis Res 2007;4:84–8
doi:10.3132/dvdr.2007.025
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Endothelial function
The endothelium is the innermost layer of blood vessels,
thus it is the largest organ in the body. It has many important

biological functions additional to its role as a mechanical lin-
ing. These involve the regulation of leucocyte extravasation,
adhesion and subendothelial accumulation; the prevention
of platelet adhesion that could result in thrombotic process-
es; and the regulation of blood vessel patency for main-
tenance of appropriate blood flow. Numerous vasoactive
substances control these functions tightly, completing a reg-
ulatory network with mechanical stimuli such as shear stress
and pressure. The reaction of the endothelium to these stim-
uli results in the release of agents which affect vasomotor
function through endothelium-mediated relaxation of vascu-
lar smooth muscle, through inhibition of platelet aggregation
and through the promotion of fibrinolysis, resulting in the
dissolution of possible microthrombi and maintenance of
normal blood flow.

One of the key functions of the endothelium is to ensure
adequate blood flow, which is regulated by the secretion of
diverse substances. Prostacyclin I2 (PGI2) and nitric oxide
(NO) are the two main vasodilators; others include endothe-
lium-derived hyperpolarising factor and C-type natriuretic
peptide.1-3 PGI2 and NO show additional effects in that they
act to inhibit platelet aggregation.4,5 So-called vasoconstric-
tors are also secreted by the endothelium, including
endothelin-1 (ET-1), angiotensin II (Ang II), thromboxane A2
and reactive oxygen species (ROS).6,7

The release of NO and PGI2 increases the activity of
guanylate- and adenylate-cyclase, respectively, raising c-
GMP and c-AMP levels. This is followed by inhibition of
platelet aggregation and thrombosis.3,8 Likewise, the
endothelial expression and presentation of the cell surface
protein thrombomodulin leads to inhibition of thrombosis.
Thrombomodulin binds thrombin, causing a configurational
change that inhibits the conversion of fibrinogen into fibrin9

and permits the activation of protein C by thrombin, fol-
lowed by inactivation of factor Va and VIIIa.10

Moreover, the endothelium enables fibrinolysis in order
to ensure vascular patency and perfusion. After secretion of
tissue plasminogen activator (tPA) by the endothelium, active
plasmin is formed and this leads to fibrin degradation. In
contrast, the endothelium and other tissues secrete plas-
minogen-activator inhibitor-1 (PAI-1), which inhibits tPA and
functions as an anti-fibrinolytic agent.

When the endothelium is functioning normally, all these
functions are tightly balanced, whereas major imbalances in
these processes arise during endothelial dysfunction.

Endothelial dysfunction
The maintenance of balanced vascular pressure, patency
and perfusion, the inhibition of thrombosis and induction of
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fibrinolysis characterise normal endothelial function. In con-
trast, interactions of numerous proinflammatory processes,
reduced vasodilation and prothrombic properties distinguish
endothelial dysfunction. Multiple diseases and conditions,
including hypertension, coronary artery disease,11 congestive
heart failure12 and chronic renal failure,13 are initiated or
associated with endothelial dysfunction. It is also seen in
type 1 and 2 diabetes14-18 and in the normotensive, normo-
glycaemic, first-degree relatives of patients with type 2 dia-
betes.19 Finally, endothelial dysfunction has been shown to
occur in the metabolic syndrome, dyslipidaemia,20 insulin
resistance,21 obesity,22 hyperhomocysteinemia,23 sedentary
lifestyle24 and smoking.25 In summary, the pathophysiology of
endothelial dysfunction is complex, involving multiple
mechanisms.

The link between inflammation, type 2 diabetes,
obesity and endothelial dysfunction
The association of the inflammatory state with obesity and
insulin resistance26 was described in 1993 by Hotamisligil et
al.27 In this study, adipocyte expression of the pro-inflamma-
tory cytokine tumour necrosis factor alpha (TNFα) was
observed to be markedly increased in obese mice, and neu-
tralisation of TNFα led to an improvement in insulin resis-
tance. Additional studies have shown that obesity is a state
of chronic inflammation significantly associated with
increased plasma concentrations of C-reactive protein
(CRP),28 interleukin-6 (IL6)29 and plasminogen-activator
inhibitor-1 (PAI-1).30 Likewise, TNFα levels in obese patients
correlate significantly with body mass index (BMI).31

In this inflammatory condition, the two adipocyte-specific
proteins adiponectin and leptin play major roles. An inverse
relationship with adiposity has been observed for plasma
adiponectin concentrations, and similarly with insulin resis-
tance, diastolic pressure, triglyceride concentration and TNFα
receptor concentrations.32 Leptin has pro-aggregatory effects
on platelets and it regulates immune function by stimulation
of inflammatory responses in immune cells; leptin levels are
elevated in obese humans. It has also been shown to induce
oxidative stress and inflammation in endothelial cells33 and it
may induce hypertension through centrally-mediated mecha-
nisms.34-36

The inflammatory site in endothelial dysfunction may be
where the processes of inflammation in obesity and type 2
diabetes begin. The inhibition of autophosphorylation of the
insulin receptor (IR) by TNFα on tyrosine residues results in
induction of serine phosphorylation of insulin receptor sub-
str ate-1 (IRS-1). In turn, this causes adipocyte IR serine
phosphorylation and inhibits IR tyrosine phosphorylation.37

These processes in endothelial cells contribute to impair-
ment of the normal insulin response and normal stimulation
of NO synthesis, resulting in endothelial dysfunction. This
enhancement of inflammation by a diminished endothelial
insulin response could in itself be one possible explanation
for the close link between obesity, type 2 diabetes, inflam-
mation and endothelial dysfunction, because insulin exerts
anti-inflammatory effects at the cellular and molecular level
both in vitro and in vivo. A low-dose infusion of insulin has
been shown to suppress NADPH oxidase expression and

plasma intercellular adhesion molecule-1 (ICAM-1) and
monocyte chemoattractant protein (MCP-1) concentrations
and to reduce reactive oxygen species (ROS) generation.
Conversely, a longer-term insulin infusion (over four hours)
in normal subjects was associated with induction of
endothelial dysfunction.

One of the most important substances for the normal
function of blood vessels is endothelial NO. It inhibits abnor-
mal growth and inflammation, exerts anti-aggregatory effects
on platelets and promotes vasodilatation. In the presence of
impaired endothelial function, reduced endothelium-
derived NO expression has frequently been reported. This
may be caused by reduced activity of endothelial NO syn-
thase (eNOS) as a result of increased levels of endogenous or
exogenous inhibitors or by reduced availability of the sub-
strate, L-arginine. The cytotoxic oxidant ROS quenches NO
to form peroxynitrite38 and affects protein function, causing
endothelial dysfunction through nitration of proteins.
Peroxynitrite is an important mediator of LDL oxidation, and
thus has a proatherogenic role.39 Furthermore, peroxynitrite
leads to degradation of the eNOS cofactor tetrahydro-
biopterin (BH4),40 resulting in an uncoupling of eNOS activ-
ity. Studies with diabetic mice have shown that treatment
with the novel peroxynitrite decomposition catalyst FP15
can prevent endothelial and cardiac dysfunction.41 Oxidant
excess also results in reduction of BH4 to 7,8-dihydro-
biopterin, which leads to decreased formation of the active
dimer of eNOS, oxygenase activity and curtailed production
of NO. Under these conditions, the reductase function of
eNOS is activated to produce more ROS: eNOS shifts from
an oxygenase that produces NO to a reductase that pro-
duces ROS, with consequent exaggeration of oxidant excess
and its deleterious effects on endothelial and vascular func-
tion.42

Oxidative excess in hypertension studies seems to be
correlated with endothelial dysfunction, as confirmed by
monitoring of impaired endothelium-dependent vasodila-
tion after use of antioxidants.43 Human studies in hyperten-
sive populations investigating effects of antioxidants such as
vitamin C and E have reported antihypertensive effects.44,45 In
contrast, clinical data received from the Heart Outcomes
Prevention Evaluation (HOPE) trial46 and the Collaborative
Group of the Primary Prevention Project,47 in which hyper-
tensive patients were treated with vitamin E (400 IU/d), did
not demonstrate any clinically relevant blood pressure-
reducing effects. The reason for these conflicting data may
be the higher doses of vitamin E used in the experimental
studies (800 to 1,000 IU/d) compared to those used in the
clinical trials (300 to 500 IU/d).

The influence of diabetes on endothelial dysfunction
In industrialised westernised countries, the incidence of dia-
betes, particularly type 2 diabetes, is rising at a dramatic
rate.48-51 This rise is combined with an increased prevalence
of diabetes closely related to ageing and obesity. Endothelial
dysfunction, although triggered by additional mechanisms, is
the result of oxidative excess, which is closely linked to dia-
betes.52,53 Insulin signalling is altered in states of insulin resis-
tance, differently affecting the two major pathways emerging
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from the insulin receptor. The phosphoinositide 3-kinase/
Akt/ protein kinase B signalling pathway is significantly
altered, resulting in a marked decrease of eNOS activation.
However, the mitogen-activated protein kinase pathway
leading to mitogenic effects and growth is unaffected.54-57

An inflammatory vascular state is induced by hypergly-
caemia, which promotes the formation of advanced glyca-
tion end-products (AGEs). This leads to an induction of ROS
and promotes endothelial expression of IL-6, VCAM-1 and
MCP-1.58

NO availability can be reduced by acute hypergly-
caemia,59 which also attenuates endothelium-dependent
vasodilation in humans in vivo.60 AGEs play an important role
in these processes; inhibition of AGE formation with
aminoguanidine prevents NO depletion and sustains
endothelial function.61

Endothelial dysfunction – a major mediator of
diabetic macrovascular disease
In patients with type 2 diabetes mellitus, the major cause of
mortality and morbidity is cardiovascular disease (CVD).
Hypertension is present approximately twice as frequently in
people with diabetes mellitus compared to individuals with-
out diabetes, and is accompanied by dyslipidaemia, hyper-
glycaemia, hypercoagulation and hyperinsulinaemia.62

The metabolic syndrome and type 2 diabetes are char-
acterised by several haemodynamic and metabolic abnor-
malities. Among these abnormalities, endothelial dysfunc-
tion plays a central role and is evident prior to the onset of
diabetes. Moreover, in the increased CVD risk found in per-
sons with diabetes and hypertension49,63 dysfunction of the
vascular endothelium plays an important role. Compared to
diabetes alone, the co-existence of hypertension and dia-
betes seems to correlate with decreased coronary flow
responses.64 Alterations in the vascular endothelium linked to
diabetes that contribute to endothelial dysfunction include
elevated expression and plasma levels of vasoconstrictors
such as angiotensin II and endothelin-1, increased expres-
sion of adhesion molecules and associated enhanced adhe-
sion of platelets and monocytes to vascular endothelium,
plus impairment of NO release and reduced NO respon-
siveness. Endothelial expression of adhesion molecules is
enhanced by exposure to dyslipidaemia, hypertensive plas-
ma vasoconstrictor concentrations and elevated adipose-
derived proinflammatory cytokine levels, and promotes
leukocyte adhesion and vascular extravasation. 

In conclusion, endothelial dysfunction seems to be the
trigger in atherogenesis and diabetes-associated vascular dis-
ease and explains, at least in part, the enhanced progression
of CVD in type 2 diabetes.

Effects of glitazone treatment on endothelial
dysfunction and CVD
The glitazones, chemically defined as thiazolidinediones
(TZDs), exert their effects as insulin sensitisers through the
peroxisome proliferator-activated receptor γ (PPARγ) by
enhancing the effects of insulin in metabolic target tissues
(such as skeletal muscle, liver and fat) and directly improving
peripheral insulin resistance. The expression of genes

involved in carbohydrate and lipid metabolism is, at least in
part, regulated by PPARγ, which also plays a role in
adipocyte differentiation. The receptor is expressed in all
major cell types involved in vascular lesions: monocytes and
macrophages, endothelial cells and vascular smooth muscle
cells. 

Because of their reductive effect on insulin resistance,
the possible role of TZDs in improvement of endothelial dys-
function has been studied. The endothelial function of
patients with diabetes is directly improved by PPARγ ago-
nists, which block one of the earliest steps in atherogenesis.65

The glitazones mediate their beneficial effects on endothe-
lial function in a number of ways, including molecular effects
related to PPARγ agonist actions, such as improvement of
glycaemic control and decreasing the levels of circulating
free fatty acids, and via important anti-inflammatory effects
on endothelial cells and leukocytes.

Other beneficial antiatherogenic effects have been
reported in several studies using PPARγ ligands,66 such as
potent inhibition of inflammation, blockade of macrophage
differentiation67 and cytokine secretion. Inhibition of vascu-
lar smooth muscle cell proliferation and migration have also
been shown. Glitazone treatment additionally improves sev-
eral risk factors for atherosclerosis, including plasma cytokine
and C-reactive protein levels and intima-media thickness.
Pioglitazone has been shown recently to reduce stroke, total
mortality and non-fatal myocardial infarction in high-risk
patients with diabetes, proving that such treatment can be
effective.68

Conclusions
The foundation for possible subsequent diseases is laid when
the normal endothelial function is altered to a pathological
degree. One of the major characteristics of endothelial dys-
function is a state of chronic subclinical systemic and vascu-
lar inflammation which is associated with reduced vasodi-
latation and a pro-thrombotic state. Subsequently, endothe-
lial dysfunction is strongly associated with cardiovascular
morbidity and mortality. In states of insulin resistance and in
type 2 diabetes, endothelial dysfunction is markedly
enhanced, providing a significant pathophysiological basis
for the massively increased cardiovascular risk observed in
patients with diabetes. Future therapeutic approaches for
the treatment of diabetic cardiovascular disease should tar-
get the dysfunctional endothelium first.
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