Chapter 4
Diabetes and Endothelial Dysfunction
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Abstract In patients with diabetes mellitus, endothelial dysfunction is the initial
step in the process of atherosclerosis and plays an important role in the development
of this condition, leading to diabetic vascular complications. Oxidative stress
induced by hyperglycemia and acute glucose fluctuations are associated with endo-
thelial dysfunction through inactivating nitric oxide (NO) by excess production of
reactive oxygen species (ROS). Under the condition of insulin resistance, NO pro-
duction is selectively impaired, whereas endothelin-1 (ET-1) secretion is preferen-
tially activated in endothelial cells, leading to endothelial dysfunction in obese or
overweight diabetic patients. On the other hand, endothelial dysfunction might con-
tribute to insulin resistance in skeletal muscle. Reduced NO production through
oxidative stress and selective insulin resistance in endothelial cells contributes to
decreased glucose uptake by skeletal muscle due to a delayed increase in insulin
concentration in the interstitium of the skeletal muscle. Therefore, insulin resistance
is further exacerbated through a vicious cycle of endothelial dysfunction and
reduced glucose uptake by skeletal muscle. From a clinical perspective, it is impor-
tant to select an appropriate intervention that is effective in improving endothelial
dysfunction for treatment of patients with diabetes mellitus.

In addition to lifestyle modifications, antidiabetic agents that improve insulin
sensitivity are anticipated to improve endothelial function and prevent cardiovascu-
lar events in patients with diabetes mellitus.
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4.1 Diabetic Vascular Complications

Diabetes mellitus is associated with an increased risk of microvascular and macro-
vascular complications. A recent study has shown that adults aged 50 years or older
with diabetes mellitus die 4.6 years earlier, develop disabilities 67 years earlier,
and spend 1-2 more years in a disabled state than do those without diabetes mellitus
in the USA [1]. Microvascular complications, including retinopathy, nephropathy,
and neuropathy, and macrovascular complications, including coronary artery dis-
ease, ischemic stroke, and peripheral artery disease, are important causes of morbid-
ity and mortality in patients with diabetes mellitus. Macrovascular complications,
namely, cardiovascular diseases (CVDs), are associated with increased mortality in
patients with diabetes mellitus. CVD is the most common underlying cause of
death, accounting for about 45% of deaths in patients with type 1 diabetes mellitus
and about 50% of deaths in patients with type 2 diabetes mellitus [2]. It is therefore
important to prevent the onset and progression of CVD for better prognosis in the
management of patients with diabetes mellitus.

Endothelial dysfunction is the initial step in the pathogenesis of atherosclerosis
and plays a key role in the development of this condition, leading to cardiovascular
complications [3]. In addition, it has been demonstrated that endothelial function is
an independent predictor of cardiovascular events [4]. Diabetes mellitus has been
shown to be associated with endothelial dysfunction [5, 6]. For the prevention of
CVD in patients with diabetes mellitus, it is therefore important to understand the
causative mechanisms linking diabetes mellitus and endothelial dysfunction and to
select an appropriate intervention that will effectively ameliorate endothelial func-
tion. In this section, the current understanding of the relationship between diabetes
mellitus and endothelial function and treatment options are discussed.

4.2 Endothelial Function

It had been thought that the vascular endothelium was just a structural barrier sepa-
rating the blood vessel wall and the inside cavity. In the 1980s, it was revealed that
the vascular endothelium functions not only as a barrier but also as an endocrine
organ secreting various vasoactive agents such as the vasodilators nitric oxide (NO),
prostacyclin, and endothelium-derived hyperpolarizing factor (EDHF) and the
vasoconstrictors endothelin-1 (ET-1), angiotensin II, and thromboxane A, [7]. Thus,
the vascular endothelium might be one of the biggest endocrine organs in the human
body, with an estimated total weight equal to that of the liver and an estimated total
area equal to that of six tennis courts. A healthy endothelium acts as a gatekeeper
controlling vascular tone and structure by regulating the balance between vasodila-
tion and vasoconstriction, growth inhibition and growth promotion, anti-thrombosis
and pro-thrombosis, anti-inflammation and pro-inflammation, and anti-oxidation
and pro-oxidation. Endothelial dysfunction refers to a condition characterized by an
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inability of the endothelium to maintain vascular homeostasis as a result of an
imbalance between endothelium-derived relaxing and contracting factors, leading
to the progression of atherosclerosis. Endothelial dysfunction is an early feature of
atherosclerosis and is associated with the development of this condition in human
[3]. It is expected that improvement or augmentation of endothelial function may
prevent the development and progression of atherosclerosis and consequently
reduce cardiovascular events. Therefore, endothelial dysfunction has emerged as a
therapeutic target in patients with cardiovascular risk factors such as hypertension,
dyslipidemia, and diabetes mellitus and in patients with CVD. NO, one of the vari-
ous vasoactive agents released from the endothelium, has various anti-atherosclerotic
effects including vasodilation, inhibition of platelet aggregation and adhesion, inhi-
bition of leucocyte adhesion, and suppression of vascular smooth muscle cell pro-
liferation. Considering the wide range of anti-atherosclerotic effects of NO, reduced
NO bioavailability is generally referred to as endothelial dysfunction.

Diabetes mellitus is associated with endothelial dysfunction. Impaired
endothelium-dependent vasodilation has been demonstrated in patients with type 1
and type 2 diabetes [8, 9]. Although the definitive pathogenesis remains unclear,
several mechanisms underlying the endothelial dysfunction in patients with diabe-
tes mellitus have been proposed.

4.3 Mechanism Underlying the Endothelial Dysfunction
in Diabetes

4.3.1 Oxidative Stress

Oxidative stress has been shown to be associated with the pathology of various dis-
eases including diabetes mellitus. Oxidative stress refers to a condition in which the
balance of reactive oxygen species (ROS) and the antioxidant system is disturbed in
favor of prooxidant ROS. Excessive production of ROS cannot be sufficiently coun-
teracted by the antioxidant defense system, and the deleterious effects of ROS, such
as cell proliferation, hypertrophy, apoptosis, and inflammation, become clinically
evident. ROS are produced by various oxidase enzymes, including nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase, uncoupled endothelial NO syn-
thase (eNOS), mitochondrial electron transport, cyclooxygenase, glucose oxidase,
and lipoxygenase. ROS include superoxide anion (O,_), hydrogen peroxide (H,0,),
hydroxyl radical (OH), hypochlorous acid (HOCI), NO, and peroxynitrite (ONOO™).
0O,_ is produced by the reduction of molecular oxygen through removal of one elec-
tron, and it serves as the precursor of other ROS such as H,0O, and OH. In addition,
O,_ reacts directly with NO and reduces NO bioavailability. In this context, O,_ is
an important source of oxidative stress associated with endothelial dysfunction.
Accumulating evidence has revealed an interaction between oxidative stress and
endothelial dysfunction. Excessive O,_ reacts directly with NO with high affinity,
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resulting not only in degradation and inactivation of NO but also in formation of
ONOO, a highly potent oxidant causing lipid peroxidation, DNA damage, and cell
death (Fig. 4.1). In addition, ONOO™ can oxidize the essential eNOS cofactor tetra-
hydrobiopterin (BH,) to the biologically inactive trihydrobiopterin (BH;), leading to
a deficiency of BH,. In the absence of sufficient concentrations of BH,, eNOS is
converted from an NO-producing enzyme into an O,_-generating enzyme. This pro-
cess is referred to as eNOS uncoupling (Fig. 4.1) [10]. Under this condition,
impaired endothelial function is further exacerbated through a vicious cycle of
increased oxidative stress and eNOS uncoupling, leading to a further increase in
O,_ production and a decrease in NO bioavailability. In diabetes mellitus, chronic
hyperglycemia is known to be a major contributor to elevated oxidative stress and
endothelial dysfunction. In addition, recent studies have demonstrated that acute
glucose fluctuations are involved in the mechanism underlying the increased oxida-
tive stress in diabetes mellitus.

eNOS

Hyperglycemia

Glucose fluctuation

L-arginine

Lipid peroxidation
__________ » DNA damage
Cell death

Fig. 4.1 Putative mechanism of endothelial nitric oxide synthase (eNOS) uncoupling in patients
with diabetes mellitus. O, indicates superoxide, BH, tetrahydrobiopterin, BH3 trihydrobiopterin,
BH, dihydrobiopterin
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4.3.1.1 Oxidative Stress Induced by Hyperglycemia in Diabetes

Mitochondria are the major intracellular source of O,_. Intracellular glucose oxida-
tion starts with glycolysis, which generates pyruvate for mitochondrial catabolism
to form ATP in the cytoplasm. Pyruvate transported into the mitochondria is oxi-
dized to NADH and FADH, by the tricarboxylic acid (TCA) cycle. NADH and
FADH, serve as donors of electrons used as energy for ATP production through
oxidative phosphorylation by the electron transport chain composed of four multi-
protein enzyme complexes located in the inner mitochondrial membrane. Electron
transfer is coupled with the transfer of protons across the inner mitochondrial
membrane. Therefore, electron transfer through the electron transport chain gener-
ates a proton gradient by pumping protons across the inner mitochondrial mem-
brane, providing the energy to drive the ATP synthase. Under the condition of
hyperglycemia, NADH and FADH,, electron donors, from the TCA cycle are
increased, and the proton gradient across the inner mitochondrial membrane is
increased due to the enhanced electron transfer through the electron transport
chain and a concomitant increase in the proton pumping. An increase in proton
gradient above a certain threshold inhibits electron transport through the electron
transport chain, resulting in increased electron leak and O,_ generation in mito-
chondria [11].

Hyperglycemia-induced overproduction of mitochondrial O,_ inhibits the activ-
ity of the glycolytic enzyme glyceraldehyde-3-phosphate, the activity of which is
essential for maintenance of glycolytic flux, thereby resulting in the accumulation
of upstream glycolysis intermediates and increased flux of these metabolites into
glucose overutilization pathways, including the polyol pathway, hexosamine path-
way, protein kinase C (PKC) pathway, and advanced glycation end product (AGE)
pathway (Fig. 4.2) [11]. Increased glucose flux into the polyol pathway consumes
NADPH, which is required for regenerating reduced glutathione (GSH), a main
intracellular antioxidant. Therefore, intracellular concentrations of reduced GSH
are consequently decreased, leading to an increase in intracellular oxidative stress.
Shunting of excess intracellular glucose into the hexosamine pathway increases
the modification of transcriptional factor through dysregulated protein glycosyl-
ation, resulting in altered protein expression. PKC activation induced by hyper-
glycemia through increased diacylglycerol has various pathogenic consequences
including decreased expression of eNOS, increased expression of ET-1, trans-
forming growth factor-p and plasminogen activator inhibitor-1, and activation of
NF-xB and NADPH oxidase, leading to impairment of endothelial function. AGE
causes functional alterations of intracellular proteins and modifications of extra-
cellular matrix proteins and plasma proteins. In addition, activation of RAGE, a
receptor for AGEs, on endothelial cells mediates the production of ROS and activa-
tion of NF-xB. Hyperglycemia causes endothelial dysfunction through overproduc-
tion of mitochondrial O,_ and diversion of glycolytic flux to alternative metabolic
pathways.
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Fig. 4.2 Putative mechanisms of hyperglycemia-induced endothelial dysfunction in patients with
diabetes mellitus. ROS indicates reactive oxygen species, GAPDH glyceraldehyde-3-phosphate,
eNOS endothelial nitric oxide synthase, AGE advanced glycation end product, RAGE receptor for
AGEs, AP-1 activator protein-1

4.3.1.2 Ocxidative Stress Induced by Acute Glucose Fluctuations
in Diabetes

Blood glucose levels are strictly regulated within a narrow range in normal subjects.
However, in patients with diabetes mellitus, a rapid and large increase in blood glu-
cose levels in the postprandial phase is observed. Recent studies have demonstrated
that the postprandial acute hyperglycemia may play a significant role in the patho-
genesis of diabetic vascular complications through increased oxidative stress,
reduced NO bioavailability, and consequent endothelial dysfunction [12]. Glucose
fluctuations induced by intermittent high glucose might be more deleterious to
endothelial cells than a constant high glucose concentration. In in vitro studies,
intermittent high glucose has been demonstrated to enhance apoptosis of endothelial
cells via the activation of PKC and NADPH oxidase, suggesting the involvement of
oxidative stress in endothelial cell injury [13, 14]. In addition, a recent clinical study
has demonstrated that glucose fluctuations, obtained from continuous glucose moni-
toring system data by calculating the mean amplitude of glycemic excursion
(MAGE), are associated with increased oxidative stress in patients with type 2 dia-
betes [15]. Monnier et al. reported that the mean urinary excretion rate of 8-iso
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PGF,,, an oxidative stress marker, strongly correlated with MAGE, whereas there
were no significant correlations between the urinary excretion rates of 8-iso PGF,,
and any other glucose control parameters, including HbA . and fasting plasma glu-
cose [15]. In addition, Torimoto et al. reported that there was a significant associa-
tion between glucose fluctuations and endothelial dysfunction in patients with type
2 diabetes [16]. MAGE significantly correlated with reactive hyperemia index, a
marker of endothelial function, measured by using peripheral arterial tonometry in
patients with type 2 diabetes [16]. Although the precise molecular mechanisms for
enhanced oxidative stress and consequent endothelial cell injury by glucose fluctua-
tions have not been fully elucidated, a possible explanation is that constant high
glucose may facilitate cellular metabolic adaptations against high glucose-induced
toxic effects by consistent feedback, whereas such adaptations may be reduced dur-
ing intermittent exposure to high glucose due to the absence of consistent feedback,
resulting in higher glucose toxicity. HbAlc has been used as a clinical marker of
glycemic exposure and as a therapeutic marker of glycemic control in treatment of
patients with diabetes mellitus. However, HbAlc serves as a time-averaged measure
of glycemic exposure without any information regarding glycemic variability and
fluctuations. Recent large randomized trials have demonstrated the lack of signifi-
cant reduction in cardiovascular events with intensive glycemic control using
HbAc as a therapeutic parameter of glucose control. In the treatment of patients
with diabetes mellitus, attention should be paid to not only fasting plasma glucose
and HbA 1c levels but also postprandial hyperglycemia in order to protect the endo-
thelium from oxidative injury for the prevention of vascular complications in
patients with diabetes mellitus.

4.3.2 Selective Insulin Resistance in Diabetes

In addition to its essential glucose and lipid metabolic actions, insulin has several
important vascular actions including NO production in endothelial cells. Insulin
stimulation of endothelial cells through binding to its cognate receptor on the endo-
thelial cell surface phosphorylates insulin receptor substrate (IRS), which stimu-
lates phosphoinositide 3-kinase (PI 3-kinase)/Akt pathway. Akt directly
phosphorylates eNOS at Ser''”’, resulting in activation of eNOS and increased NO
production (Fig. 4.3). Insulin also stimulates the mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK) pathway and downstream
release of the vasoconstrictor ET-1 in endothelial cells, which is independent of the
PI 3-kinase/Akt pathway (Fig. 4.3). Under the condition of insulin resistance in
endothelial cells, insulin-induced activation of the PI 3-kinase/Akt pathway and the
downstream phosphorylation of eNOS are selectively impaired due to the decreased
endothelial IRS function, whereas the MAPK/ERK pathway is unaffected and pref-
erentially activated due to the compensatory hyperinsulinemia, resulting in
decreased NO production and increased ET-1 secretion, a characteristic of endothe-
lial dysfunction. It has been demonstrated that the vasodilatory effect of insulin is
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Fig. 4.3 Distinct signaling pathways mediating insulin effects on nitric oxide (NO) and endothelin.
IRS indicates insulin receptor substrate, P/ 3-k phosphoinositide 3-kinase, eNOS endothelial nitric
oxide synthase, MEK mitogen-activated protein kinase kinase, MAPK mitogen-activated protein kinase

enhanced under the condition of ET-1 blockade in patients with type 2 diabetes but
not in healthy control subjects [17]. Insulin resistance causes endothelial dysfunc-
tion through the selectively impaired PI 3-kinase/Akt pathway due to impaired IRS
function and enhanced stimulation of the MAPK/ERK pathway due to compensa-
tory hyperinsulinemia in endothelial cells.

4.4 Insulin Resistance in Skeletal Muscle Associated

with Endothelial Dysfunction

Skeletal muscle plays an important role in glucose homeostasis through insulin-
induced glucose uptake. Insulin has to be delivered to the interstitium of skeletal
muscle for stimulating glucose uptake by the skeletal muscle. Insulin itself acts in
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Fig. 4.4 A vicious cycle Oxidative stress
of endothelial dysfunction Selective insulin resistance
and diabetes mellitus
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an NO-dependent fashion to increase interstitial insulin concentration by dilating
terminal arterioles to increase the number of perfused capillaries and microvascular
exchange surface area (microvascular recruitment), dilating larger resistance ves-
sels to increase total limb blood flow, and promoting trans-endothelial transport of
insulin to the interstitium of skeletal muscle [18]. Therefore, endothelial dysfunc-
tion induced by oxidative stress and selective insulin resistance in endothelial cells
causes impairment of vasodilation and insulin transport across the endothelium
through reduced NO bioavailability, leading to insulin resistance in skeletal muscle
due to a delayed increase in insulin concentration in the interstitium and a conse-
quent decrease in glucose uptake by skeletal muscle. Results of both animal and
human studies support the association of insulin resistance with impaired vasodila-
tor action and impaired glucose uptake in skeletal muscle [19, 20]. In clinical stud-
ies, skeletal muscle blood flow response to insulin was shown to decrease in diabetic
and obese subjects compared with that in lean subjects [19]. In in vivo studies,
eNOS knockout mice have been shown to exhibit insulin resistance through
decreased muscle blood flow and glucose uptake by skeletal muscle [20]. Therefore,
insulin resistance is further exacerbated through a vicious cycle of endothelial dys-
function induced by selective insulin resistance and reduced glucose uptake by skel-
etal muscle (Fig. 4.4).

4.5 Current Treatment Targeting Endothelial Dysfunction
in Diabetes Mellitus

From a clinical perspective, early detection of endothelial dysfunction and early
intervention for maintaining endothelial function in a healthy condition are impor-
tant for the prevention of future cardiovascular events in patients with cardiovascu-
lar risk factors. Therefore, in the management of patients with diabetes mellitus, it is
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important to select an appropriate intervention that effectively improves endothelial
function for the prevention of diabetic vascular complications.

Considering the associations of endothelial dysfunction with hyperglycemia,
glucose fluctuations, and insulin resistance, lifestyle modifications and pharmaco-
logical therapies aiming at lowering glucose level without hypoglycemia, flattening
glucose fluctuations, and improving insulin sensitivity may be beneficial for the
restoration of endothelial function and prevention of cardiovascular events.

4.5.1 Insulin Therapy

Intensive glycemic control with insulin therapy effectively reduces microvascular
complications and cardiovascular events in patients with type 1 diabetes [21].
For patients with type 1 diabetes, in whom insulin resistance does not predomi-
nate and a healthy energy balance is achieved, insulin therapy may be safe and
beneficial to the endothelium because of the absence of selective insulin resis-
tance in the PI 3-kinase/Akt pathway, leading to increased production of NO in
endothelial cells. However, the effect of insulin therapy on endothelial function
in patients with type 2 diabetes is still controversial and may be dependent on
the achieved metabolic control level [22]. It is possible that high-dose insulin
therapy in obese or overweight diabetic patients with insulin resistance who are
refractory to its glucose-lowering effect due to excess nutrient supply and positive
energy balance may be harmful to the endothelium through an imbalance between
impaired PI 3-kinase/Akt pathway and enhanced MAPK/ERK pathway activation
caused by selective insulin resistance in endothelial cells, leading to endothelial
dysfunction.

4.5.2 Antidiabetic Agents

An antidiabetic agent exerts its glucose-lowering effect by increasing pancreatic
insulin secretion and/or ameliorating insulin sensitivity in peripheral tissues.
Sulfonylureas, insulin secretagogues, could potentially have an effect similar to that
of high-dose insulin therapy and could be harmful to endothelial function in obese
or overweight diabetic patients with insulin resistance due to the selective insulin
resistance in endothelial cells.

Considering the reciprocal relationship between insulin resistance and endo-
thelial dysfunction, antidiabetic agents that improve insulin sensitivity are antici-
pated to have beneficial effects on endothelial function through restoration of PI
3-kinase/Akt signaling and downstream NO production. Thiazolidinediones, insu-
lin sensitizers, have been shown to improve endothelium-dependent vasodilation
[23, 24]. In addition, thiazolidinediones have been demonstrated to increase the
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expression and plasma level of adiponectin, which directly stimulates NO produc-
tion from endothelial cells through activation of the PI 3-kinase/Akt pathway in
patients with insulin resistance or type 2 diabetes [25, 26]. Metformin, another
insulin-sensitizing agent, has also been shown to improve endothelium-dependent
vasodilation with significant association with improvement of insulin resistance
assessed by the homeostasis model (HOMA-IR) in patients with type 2 diabetes
[27]. Therefore, pharmacological therapies targeting insulin resistance may have
beneficial effects on endothelial function through improving insulin sensitivity
and increasing NO production in endothelial cells in diabetic patients with insulin
resistance.

Antidiabetic agents that decrease the postprandial rise in blood glucose levels are
also anticipated to have beneficial effects on endothelial function through decreased
oxidative stress and a consequent increase in NO bioavailability. Glinides, dipepti-
dyl peptidase 4 (DPP-4) inhibitors, and a-glucosidase inhibitors are antidiabetic
drugs that improve the control of postprandial glucose levels. These antidiabetic
agents have been shown to improve postprandial endothelial function [28-31].
However, there are conflicting reports showing that a-glucosidase inhibitors,
glinides, and DPP-4 inhibitors have no significant beneficial effects or even have
adverse effects on endothelial function in patients with type 2 diabetes [28, 32, 33].
Although the precise reasons for the discrepancy of the results remain unknown,
some explanations, including differences in the vascular beds assessed for endothe-
lial function, subject selection, and treatment period, have been postulated. As for
glinides and DPP-4 inhibitors, there is a possibility that increased insulin secretion
through their pharmacological actions could be harmful to endothelial function in
obese or overweight diabetic patients due to the selective insulin resistance in endo-
thelial cells.

4.5.3 Other Treatment

In patients with type 2 diabetes, other cardiovascular risk factors such as hyperten-
sion and dyslipidemia are highly prevalent. Therefore, a multiple risk factor inter-
vention approach is important for the prevention of cardiovascular events in patients
with type 2 diabetes. The Steno-2 study demonstrated that an intensified and tar-
geted multifactorial intervention including behavior modifications and polypharma-
cologic therapy aimed at controlling several modifiable risk factors reduced the risk
of cardiovascular and microvascular events by about 50% compared with a conven-
tional strategy [34]. In the management of other risk factors in patients with type 2
diabetes, it is also important to select an appropriate intervention that will be
expected to improve endothelial function, including administration of antihyperten-
sive agents such as angiotensin-converting enzyme inhibitors and angiotensin II
type I receptor blockers [35, 36], administration of statins [37], and lifestyle modi-
fications such as aerobic exercise and body weight reduction [38, 39].
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4.6 Conclusions

In patients with diabetes mellitus, endothelial dysfunction is the early feature of
atherosclerosis and plays an important role in the development of this condition,
leading to diabetic vascular complications. Oxidative stress induced by hyperglyce-
mia and glucose fluctuations causes endothelial dysfunction through inactivating
NO by excess production of ROS. Selective insulin resistance in the PI 3-kinase/Akt
pathway and impaired downstream NO production in endothelial cells may also
contribute to endothelial dysfunction, whereas endothelial dysfunction might con-
tribute to insulin resistance. Insulin potentially regulates its own delivery to skeletal
muscle in an NO-dependent fashion at multiple steps. Reduced NO production
through oxidative stress and selective insulin resistance in endothelial cells causes
insulin resistance in skeletal muscle due to a delayed increase in insulin concentra-
tion in the interstitium of skeletal muscle. It is clinically important to break out of
the cycle of endothelial dysfunction and insulin resistance in obese or overweight
diabetic patients for the prevention of cardiovascular events. In addition to lifestyle
modifications such as aerobic exercise and body weight reduction, antidiabetic
agents that improve insulin sensitivity are expected to ameliorate endothelial func-
tion. Although an intervention targeting the reduction of oxidative stress is theoreti-
cally attractive, clinical studies in which the effects of antioxidants on cardiovascular
events in patients with diabetes mellitus were investigated have revealed disappoint-
ing outcomes. Further studies are needed to develop clinically safe and effective
treatment strategies targeting oxidative stress for the prevention of cardiovascular
events in patients with diabetes mellitus.
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