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Mechanisms of Disease: endothelial dysfunction 
in insulin resistance and diabetes
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INTRODUCTION
The concept of endothelial dysfunction has 
become widely recognized because it is a 
functional parameter that can be measured in 
humans at risk for vascular disease and because 
it is believed to be a link between complex 
phenomena at the molecular level and vascular 
pathologies like atherosclerosis.1 In general, the 
action of endothelium-derived vaso dilators, for 
example nitric oxide (NO) and prosta cyclin, 
has been associated with antiatherogenic 
mechanisms, whereas endothelium-derived 
vasoconstrictors, for example endothelin 1 
and thromboxane, have been associated with 
proathero sclerotic mechanisms.

Manipulation of these factors in mice has 
now directly shown their relevance to the 
development of atherosclerosis. The following 
three examples all concern atherosclerosis in 
the aorta of hypercholesterolemic apolipo-
protein-E-knockout (apoE-KO) mice. First, 
mice with deletion of the gene for endothelial 
NO synthase (eNOS)—the main enzyme that 
synthesizes NO in endothelial cells—showed 
accelerated atherosclerosis.2 Second, treat-
ment with an endothelin receptor antagonist 
for 30 weeks did not change blood pressure 
or plasma lipoproteins in apoE-KO mice, but 
reduced the amount of atherosclerosis.3 Third, 
deletion of the gene for the thromboxane 
receptor prevented atherosclerosis, whereas 
deletion of the prostacyclin receptor gene 
promoted atherosclerosis.4

These findings in animal models are comple-
mented by a very large number of studies in 
which decreased endothelium-dependent vaso-
dilation has been described in humans with 
various risk factors for cardiovascular disease, 
as well as numerous demonstrations that human 
endothelial dysfunction can be normalized to 
prevent development of manifest cardiovascular 
disease.1 A representation of some of the mecha-
nisms that mediate endothelium-dependent 
vasomotion in health and in insulin resistance 
and diabetes is shown in Figure 1.

Endothelial dysfunction is one manifestation of the many changes induced 
in the arterial wall by the metabolic abnormalities accompanying diabetes 
and insulin resistance. In type 1 diabetes, endothelial dysfunction is most 
consistently found in advanced stages of the disease. In other patients, it 
is associated with nondiabetic insulin resistance and probably precedes 
type 2 diabetes. In obesity and insulin resistance, increased secretion 
of proinflammatory cytokines and decreased secretion of adiponectin 
from adipose tissue, increased circulating levels of free fatty acids, 
and postprandial hyperglycemia can all alter gene expression and cell 
signaling in vascular endothelium, cause vascular insulin resistance, and 
change the release of endothelium-derived factors. In diabetes, sustained 
hyperglycemia causes increased intracellular concentrations of glucose 
metabolites in endothelial cells. These changes cause mitochondrial 
dysfunction, increased oxidative stress, and activation of protein kinase C. 
Dysfunctional endothelium displays activation of vascular NADPH 
oxidase, uncoupling of endothelial nitric oxide synthase, increased 
expression of endothelin 1, a changed balance between the production of 
vasodilator and vasoconstrictor prostanoids, and induction of adhesion 
molecules. This review describes how these and other changes influence 
endothelium-dependent vasodilation in patients with insulin resistance 
and diabetes. The clinical utility of endothelial function testing and future 
therapeutic targets is also discussed.
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REVIEW CRITERIA
PubMed was searched with combination of query terms including “endothel*”, 
“diabetes”, ”forearm”, “flow-mediated”, and many others. Relevant articles 
were also selected among references in published papers and in the “Cited by 
other online articles” list in electronic journals. Reviews are cited for concepts 
considered very well established or for concepts that would otherwise require 
multiple citations. Many relevant publications could not be cited because of 
space limitations.
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To many clinicians, ‘endothelial dysfunction’ 
has become a familiar term that usually means a 
decrease in flow-mediated brachial artery dila-
tion or a decrease in blood flow during stimu-
lation with acetylcholine or another agonist. 
To the cell biologist, however, ‘endothelial cell 
dysfunction’ may represent an alteration of an 
extensive gene program and changes in a host 
of signaling pathways and secreted factors. With 
this review, we would like to bridge the scope 
of these concepts, from observations in clinical 
studies to findings in molecular biology studies 
of animal tissues and cell culture. The focus 
will be on mechanisms that are particular to 
diabetes and insulin resistance and that cause 
endothelial dysfunction, potentially resulting 
in atherosclerosis.

CLINICAL ASPECTS OF ENDOTHELIAL 
DYSFUNCTION
Acetylcholine-stimulated vasodilation
In a classic experiment, stimulation with acetyl-
choline was shown to relax a preparation of 
rabbit aorta, but only if care was taken in not 
rubbing off the endothelium.5 Acetylcholine 
could still relax the aorta with the endothelium 
purposefully rubbed off if it was placed next to 
aorta with intact endothelium, demonstrating 
that diffusible endothelium-derived vasodilators 
were released from the intact endothelium.5 Even 
though endothelium-dependent vasodilation is 
stimulated by several other agonists, the impact 
of the initial observation has caused acetylcholine 
to be the most commonly used agonist for this 
purpose. In humans, acetylcholine is infused into 
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Figure 1 Proposed mechanisms for production of endothelium-derived vasodilators and vasoconstrictors in health (left) and in 
insulin resistance and diabetes (right). Abbreviations: BH2, dihydrobiopterin, the oxidized form of BH4; BH4, tetrahydrobiopterin; CaM, 
calmodulin; eNOS, endothelial nitric oxide synthase; ET-1, endothelin 1; MAPK, mitogen-activated protein kinase; N, nitrosylated 
amino acid residue; NO, nitric oxide; NOX, NADPH oxidase; O2
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residue; PGIS, prostacyclin synthase; PI3K, 1-phosphatidylinositol 3-kinase; PKC, protein kinase C.
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the brachial artery to achieve local vasodilation, 
but minimal systemic responses. The major part 
of such vasodilation is mediated by NO.6

Flow-mediated vasodilation
The measurement of endothelium-dependent 
vasodilation, also referred to as flow-mediated 
vasodilation, has become widely used as an index 
of endothelial function in humans.7 It involves 
measuring the diameter of the brachial artery 
before and after hyperemia induced by several 
minutes of forearm ischemia during compres-
sion with a pneumatic cuff. The mechanical force 
of blood flow on the vascular wall, referred to as 
shear stress, causes a dilation of the brachial artery 
in the order of magnitude of 10% in healthy 
individuals, and the majority of the dilation is 
mediated by NO.7

Endothelium-dependent vasodilation 
in insulin resistance and diabetes
Decreased endothelial function has been demon-
strated in type 18,9 and type 29,10 diabetes as well 
as in obese, insulin resistant people,11 in whom 
insulin sensitivity correlates with the magni-
tude of endothelium-dependent vasodilation.11 
Endothelial dysfunction is thought to predate 
the onset of hyperglycemia in the natural history 
of type 2 diabetes,1,11 so it is likely that insulin 
resistance, changed production of adipokines, or 
abnormal concentrations of metabolites other 
than glucose initiate endothelial dysfunction in 
type 2 diabetes. By contrast, endothelial dysfunc-
tion is not believed to precede type 1 diabetes. 
In fact, several studies have found normal endo-
thelial function in patients with type 1 diabetes, 
with endothelial dysfunction more consistently 
found in more advanced disease with micro-
albuminuria.1 In established diabetes, hyper-
cholesterolemia, hypertension, and other factors 
can contribute to endothelial dysfunction.1

Endothelial dysfunction can be observed after 
relatively short periods of high glucose concen-
trations. For example, glucose infusion for 6 h 
decreased endothelium-dependent vasodilation 
in healthy humans.12 In diabetes, endothelium-
dependent vasodilator function is compro-
mised because of changed production of both 
vaso dilator and vasoconstrictor substances, in 
particular decreased bioavailability of NO,13 
decreased production of prostacyclin14 as well as 
increased production of thromboxane,14,15 other 
cyclooxygenase-dependent vasconstrictors,14 
and endothelin 1.16

In addition, several studies have found 
decreased endothelium-independent vaso-
dilation in patients with diabetes compared with 
nondiabetic control subjects after administration 
of NO donors like sodium nitroprusside,8,10 
suggesting decreased NO action in vascular 
smooth muscle cells. This decrease could be 
caused by increased production of reactive 
oxygen species (ROS), causing breakdown of NO, 
or because of changes in signaling downstream 
of cyclic GMP, the second-messenger of NO, in 
vascular smooth muscle cells. On the other hand, 
diabetic neuropathy can modify vascular sensi-
tivity to NO. This was demonstrated in patients 
with type 1 diabetes, signs of autonomic neuro-
pathy, and macroalbuminuria, in whom the 
vasodilatory response to both acetylcholine and 
sodium nitroprusside was increased compared 
with healthy control subjects or patients without 
these complications.17

Clinical utility of endothelium-dependent 
vasodilator function
In a cardiovascular outcome study of patients 
with low-grade coronary stenoses, all adverse 
cardiovascular events occurred in a group 
of patients with paradoxical coronary vaso-
constriction during intracoronary infusion of 
acetylcholine.18 Several other studies of endo-
thelial function in the coronary arteries, the 
brachial artery, and in the forearm have estab-
lished that reduced endothelium-dependent 
vasodilation is associated with adverse cardio-
vascular end-points; however, further evidence is 
needed to show whether measurement of endo-
thelial function in the individual patient can aid 
clinical decisions. One study in patients with 
newly diagnosed hypertension showed that the 
risk of adverse cardiovascular events requiring 
hospitalization was sevenfold higher in patients 
in whom flow-mediated vasodilation was not 
improved during follow-up.19

Some interventions that have shown an effect 
on clinical endpoints do not change the mean 
endothelial function in groups of patients—and 
some interventions that change endothelial 
function have no clinical effect. An important 
example in diabetes is statin therapy, which 
has been clearly shown to reduce the risk of 
cardiovascular events in patients with diabetes. 
By contrast, most studies have shown that 
statin therapy does not improve endothelium-
 dependent vasodilation measured in resistance 
vessels during serotonin stimulation or in the 
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brachial artery during postischemic hyperemia.20 
It will therefore be important to validate endo-
thelial vasomotor function with regard to the 
technique used, the patient population tested, 
and the thera peutic intervention in question 
(see Box 1).

ENDOTHELIUM-DERIVED VASOMOTOR 
FACTORS
Nitric oxide
Endothelium-derived NO is synthesized by eNOS, 
one of three NOS isoforms expressed by separate 
genes.21 Acetylcholine activates eNOS by binding 
to G-protein-coupled receptors and raising 
intracellular Ca2+ concen trations, thus causing 
increased Ca2+ binding to the eNOS cofactor 
calmo dulin (Figure 1).21 Shear-stress-mediated 
activation of eNOS is dependent on ATP-gated 
Ca2+ channels.22 The adhesion molecules platelet 
endothelial cell adhesion molecule-1 and vascular 
endothelial cadherin are part of a separate 
mechano sensor of shear stress in endothelial cells 
that activates 1-phosphatidylinositol  3-kinase 
(PI3K),23 leading to activation of protein kinase B 
(Akt), which directly phosphorylates eNOS on 
Ser1177, causing activation of eNOS.21 NO 
mediates vasodilation mainly by diffusion to 
vascular smooth muscle cells, where it activates 
soluble guanylate cyclase, resulting in formation 
of cyclic GMP.21

Apart from its vasodilatory effects, NO 
inhibits several proatherosclerotic signaling 
pathways, among them vascular smooth muscle 
cell migration and monocyte activation, adhe-
sion, and migration. Decreased bioavailability of 
NO therefore results in impaired endo thelium-
dependent vasodilation and promotes athero-
sclerosis. Superoxide produced in the vascular 
wall may inhibit NO-mediated endothelial func-
tion by reacting with NO, forming peroxynitrite 
(Figure 1).14 In turn, peroxynitrite may oxidize 
the eNOS cofactor tetrahydrobiopterin,24 or 
disrupt the zinc-thiolate cluster that stabilizes 
eNOS as a dimer,14 leading to ‘uncoupling’ 
of the oxidase and reductase domains of NO 
synthase and synthesis of superoxide instead of 
NO.14,25 It has been suggested that eNOS is a 
quantitatively significant source of ROS in rats 
with streptozotocin-induced diabetes, in which 
vascular superoxide production was decreased 
by an inhibitor of NO synthase.13

Tetrahydrobiopterin deficiency with increased 
concentrations of oxidized tetra hydrobiopterin 
and indices of uncoupled eNOS has been 

demonstrated in fructose-fed, insulin-resistant 
rats.26 Infusion of tetrahydrobiopterin in patients 
with diabetes, with careful experiments that 
controlled for direct antioxidant effects, showed 
an increase in NO-mediated vasodilation.27 
Transgenic mice overexpressing the rate-limiting 
enzyme in tetrahydrobiopterin synthesis in the 
endothelium prevented eNOS dysfunction during 
streptozotocin-induced diabetes and prevented 
atherosclerosis in apoE-KO mice.28

A decrease in eNOS gene expression has 
been reported in endothelial cells cultured 
in high glucose concentrations;29 however, 
during similar conditions it was reported that 
eNOS expression was increased,15 albeit with 
decreased NO bioavailability, probably because 
of increased superoxide production. Although 
protein kinase C (PKC) activation can decrease 
eNOS expression in cell culture,30 increased 
eNOS expression in diabetes can occur through 
PKC-mediated activation of vascular NADPH 
oxidase (Figure 1).

Accordingly, treatment of diabetic rats with 
a PKC inhibitor prevented NADPH oxidase 
upregulation, decreased eNOS-derived super-
oxide production, prevented eNOS gene induc-
tion, and restored endothelium-dependent 
vasorelaxation of aortic rings.13 In obese Zucker 
rats, eNOS expression was found to be decreased 
in the heart31 and in microvessels from fat 
pads.30 Other studies in obese Zucker rats or 
fructose-fed, insulin-resistant rats have either 

Box 1 The use of endothelial function tests to assess cardiovascular disease.

In cardiovascular risk factor modification, treatment goals are often the same 
as in the protocol used in randomized, clinical trials, or the achieved mean 
value for the physiological parameter modified in such trials. Endothelial 
function testing has been aimed at identifying patients for whom cardiovascular 
risk is not reduced even though they attain the standard goal for risk factor 
modification.19 Conversely, endothelial function testing could be used in an 
attempt to identify patients who will probably have a favorable outcome after 
intervention, even though they do not attain the intervention goal. For example, 
an antihypertensive drug might not achieve treatment goals for blood pressure, 
and an insulin-sensitizing drug might not produce the goal for blood glucose or 
glycated hemoglobin, but they could still conceivably have a beneficial effect 
on cardiovascular endpoints in patients who respond with an improvement in 
endothelial function. In future drug trials and studies of lifestyle intervention with 
well-described patient populations, flow-mediated vasodilation in the brachial 
artery could be measured before treatment and at follow-up, using a uniform, 
well-defined technique,7 and analyzed as a predictor of adverse cardiovascular 
events. Results from such studies could form the basis for endothelial function 
testing as a tool in the clinical decision process and potentially make more 
patients enjoy benefits from effective interventions.
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confirmed this effect or found increased or 
unchanged eNOS expression. The contributions 
of PKC activation, ROS production, endothelial 
insulin action, and other factors in insulin resis-
tance and the two types of diabetes may explain 
the different results of eNOS expression in cell 
culture and animal models.

Endothelin 1
A basal vasoconstrictive effect of endothelin 1 
seems to exist in diabetes, as forearm blood flow 
increased during infusion of a blocker of endo-
thelin A (ETA) receptors in patients with type 2 
diabetes, but not in healthy control subjects.16 
High glucose levels increase endothelin 1 expres-
sion in endothelial cell culture through activation 
of PKCβ and PKCδ.32 In endothelial cells, endo-
thelin 1 expression is increased by insulin, probably 
via the activation of the mitogen-activated protein 
kinase (MAPK) pathway (Figure 1).33 This effect 
has also been demonstrated in humans.34

Prostacyclin and vasoconstrictor 
prostanoids
Prostacyclin synthase is subject to tyrosine 
nitration14,15 when tyrosine residues react with 
peroxynitrite formed in the rapid reaction between 
superoxide and NO (Figure 1). In endothelial cells 
cultured in high glucose concen trations, tyrosine 
nitration of prostacyclin synthase decreased its 
activity.14 This decrease in activity increased the 
rate of apoptosis and endothelial cell expression 
of adhesion molecules through activation of the 
thromboxane receptor by prostacyclin pre cursors 
such as prostaglandin H2 or other prostanoid 
vasoconstrictors.14 Nitration of prosta cyclin 
synthase is also associated with induction of 
cyclooxygenase 2, and might be mediated by PKC 
through activation of NADPH oxidase.15

FACTORS AFFECTING ENDOTHELIAL 
CELL FUNCTION
Selective insulin resistance in blood vessels
Insulin normally stimulates vasorelaxation 
through a direct effect on blood vessels mediated 
by endothelium-derived NO.35 Stimulation of 
skeletal muscle blood flow by insulin is blunted 
in people with obesity-associated insulin resis-
tance or type 2 diabetes.11 Like insulin resistance  
in other tissues, vascular insulin resistance is 
reversible, as decreased insulin-stimulated endo-
thelial function can be partly normalized by 
intensive metabolic control with multiple daily 
insulin injections.36

Insulin increases endothelial NO produc-
tion by rapid post-translational mechanisms37 
as well as induction of eNOS gene expression 
(Figure 1).30 Both effects are mediated by the 
PI3K–Akt signaling pathway.30,37 A prevalent 
single-nucleotide polymorphism in insulin 
receptor substrate (IRS) 1 is sufficient to alter 
insulin-stimulated activation and gene expres-
sion of eNOS in human umbilical vein endo-
thelial cells.38 In mice with conditional deletion 
of the insulin receptor gene limited to endo-
thelial cells (vascular endothelial cell insulin 
receptor knockout [VENIRKO] mice), eNOS 
expression in the aorta is decreased by 62%.39

Our laboratory initially showed that in the 
vasculature of obese Zucker rats, insulin resis-
tance affects the PI3K pathway, but not the other 
major pathway of insulin signaling, the MAPK 
pathway (as detailed below).40 We thus coined 
the phrase ‘selective insulin resistance’, and 
this condition has subsequently been demon-
strated in skeletal muscle from obese people 
and patients with type 2 diabetes,41 and in the 
myocardium of obese Zucker rats.42

PKC activation inhibits IRS2-associated PI3K 
activity in endothelial cells,30 and obese Zucker 
rats have increased vascular PKC activity31 
and decreased insulin-stimulated IRS tyrosine 
phosphorylation.40 Furthermore, transgenic 
mice overexpressing PKCβ2 in vascular cells 
had decreased insulin-stimulated Akt activa-
tion,31 and decreased insulin-stimulated NO 
production in the aorta of obese Zucker rats can 
be ameliorated by ruboxistaurin (LY333531, 
Arxxant®; Eli Lilly and Company, Indianapolis, 
IN), a PKC inhibitor selective for PKCβ.31 PKC 
activation probably inhibits the PI3K pathway 
at the level of IRS,35 but several of the signaling 
molecules in the PI3K pathway could be affected 
individually. Angiotensin II can thus inhibit the 
PI3K pathway by stimulating serine phosphory-
lation of the insulin receptor, IRS1, and the p85 
regulatory subunit of PI3K;43 furthermore, 
O-linked glycosylation, caused by modification 
of serine or threonine residues with covalently 
bound N-acetylglucosamine, affects IRS and 
p8542 as well as eNOS itself.44,45

Vascular insulin signaling also activates poten-
tially proatherogenic mechanisms. In endo thelial 
cells, insulin induces endothelin 1 expression 
(Figure 1),33 and in vascular endothelial cells 
from VENIRKO mice, endothelin 1 messenger 
RNA expression is reduced by 42%.39 This effect 
might explain why systemic hyperinsulinemia 
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decreases flow-mediated vasodilation in the 
brachial artery in healthy humans46 despite the 
vasodilatory effect in resistance arteries.11,36 
Extracellular regulated kinases 1 and 2 (Erk1 
and Erk2) mediate vasoconstrictive effects 
of insulin, but this pathway is not affected in 
obesity-associated insulin resistance.40 In fact, 
insulin’s actions mediated by the MAPK pathway 
could be enhanced by hyperinsulinemia, and 
inhibition of the PI3K pathway might in itself 
increase MAPK pathway signaling.47 Selective 
insulin resistance thus inhibits potential anti-
atherosclerotic mechanisms, but leaves certain 
proatherosclerotic mechanisms intact. Whether 
the net effect of insulin in vascular cells is anti-
atherogenic or proatherogenic needs direct 
evaluation in future studies.

Adipokines and proinflammatory signaling
Proinflammatory cytokines, including tumor 
necrosis factor (TNF), are produced in adipose 
tissue in animal models of obesity-associated 
type 2 diabetes and in obese people, and treat-
ment with antibodies against TNF or knockout 
of the genes for this cytokine and its receptors 
improves or prevents insulin resistance.48 Jun 
N-terminal kinase and IκB kinase, which activates 
nuclear factor κB, are each involved in develop-
ment of insulin resistance, and are both activated 
by TNF.48 Similarly, eNOS activation with or 
without insulin stimulation in endothelial cells 
is inhibited through activation of IκB kinase.49

Subclinical inflammation can produce endo-
thelial dysfunction, as shown in healthy humans 
receiving a Salmonella typhi vaccination.50 TNF 
decreases the stability of eNOS messenger RNA 
and decreases eNOS transcription through binding 
of the transcription factors Sp1 or Sp3 to the 
eNOS promoter and through down regulation of 
the transcription factor Kruppel-like factor 2; 
however, TNF also inhibits eNOS activation 
within minutes in endothelial cell culture stimu-
lated by shear stress or insulin.51 In humans, 
short-term infusion of TNF decreases both endo-
thelium-dependent vasodilation and insulin-
stimulated endothelial function.52 Conversely, 
impaired insulin action might in itself increase 
TNF activity.53 In apoE-KO mice, bone-marrow 
transplantation from TNF-plus-apoE double-KO 
mice dramatically decreased the rate of athero-
sclerosis develop ment compared with bone 
marrow trans plantation from apoE-KO mice.54

Adipokines also include factors that do not 
primarily work by modifying proinflammatory 

pathways. Resistin expression is increased in 
adipose tissue in obesity, and resistin decreases 
eNOS activity in endothelial cells through 
increased expression of PTEN (phosphatase and 
tensin homolog deleted on chromosome 10).55 
Adiponectin is a hormone, secreted from adipose 
tissue, that has antiatherosclerotic effects, and 
the production of this hormone is decreased 
in insulin resistance and diabetes.56 The anti-
atherogenic action of adiponectin might operate 
through activation of AMP-activated protein 
kinase and eNOS in endothelial cells.

Hyperglycemia and endothelial glucose 
transport
Aortic endothelial and smooth muscle cells express 
glucose transporter (GLUT) 1, which is not respon-
sive to insulin, but they do not express GLUT2–5, 
and thus cannot regulate glucose uptake through 
insulin action.57,58 Vascular smooth muscle cells 
can downregulate GLUT1 in response to increasing 
extracellular glucose concentrations, but endo-
thelial cells cannot.57,58 This difference probably 
makes endothelial cells particularly susceptible to 
the effects of hyperglycemia.

Triglycerides and free fatty acids
Increased circulating concentrations of free fatty 
acids (FFA) and intracellular triglyceride accumu-
lation in nonadipose cells are important factors in 
obesity-associated insulin resistance and diabetes. 
Elevating the levels of FFA in healthy humans by 
intravenous infusion of triglycerides and heparin 
or by inhibition of insulin production with 
somatostatin decreased endothelium-dependent 
vasodilation.59 Both in healthy individuals and in 
patients with diabetes, a high-fat meal and oral 
glucose intake have an additive effect of decreasing 
flow-mediated vasodilation.60 In endothelial cell 
culture, FFA inhibit eNOS activity with or without 
insulin stimulation.49 Saturated FFA increase the 
concentration of diacylglycerol, a physiological 
activator of PKC, in vascular cells.61

Activation of protein kinase C
The classical mechanism of PKC activation is 
through ligand binding to G-protein-coupled 
receptors, which for example occurs during 
α-adrenergic stimulation. This binding results 
in hydrolysis of a membrane phospholipid, 
phosphatidylinositol (4,5)-bisphosphate, by 
phospholipase C. One product of this reaction 
is diacyl glycerol, which helps translocate PKC 
to the plasma membrane or to intracellular 
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membranes by binding a conserved domain in 
the enzyme. The subsets of PKC isoforms that 
bind diacyl glycerol are called classical PKC and 
novel PKC.35

In diabetes, diacylglycerol can also be formed 
by de novo synthesis from glucose,35 probably 
via glyceraldehyde 3-phosphate and phospha-
tidic acid or from nonesterified fatty acids. 
Increased diacylglycerol concentrations are 
manifest 2–3 days after exposure of vascular 
cells to high glucose concentrations. De novo 
synthesis probably occurs through several 
different metabolic pathways. It has been 
proposed that increased synthesis of diacyl-
glycerol is caused by inhibition of the glycolytic 
enzyme GAPDH (glyceraldehyde-3-phosphate 
dehydro genase), perhaps through poly(ADP-
ribosyl)ation during high glucose concen-
trations,62 causing increased substrate availability 
for diacylglycerol synthesis.63

In aorta of rats with streptozotocin-induced 
diabetes, the PKCβ2 isoform was upregulated 
in the membrane fraction, which contains the 
activated pool of PKC.64 Activation of PKCβ2 
and PKCδ has been demonstrated in aortic 
vascular smooth muscle cells grown in high 
glucose concentrations.65 Ruboxistaurin led to 
an improvement of glomerular filtration rate, 
albumin excretion rate, and retinal circula-
tion in diabetic rats,66 supporting the concept 
that activation of PKCβ1 or β2 is important 
for vascular dysfunction in several organs in 
diabetes. Ruboxistaurin prevents endothelial 
dysfunction during hyperglycemia in healthy 
volunteers;12 furthermore, in relatively small 
clinical trials ruboxistaurin has been shown 
to prevent vision loss and progression of renal 
dysfunction in patients with diabetes.

Mice with deletion of the PKCβ gene have 
decreased neointima expansion after arterial 
injury.67 Decreased neointima expansion is also 
seen in vena cavae after transplantation of these 
vessels from mice with deletion of the PKCδ 
gene to the carotid artery in wild-type mice or 
PKCδ-KO mice.68 As detailed in other sections 
in this review, PKC might mediate proathero-
sclerotic processes by causing activation of 
vascular NADPH oxidase,13,61 by decreasing 
eNOS expression,30 or increasing endothelin 1 
production,32 or by increasing expression of 
adhesion molecules;35 however, it remains to 
be proven whether certain PKC isoforms, in 
particular PKCβ or PKCδ, have important roles 
in the development of atherosclerosis.

Oxidative stress
Oxidative stress describes a condition in 
which intracellular production of ROS chal-
lenges the capacity of cellular antioxidant 
defense systems, potentially leading to cellular 
dysfunction or damage.24 Oxidative stress in 
diabetes might cause endothelial dysfunction, 
as shown in directly by infusion of vitamin C, 
which improves endothelium-dependent vaso-
dilation, presumably through its action as an 
antioxidant;69 however, despite a very large body 
of evidence from epidemiological and mecha-
nistic studies implicating oxidative stress in the 
pathogenesis of vascular pathology in diabetes 
and other conditions, clinical interventional 
trials with antioxidants, in particular antioxidant 
vitamins, have not shown a beneficial effect on 
cardiovascular events.70 The reason could be that 
insufficient concentrations of antioxidants are 
achieved in the relevant intracellular compart-
ments.70 A more efficient approach might be to 
stimulate induction of endogenous antioxidant 
enzyme systems.71

Vascular NADPH oxidase, a homolog of the 
oxidase in phagocytes, is an important source of 
superoxide in the vascular wall.72 The enzyme 
is expressed in endothelial cells (Figure 1) and 
vascular smooth muscle cells.72 Expression 
and activity of vascular NADPH oxidases are 
increased in diabetic rats.13 NADPH oxidase 
expression is increased by PKC, angiotensin II, 
and endothelin 1.72

The activity of NADPH oxidase can be 
increased by elevated concentrations of glucose 
and FFA through PKC activation.61 PKC regu-
lation of NADPH oxidase is most established 
with regard to phosphorylation of the NADPH 
oxidase subunit p47phox,35,72 but PKC is also 
involved in induction of NADPH oxidase gene 
expression.13,73 Upregulation of gp91phox, the 
catalytic subunit of NADPH oxidase,13 and 
p22phox, the other membrane component of 
NADPH oxidase,73 was demonstrated in rats 
with streptozotocin-induced diabetes or with 
subcutaneous infusion of angiotensin II. In 
both cases, ROS production in the wall of the 
aorta could be partly prevented by treatment of 
the animals with PKC inhibitors.13,73 Increased 
NADPH oxidase activity has also been demon-
strated in arteries and veins from patients 
with diabetes.74

Mitochondria may be an important source 
of oxidative stress in diabetes. The citric-acid 
cycle provides electron donors for the electron 
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transport chain, creating a proton gradient 
over the inner mitochondrial membrane. High 
intracellular glucose concentrations yield exces-
sive reducing equivalents from the citric-acid 
cycle, causing a high proton gradient over the 
inner mitochondrial membrane and increased 
superoxide production.63

Overexpression of uncoupling protein 1 
(UCP1), which decreases the proton gradient 
over the inner mitochondrial membrane, 
prevents superoxide production caused by high 
glucose concentrations in endothelial cells.63 
Paradoxically, transgenic mice that overexpress 
UCP1 targeted to vascular smooth muscle 
cells have increased superoxide production, 

decreased NO-mediated vasodilation, and 
increased atherosclerosis when cross-bred 
with apoE-KO mice.75 One interpretation of 
this study is that UCP1 overexpression causes 
in efficient mitochondrial energy metabolism.75 
This interpretation is supported by a study in 
which rats were bred for 11 generations while 
selecting for aerobic exercise capacity.76 Animals 
with low aerobic capacity had decreased endo-
thelial function and increases in other risk 
factors for cardiovascular disease, insulin 
resistance, and decreased muscle expression 
of several proteins involved in mitochondrial 
respiration.76 NO derived from eNOS is an 
important regulator of mitochondrial number 

Table 1 Evidence that is available or needed for mechanisms and treatment of endothelial dysfunction in 
insulin resistance and diabetes.

Evidence available Evidence needed

In healthy individuals, a major part of flow-mediated 
vasodilation is mediated by NO.

What factors mediate flow-mediated vasodilation in 
patients with insulin resistance and diabetes?

Impaired insulin action in muscle, liver, and fat is 
partially responsible for impaired glucose tolerance 
and hyperglycemia in insulin resistance and type 2 
diabetes.

Is impaired insulin action in endothelial cells a cause 
of atherosclerosis in insulin resistance and diabetes?

Reactive oxygen species are a cause of impaired 
endothelium-dependent vasodilation in diabetes.

Do reactive oxygen species cause atherosclerosis in 
diabetes?

Vascular NADPH oxidase, mitochondria, and eNOS 
can be sources of oxidative stress in diabetes.

What is the most quantitatively important source of 
reactive oxygen species in diabetes?

PKC activation and AGE can activate vascular NADPH 
oxidase; conversely, oxidative stress can cause PKC 
activation and formation of AGE.

Is PKC activation, induction of vascular NADPH 
oxidase, AGE formation, or another event an initial 
factor in proatherosclerotic mechanisms in diabetes?

High glucose conditions change the balance between 
vasodilator prostanoids (e.g. prostacyclin) and 
vasoconstrictor prostanoids (e.g. thromboxane).

How are vasomotor prostanoids changed in human 
diabetes?

Knockout of the prostacyclin receptor promotes 
atherosclerosis; knockout of thromboxane receptors 
prevents it.

Do alterations of endogenous prostanoids in diabetes 
cause atherothrombotic disease?

Proinflammatory cytokines impair several functions of 
the endothelium.

Do adipokines and proinflammatory cytokines in 
insulin resistance and diabetes act as circulating and/
or paracrine or autocrine factors?

Expression of eNOS has been found to be decreased, 
unchanged, and increased in different animal models 
of insulin resistance and diabetes.

Is eNOS expression, eNOS activation, eNOS cofactor 
availability, or oxidative stress most important for NO 
bioavailability in human diabetes?

Supplementation with antioxidants, of which vitamin E 
is the best studied, does not prevent atherosclerosis.

Will induction of endogenous antioxidant enzymes 
prevent atherosclerosis?

Treatment of patients with the PKCβ-selective 
inhibitor ruboxistaurin is safe and improves indices of 
retinopathy and nephropathy in small clinical trials.

Will PKC-isoform-selective inhibitors have effect on 
atherothrombotic disease?

Insulin stimulates the production of both 
proatherosclerotic and antiatherosclerotic 
endothelium-derived factors, for example NO and 
endothelin 1.

Is the net effect of insulin on the vasculature to 
promote or prevent atherosclerosis?

Abbreviations: AGE, advanced glycation end-products; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; PKC, protein 
kinase C.
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and function during caloric restriction,77 
and endothelial function might prove to be a 
determinant for mitochondrial  biogenesis.

Oxidative stress can cause DNA-strand breaks, 
which activate poly(ADP-ribose) polymerase 
(PARP),62,78 and inhibition of PARP has been 
reported to prevent endothelial dysfunction in 
streptozotocin-induced diabetes in rats.78 PARP 
can modify GAPDH by poly(ADP-ribosyl)ation, 
diverting glucose from glycolysis to other path-
ways of glucose metabolism.62 GAPDH inhibi-
tion could thus increase glucose flux through the 
polyol (or sorbitol) pathway and increase forma-
tion of triose phosphate, which in turn increases 
the production of methyl glyoxal, a precursor of 
advanced glycation end- products.62,63 Inhibition 
of GAPDH might also increase concentrations 
of diacylglycerol, an activator of PKC.62,63 
Advanced glycation end-products, in turn, could 
break down NO in redox processes or further 
induce oxidative stress by receptor-mediated 
activation of nuclear factor κB.79

CONCLUSION
Endothelial dysfunction is one manifestation of 
many changes induced in the arterial wall by the 
metabolic abnormalities that accompany diabetes 
and insulin resistance. Determining the sequence 
of events and the quantitatively largest contribu-
tions to vascular dysfunction among the mecha-
nisms described above will be important for the 
development of new strategies for prevention of 
atherosclerosis and its complications. Examples 
of available evidence in this field are listed in 
Table 1 together with related questions that 
are still not answered. Some of these questions 
are chal lenging because current methods in humans 
are indirect, for example the use of NO synthase 
or cyclooxygenase inhibitors to demonstrate NO 
or prostanoid production.

Decreased endothelium-dependent vaso-
dilation can reflect the changed production of 
all known endothelium-derived vasomotor 
factors. Characteristics and mediators of endo-
thelium-dependent vasodilation should be better 
character ized in well-defined patient popula-
tions, in specific vascular beds, with standard-
ized methods, and for each proposed therapy. 
Only then is it likely that vasomotor testing can 
prove useful to monitor effects of lifestyle and 
pharmaceutical intervention. Measuring several 
indices of endothelial function together is also 
likely to provide more reliable information for 
the clinician.

Targeting mechanisms of endothelial dysfunc-
tion in prevention and therapy will be impor-
tant because weight loss in insulin resistant and 
diabetic patients is very difficult to achieve, 
and because even intensive treatment of hyper-
glycemia might not completely decrease the 
risk of cardiovascular disease to match that of 
the nondiabetic population. Drugs that modify 
adipokine signaling, induction of endogenous 
antioxidant systems, and inhibition of PKC 
are examples of possible future approaches to 
treating endothelial dysfunction in diabetes.

KEY POINTS
■ Endothelial vasomotor function is mediated 

by factors secreted from vascular endothelial 
cells, including nitric oxide, prostacyclin, 
endothelin 1, thromboxane, and other 
molecules

■ Insulin resistance and diabetes are 
characterized by endothelial dysfunction, with 
decreased production of vasodilatory factors 
and increased production of vasoconstricting 
factors

■ Changes in cellular signaling and 
secreted factors, among them vasomotor 
factors, contribute to an increased risk of 
vasothrombotic complications in diabetes

■ Atherosclerotic complications can be 
prevented by interfering with endothelial cell 
signaling and endothelium-derived factors

■ Endothelial function can be measured 
noninvasively in patients and future research 
might allow such testing to predict the efficacy 
of drug and lifestyle interventions
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