Chapter 12
Oxidative Stress in Diabetes Mellitus
and Possible Interventions

Triantafyllos Didangelos, John Doupis, and Aristidis Veves

12.1 Introduction

Diabetes mellitus is considered one of the most important diseases of our time as its
prevalence is globally increased every year. A large amount of evidence has proved
that there is a strong association between diabetes, oxidative stress, and endothelial
dysfunction. It is also well recognized that endothelial dysfunction, which is present
even in people at risk of developing diabetes, is strongly connected with oxidative
stress and considered as a preliminary risk factor for the development of atheroscle-
rosis and cardiovascular disease. Thus, a lot of research effort has been focused
during the last years toward the direction of reducing diabetes-related oxidative
stress, either with the use of different pharmaceutical agents or with life style
interventions.

In this chapter we are going first to analyze briefly the basis of oxidative stress in
diabetes and then to focus on the different studied interventions for the diabetes-
related oxidative stress reduction.
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12.2 Oxidative Stress in Diabetes Mellitus

Helmut Sies was the first to define oxidative stress in the following way: “Oxidative
stress is a change in the pro-oxidant/antioxidant balance in the favor of the former,
potentially leading to biological damage” [1]. Diabetes is currently recognized as an
oxidative stress disorder [2]. Oxidative stress per se is characterized by high accu-
mulation of reactive oxygen species (highly reactive molecules generated during
oxidative metabolism and energy production) that cannot be coerced by the endog-
enous circulating neutralizing agents and antioxidants [3]. The causative mecha-
nisms of oxidative stress due to hyperglycemia are shown in Fig. 12.1.

12.3 Increased Superoxide Production

Diabetes mellitus is associated with increased production of superoxide (O,),
mainly due to hyperglycemia [3]. Hyperglycemia causes an increase in intracellular
glucose concentration in insulin-independent cell types, such as endothelium. More
particular, increased intracellular glucose concentration results in an increased rate
of glycolysis, which in turn increases the flux of pyruvate (the product of glycolysis)
through the tricarboxylic acid (TCA) cycle. This increased flux of pyruvate through
the TCA cycle appears to be responsible for overproduction of superoxide [3].
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Fig. 12.1 Mechanisms of oxidative stress in hyperglycemia
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Fig. 12.2 Hyperglycemia-induced endothelial dysfunction. Superoxide produced secondary to
hyperglycemia combines with NO to form peroxynitrite. This reduces the bioavailability of NO
and induces nitrosative stress by multiple mechanisms including modifications of macromolecules
and PARP induction

Hyperglycemia, however, is not the only mechanism by which diabetes causes
increased superoxide production. Diabetes is also associated with increased levels
of free fatty acids, which contribute to increased superoxide production [4]. Other
circulating factors that are elevated in diabetes, such as leptin, also contribute to
increased ROS generation [5].

12.3.1 Oxidative Stress and NO

Nitric oxide (NO) plays a key role in vascular health, regulating the endothelial
vasodilatation and protecting the vascular wall by inhibiting inflammation, cellular
proliferation, and thrombosis [3]. Increased superoxide and reactive oxygen species
negatively affect vascular health by downregulating endothelial-derived NO.
Decreased NO bioavailability increases the vascular tone, promoting also structural
and biological changes that lead to atherosclerosis [3, 4]. NO quenching by per-
oxynitrite (ONOO") and decreased NO production are the main causes of decreased
NO bioavailability [3, 4, 6]. In addition, under certain conditions, the superoxide
anion reacts with NO to form peroxynitrite, further reducing the bioavailability of
NO in the vasculature leading to impaired protein and lipid function (see Fig. 12.2)
[7]. Peroxynitrite, in turn, inactivates the factor (6R)-5,6,7,8-tetrahydro-L-biopterin
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(BH4), which plays a significant role in NO production by the endothelial NO syn-
thase (eNOS), leading to further reduction of NO bioavailability. BH4 deficiency
uncouples the eNOS complex and promotes production of superoxide by eNOS,
thus producing more oxidative stress promoting vascular dysfunction and athero-
sclerosis [7].

12.3.2  Other Effects of Oxidative and Nitrosative Stress

The degradation of tyrosine nitrated proteins produces free nitrotyrosine. This
marker of nitrosative stress has been found in tissues, atherosclerotic lesions, and
blood [8—10]. In addition to the modification of biomolecules, peroxynitrite affects
important signaling pathways triggering mitochondrial dysfunction and cell death
in endothelial cells and cardiomyocytes [11].

12.3.3 PARP Activation

Oxidative and nitrosative stress has been proved to activate poly(ADP-ribose) poly-
merase (PARP), which is an important mediator of vascular dysfunction in diabetes
[7, 11-13] even prior to the onset of microvascular disease [14]. PARP activation
initiates a series of cell cycle events (see Fig. 12.2) that deplete intracellular nicotin-
amide adenine dinucleotide (NAD) and adenosine 5'-triphosphate (ATP) pools, thus
limiting glycolysis and mitochondrial respiration, leading to vascular cell dysfunc-
tion and death [6].

12.3.4 Protein Kinase C Activation

Hyperglycemia and increased production of free fatty acids increase the activity of
protein kinase C (PKC) promoting oxidative stress through activation of mitochon-
drial NADPH oxidase. Increased PKC activity has also a number of other effects
including decreased NO production, increased vascular permeability, increased
microvascular protein accumulation, increased plasminogen activator inhibitor-1
(PAI-1) expression and activation of nuclear factor-kappa B (NF-xB) in endothelial
cells and vascular smooth muscle, and increased endothelin-1 (ET-1) production.
All these actions promote vascular occlusion, stimulate inflammation, and ulti-
mately lead to endothelial dysfunction [2, 15]. PKC may also be activated by
increased diacylglycerol (DAG) levels either from de novo synthesis of DAG (from
glycolytic intermediates) or from increased activity of the polyol pathway and via
ligation of RAGE [16]. Inhibition of PKC with ruboxistaurin (or LY333531) greatly
improves microvascular flow to the retina, kidney, endoneural blood supply, and
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mesenteric bed in animal models [17-19]. Despite these promising findings,
ruboxistaurin has had less robust results in humans [20].

12.3.5 Advanced Glycation End Products

Hyperglycemia may also promote oxidative stress by contributing to the production
of advanced glycation end products (AGEs) which are nonenzymatically glycated
proteins or lipids susceptible to oxidation after exposure to aldose sugars [21].
AGEs can produce ROS and trigger mechanisms that generate the production of
intracellular oxidants. In addition, AGEs have been found to alter extracellular
matrix protein function, cause vascular leak, decrease the bioavailability of
endothelium-derived nitric oxide (NO), and promote inflammation and endothelial
dysfunction [22].

Additionally, AGEs may also induce oxidative stress and endothelial dysfunction
by binding and activating RAGE which results in a sustained activation of NF-xB
and its target genes increasing also the endothelial cell permeability to macromol-
ecules [23]. Elevated levels of AGEs have been noted in the serum of diabetic
patients and correlate with progression of diabetic complications such as nephropa-
thy [24, 25]. Treatment of animals with inhibitors of AGE formation, such as ami-
noguanide, can prevent diabetic microvascular complications [26].

12.3.6 Polyol Pathway

Hyperglycemia may also promote oxidative stress by increasing polyol pathway
flux [27]. The enzyme aldose reductase usually presents low affinity to glucose.
However, in a high glucose concentration environment, the increased intracellular
glucose results an increased activity of aldose reductase and a consequent increase
of the glucose reduction to sorbitol which is further oxidized to fructose. This pro-
cedure, which consumes NADPH, decreases the reduced glutathione and increases
the PKC activation, subsequently increasing the oxidative stress [3]. Inhibition of
aldose reductase has been shown to prevent diabetic nephropathy, retinopathy, and
neuropathy in animal models [27]. Larger clinical trials in humans, however, have
had mixed results, thus raising questions regarding the importance of this mecha-
nism [28, 29].

12.3.7 Hexosamine Pathway

Hyperglycemia, finally, may also shunt excess glucose through the hexosamine path-
way [30]. Excessive intracellular glucose results in conversion of fructose-6-phosphate
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to glucosamine-6-phosphate and ultimately to N-acetylglucosamine, promoting a
series of reactions that increase oxidative stress by NADPH depletion, TGF-beta and
plasminogen activator inhibitor-1 (PAI-1) gene expression increase, and endothelium
nitric oxide synthase (eNOS) activity inhibition [31].

12.3.8 Diabetes and Cellular Adhesion Molecules (CAMs)

Endothelium can be activated by the effect of various factors including oxidative
stress, producing inflammation molecules like iCAM and vCAM MCP and induc-
ing the adhesion and accumulation of monocytes at the arterial wall. This is the first
step for the development of endothelial dysfunction and atherosclerosis. This pro-
cess has been proved to be present not only in diabetes but also in the prediabetic
state many years before the diagnosis of diabetes [32].

Diabetes has been found to be closely associated with endothelial dysfunction in
both resistance and conduit vessels of the peripheral circulation [33-37] as well as in
the coronary circulation [38, 39]. The soluble adhesion molecules, E-selectin, vascu-
lar cell adhesion molecule (VCAM)-1, and intercellular adhesion molecule (ICAM)-
1, the presence of which is highly associated with vascular inflammation and
oxidative stress, are found to be elevated in subjects with T2DM [40—43]. Similarly,
increased levels of von Willebrand factor (VWF), a measure of endothelial cell dam-
age and activation, are found in diabetes [40, 42, 43]. Furthermore, microalbumin-
uria, which has been proved to be an independent predictor of endothelial dysfunction,
may possibly indicate a widespread vascular dysfunction in diabetes [40, 44].

The pathogenetic mechanisms underlying the development of endothelial dys-
function in diabetes have not been fully identified. Oxidative stress and the subse-
quent reduction on NO bioavailability seem to play the most significant role
according to the data so far.

12.4 Methods of Assessing Endothelial Function

Prior to the development of macrovascular and microvascular clinical disease, early
changes in endothelial function can be measured. These changes reflect alterations
in the regulation of vascular tone or reactivity which is influenced by endothelial
NO production (endothelium-dependent vasoreactivity) as well as vascular smooth
muscle relaxation in response to NO (endothelium-independent vasoreactivity). In
endothelium-dependent vasodilation, acetylcholine, shear stress, or hypoxia can
activate endothelial cells to release NO. The stimuli of shear stress and hypoxia are
utilized in the flow-mediated dilation (FMD) technique to produce endothelium-
dependent vasodilation. In contrast, endothelium-independent vasodilation occurs
as a result of smooth muscle cell relaxation in direct response to exogenous NO
(from NO donors such as nitroglycerin or nitroprusside). Vascular reactivity refers
to both endothelium-dependent and endothelium-independent vasodilation.
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Fig. 12.3 a The assessment of flow-mediated vasodilation in the brachial artery. A 7.0 MHz or
greater linear array transducer is used to image the brachial artery above the antecubital fossa in
the longitudinal plane. A regular sphygmomanometer is employed to occlude the artery blood
flow. The sphygmomanometer can be placed either at the forearm (a) or at the upper arm level (b).
Two-dimensional grayscale scans are taken, one at rest, before the cuff inflation (c), and 1 min after
the cuff deflation that leads to artery dilation (d). The percentage of the post-occlusive artery diam-
eter increase over the baseline represents the FMD

12.4.1 Vascular Reactivity Measurements
in the Macrocirculation

Macrovascular disease is most commonly assessed by ultrasound measurements of
brachial artery diameter and the common carotid intima—media thickness (IMT).
Changes in brachial artery diameter after stimuli measure early functional changes
associated with atherosclerosis. Endothelium-dependent vasodilation of the bra-
chial artery can be assessed by intra-arterial infusion of substances that act on the
endothelium to release NO, such as acetylcholine, or by FMD. FMD is induced by
occluding the brachial artery with a pneumatic tourniquet to the upper limb for a
total of 5 min [45]. Tissue hypoxia and pH changes in the area distal to the occlu-
sion, causes reactive vasodilation in the skin and muscle microcirculation immedi-
ately after release of the occlusion. This process causes a brief period of high blood
flow and increased shear stress in the brachial artery that stimulates the endothelial
production of NO and vasodilation that can be measured on high-resolution ultra-
sound (see Fig. 12.3). Endothelium-independent vasodilatory function of the bra-
chial artery can be assessed by intra-arterial or sublingual administration of NO
donors such as nitroglycerin or nitroprusside.

In contrast, common carotid IMT identifies anatomic changes consistent with
early atherosclerosis. Carotid artery IMT is an ultrasound measure of the distance
between the intima to the outer edge of the media. Increased intima—media thick-
ness occurs early in the process of atherosclerotic plaque formation prior to luminal
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Fig. 12.4 a Image of the common carotid artery. A 7.5 MHz linear array transducer and high-
resolution ultrasound were used. The carotid bifurcation can be seen on the right of the picture. b
Simplified diagram of the arterial wall boundaries indicating the adventitia—media (A) of the near
wall, intima-blood boundaries (B) for the near wall, and adventitia—media (C) and intima—blood
boundaries (D) for the far wall

narrowing. IMT is associated with the presence of conventional atherosclerotic risk
factors and can predict the development of cardiovascular events [46, 47] (see
Fig. 12.4).

12.4.2 Microcirculatory Measurements

Microcirculatory vascular reactivity is most commonly assessed by laser Doppler
flowmetry to measure blood flow in the skin. Blood flow is estimated from the com-
bination of number and velocity of moving red cells within arterioles, capillaries,
and postcapillary venules. A laser beam is delivered to the skin via a fiber optic light
guide, and reflected light is gathered by a second set of photodetectors. Light
reflected by moving objects, such as red blood cells, is reflected at a different fre-
quency. The Doppler shifted fraction of the light signal and the mean Doppler fre-
quency shift is calculated to generate a value in mV, which is proportional to the
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Fig. 12.5 a Measurements of direct and indirect effect of vasoactive substance using single-point
laser probes: one probe is used in direct contact with the iontophoresis solution chamber (colored
ring) and measures the direct response. The center probe measures the indirect response (nerve
axon-related effect). A small quantity (<1 mL) of 1 % acetylcholine chloride solution or 1 %
sodium nitroprusside solution is placed in the iontophoresis. A constant current of 200 mA is
applied for 60 s achieving a dose of 6 mC/cm™ between the iontophoresis chamber and a second
non-active electrode placed 10—15 cm proximal to the chamber (black strap around the wrist). This
current causes a movement of solution to be iontophoresed toward the skin. b Laser Doppler flow-
metry: A helium-neon laser beam is emitted from the laser source to sequentially scan the circular
hyperemic area (seen surrounding the laser beam) produced by the iontophoresed vasoactive sub-
stance to a small area on the volar surface of the forearm

quantity and velocity of red blood cells with the measured superficial skin microcir-
culation [48].

The microcirculation can be studied without systemic side effects by using ion-
tophoresis and microdialysis techniques that allow for precise, local delivery of
vasoactive agents. lontophoresis uses a small charge to facilitate transcutaneous
delivery of charged substances into the skin without trauma or pain (Fig. 12.5). The
length of stimulation, strength of current used, and area of delivery determine the
number of molecules transported. Endothelium-dependent vasodilation is assessed
by delivery of acetylcholine using anodal current given its positive charge, whereas
endothelium-independent vasodilation is assessed by the delivery of the anion
sodium nitroprusside using cathodal current. Microdialysis can be used to deliver
larger, water-soluble vasoactive agents that lack a charge. These techniques allow
for noninvasive measurement of abnormal endothelial function prior to the develop-
ment of overt clinical disease.

12.5 Therapeutic Interventions That Modify
Oxidative Stress

Significant amount of evidence has proved that oxidative stress may be very harm-
ful for the vasculature, especially in individuals with diabetes; thus, research has
been focused the late years in investigating possible therapeutic ways against
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oxidative stress in patients with diabetes including the use of therapeutic agents or
lifestyle interventions. Agents, including vitamins E, C, a-lipoic acid, statins, angio-
tensin-converting enzyme inhibitors (ACE inhibitors), angiotensin II receptor
blockers (ARBs), and thiazolidinediones, as well as lifestyle interventions, have
been evaluated in large clinical trials and will be discussed in the following section.
Many other agents have been noted to have antioxidant properties, but have not been
evaluated in human clinical trials and are beyond the scope of this chapter.

12.5.1 Vitamin E

Vitamin E is a fat-soluble vitamin that has been found to present significant antioxi-
dant properties. Initial studies showed that vitamins E and C supplementation may
improve markers of oxidative stress and endothelium-dependent vasodilation in
both experimental diabetic models and clinical trials [17, 49-51]. Specifically, vita-
min E supplementation has been initially proved to ameliorate endothelial dysfunc-
tion in both cholesterol-fed rabbits and streptozotocin-diabetic rats [49, 52].
Furthermore, in human studies, acute administration of vitamin E has generally
been shown to improve endothelium-dependent vasodilatation in both type 1 and
type 2 diabetes [53]. The Cambridge Heart Antioxidant Study (CHAOS) that
employed vitamin E (400-800 IU) reported a significant risk reduction from nonfa-
tal myocardial infarction after an 18-month follow-up period, accompanied, though,
by a nonsignificant increase of cardiovascular deaths in the same group [54].

However, the initial enthusiasm regarding the possible vaso-protective role of
vitamin E dropped after the results of subsequent animal and human studies. More
particular, animal studies reported that the supplementation of vitamin E or/and C
may lead to endothelial dysfunction in both diabetic and healthy animals [16, 17]
possibly due to pro-oxidant effects of vitamin E on vitamin C in the presence of NO
and/or the de novo synthesis of vasoconstrictive prostanoids [16]. In addition, the
PPP trial that included diabetic patients revealed no reduction in cardiovascular
events or death after vitamin E supplementation. The study showed also an increased
risk of adverse events with vitamin E supplementation, raising further concerns
about its use [55].

A study from our unit, which included patients with both type 1 and type 2 dia-
betes treated with high dose of vitamin E (1,800 IU daily) for 12 months, found no
improvement in endothelium-dependent or endothelium-independent vasodilation,
in both skin microcirculation and brachial artery macrocirculation tests [56].
In addition, vitamin E supplementation had no effect in left ventricular function
[56]. Interestingly in the same study, endothelin (a potent vasoconstrictor) was
increased in the treatment group after 6 months and normalized by 12 months. In
addition, endothelium-independent vasodilation and systolic blood pressure slightly
worsened by the end of the 12-month treatment period. Of interest, C-reactive pro-
tein (CRP), a marker of inflammation, was decreased in the vitamin E-treated group,
concluding that, although vitamin E may present a beneficial anti-inflammatory
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effect, reducing CRP does not seem to have a positive effect on cardiovascular
function.

The GISSI-Prevenzione trial employed vitamin E (300 mg per day) and n-3 poly-
unsaturated fatty acids (PUFA) or placebo for a median of 3.5 years [57]. Patients
treated with vitamin E had no benefit in preventing cardiovascular events. On the
contrary, patients with left ventricular dysfunction (ejection fraction<50 %) pre-
sented a 50 % increased risk of developing congestive heart failure [57, 58]. In the
Heart Outcomes Prevention Evaluation study (HOPE), conducted in more than
9,500 subjects, it was concluded that vitamin E supplementation had no effect on
cardiovascular outcomes in all subgroups including the individuals with diabetes
[59].

The HOPE trial was extended to the HOPE—The Ongoing Outcomes (HOPE-
TOO) trial reported no difference in cardiovascular outcomes (including myocardial
infarction, stroke, and death from cardiovascular causes) between the vitamin E
treatment and placebo groups. On the contrary, subjects treated with vitamin E had
higher rates of heart failure and heart failure-related hospital admissions. These
findings were present in all groups of patients including the patients with diabetes
and were persistent through both HOPE and HOPE-TOO [60]. The reason for the
association between the increased rate of heart failure and vitamin E supplementa-
tion was unclear; however, the authors expressed the hypothesis that a pro-oxidative
effect of vitamin E, in certain circumstances, could possibly depress the myocardial
function. Finally initial meta-analyses did not show any effect of vitamin E on sur-
vival [61, 62].

In a recent meta-analysis of 19 clinical trials, the relationship between vitamin E
supplementation and total mortality was examined. The results showed that in 9 of
11 trials testing high-dose vitamin E (>400 IU/day), the all-cause mortality risk
increased, prompting the conclusion that high doses of vitamin E (>400 IU/day)
should be avoided [63]. Finally, both cardiovascular outcomes and atherosclerosis
progression by carotid intima—media thickness are not improved by vitamin E in a
group of high-risk patients with vascular disease or diabetes in both HOPE study
and SECURE trial [60, 64, 65].

Vitamin E has been also tested in the prevention of type 2 diabetes. Two interven-
tional studies that used vitamin E or p-carotene supplementation did not show any
positive effect on the delay of the development of type 2 diabetes [66, 67]. In another
recent study [63], vitamin C supplementation was added to vitamin E, for testing the
hypothesis that vitamin C is necessary for the regeneration of the oxidized vitamin
E. However, the analysis of the study revealed neither benefit nor harm, by the
supplementation of vitamin C, vitamin E, and B-carotene on the primary prevention
of type 2 diabetes.

In conclusion, as the data, so far, indicate, there is currently no compelling
evidence to support the use of vitamin E for preventing cardiovascular disease in
diabetes. On the contrary, high doses of vitamin E may be associated with serious
side effects. Thus, it is reasonable to suggest that such high dose should be
avoided.
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12.5.2 Vitamin C

Vitamin C (or ascorbic acid) is a water-soluble vitamin that, except its numerous
biological effects, demonstrates a significant antioxidant role. It prevents oxidation
of LDL and, as already mentioned, regenerates oxidized vitamin E. In addition, it
stabilizes BH4, an eNOS cofactor, subsequently increasing NO production. Initial
studies involving acute increases of the vitamin C plasma levels reported a signifi-
cant improvement of endothelial function in multiple disease models of oxidative
stress. Indeed, in a study by Beckman et al., it was reported that hyperglycemia-
induced endothelial dysfunction in healthy volunteers was reversed by vitamin C
infusion [68]. In addition, intra-arterial infusion of vitamin C has been reported to
improve endothelial function in both type 1 and type 2 diabetic patients [69, 70].
Furthermore, other studies presented an immediate improvement of the endothelial
function in subjects with essential hypertension, after vitamin C infusion, whereas
other antioxidants such as N-acetylcysteine did not have similar effect [71].

In a cohort study of 11,348 adults for 10 years (the first National Health and
Nutrition Examination Survey (NHANES 1) [72], increased vitamin C intake
(approx 300 mg per day) was associated with a 45-25 % risk reduction in all-cause
mortality including mortality from cardiovascular events in men and women,
respectively. Additionally, in an observational study in 85,118 female nurses fol-
lowed for 16 years, vitamin C supplementation was associated with a significantly
lower risk (28 %) of coronary disease (relative risk of 0.72) after statistical correc-
tion for other cardiovascular risk factors [7, 73]. This benefit was noted again by
researchers in the EPIC-Norfolk prospective population study [74].

Although initial acute studies have shown significant improvement in endothelial
function with vitamin C administration, long-term therapy did not present similar
results. In a recent study, the combined therapy with vitamins C and E in types 1 and
2 diabetic patients showed an improvement in endothelial function only in patients
with type 1 diabetes [53]. In another study, high oral doses of vitamin C did not
improve endothelial function in type 2 diabetic subjects [75].

In summary, according to the current data, there is no compelling evidence to
support the use of vitamin C for preventing cardiovascular disease in diabetes. New
randomized, placebo-controlled studies addressing the cardiovascular benefits of
vitamin C supplementation, independent of other vitamin supplements, need to be
conducted to support evidence regarding the possible cardiovascular benefit of vita-
min C supplementation in patients with diabetes.

12.5.3 a-Lipoic Acid

a-Lipoic acid is a hydrophilic antioxidant allowing it to exert beneficial effects in
both aqueous and lipid cellular environments. o-Lipoic acid is reduced to its
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conjugate base, dihydrolipoate, which is able to regenerate other antioxidants such
as vitamins C and E, as well as reduced glutathione.

A long-term treatment with a-lipoic acid in diabetic animal models demonstrated
improvements in metabolic profile including blood glucose, plasma insulin, choles-
terol, triglycerides, and lipid peroxidation as well as the microvasculature [76]. In
contrast, short-term treatment with a-lipoic acid in rat models of insulin resistance
and insulin deficiency did not improve hyperglycemia or fasting triglycerides [77].

In the microcirculation of diabetic rats, a-lipoic acid reduces nitrotyrosine levels
and prevents pathologic retinal vessel changes [78]. Additionally, a-lipoic acid has
been proved to prevent AGE-dependent depletion of reduced glutathione and ascor-
bic acid and the subsequent activation of NF-kappa B in endothelial cell culture
[79]. Thus, it appears that a-lipoic acid supplementation may reduce oxidative
stress improving the metabolic derangements and microvascular function in animal
and in vitro models.

Human studies with a-lipoic acid have been mainly focused in the treatment of
diabetic polyneuropathy. In initial studies, a 19-day supplementation with a-lipoic
acid improved the symptoms of diabetic polyneuropathy [80], while a longer-term
therapy (initial IV infusions, then oral treatments for 2 years) objectively improved
peripheral nerve function [81].

On the contrary, another trial followed the patients for 7 months, demonstrated
no improvements in symptoms in the group with a-lipoic acid [82], while 4 years
treatment in the NATHAN 1 trial reported improvements in only some neuropathic
deficits and symptoms, but not objective nerve conduction, in patients with mild to
moderate distal symmetric neuropathy [83]. In addition, there was a nonsignificant
trend of developing serious adverse events in the treatment group indicating that
although there may be a possible improvement in neuropathy, the long-term oral
therapy may increase the risk of serious adverse events [83].

The effects of a-lipoic acid have been studied also in autonomic diabetic neu-
ropathy and surrogate markers of macrovascular disease in a small number of sub-
jects. A 4-month treatment with a-lipoic acid showed a slight improvement in heart
rate variability measurements, without, though, changing the symptoms of auto-
nomic dysfunction [84]. Finally, in a study of 4 weeks of oral a-lipoic acid supple-
mentation, it was reported that there was a significant improvement of the
endothelium-dependent vasorelaxation of the brachial artery compared to the pla-
cebo group, accompanied by a significant reduction in markers of endothelial acti-
vation (interleukin-6 and plasminogen activator-1) [85].

Concluding, the impact of lipoic acid on clinical cardiovascular end points is still
unknown. Given also the increased risk of serious adverse events in long-term
administration, the use of a-lipoic acid supplements cannot be recommended for
patients with diabetes.
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12.5.4 Statins

Statins improve the lipid profile by inhibiting the enzyme hydroxymethylglutaryl
coenzyme A reductase (HMG-CoA reductase) reducing the risk of cardiovascular
morbidity and mortality [86]. Several studies have proposed that statins may
decrease oxidative stress consequently improving the endothelial function.

Indeed, statins decrease NADPH activity, reducing the formation of reactive
oxygen species and downregulating the renin—angiotensin system. They also
reduce the oxidation of ROS and LDL cholesterol by reducing the activity of the
NADPH oxidase in endothelial cells [87-94]. In addition, statins reduce the
foam cells formation (responsible for atherosclerotic lesions formation) by
decreasing the oxidized LDL uptake by the monocytes [95, 96]. Furthermore,
statins downregulate AT1 receptor at the transcriptional level, improving mea-
sures of oxidative stress and vascular function [90]. Interestingly, atrovastatin
has been proved to demonstrate free radical scavenging abilities through its
hydroxymetabolites [97].

By reducing the oxidation of LDL, statins upregulate eNOS expression, conse-
quently improving the vascular function in animal models of type 2 diabetes and
hypercholesterolemia [98—100]. Statin-mediated increment in eNOS function was
reported to be critical in vascular regeneration and restored myocardial vasorelax-
ation after experimentally induced myocardial infarction in the mouse model. This
benefit was not observed in eNOS—/— mice [101].

It is a common knowledge that treatment with statins reduces the risk of major
vascular events [102, 103]. However, its benefit in improving endothelial dysfunc-
tion has not been clearly identified so far. Indeed, treatment with statins did not
improve vasoreactivity in patients with poorly controlled diabetes [104]. On the
other hand, endothelium-dependent vasodilation significantly improved, indepen-
dently of lipid lowering, in patients with better glycemic and lipid control in both
type 1 and type 2 diabetes [105-110].

Statins were also reported to ameliorate postprandial hypertriglyceridemia-
and hyperglycemia-induced endothelial dysfunction, reducing also the serum
nitrotyrosine levels in type 2 diabetes suggesting that its short-term, lipid-inde-
pendent vascular benefits are secondary to decreased oxidative and nitrosative
stress [111].

In conclusion it seems that statins improve endothelial function prior to reduc-
tions in LDL unless there is overwhelming oxidative stress related to type 2 diabe-
tes. The reduced response to statins may also be related to the increased levels of
asymmetric dimethylarginine (ADMA), a competitive inhibitor of eNOS. Indeed, a
recent study has been shown that a 3-week treatment with statin failed to improve
vasoreactivity in patients with increased levels of ADMA [112].
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12.5.5 ACE Inhibitors and ARBs

ACE inhibitors and ARBs exert their clinical effects by decreasing the binding of
angiotensin II to the AT1 receptor, by decreasing levels of angiotensin II and by
inhibiting the interaction of angiotensin II to the AT1 receptor, respectively. ACE
inhibitors and ARBs have been proposed to improve endothelium-dependent vaso-
relaxation by decreasing superoxide production and increasing NO bioavailability
[113-116]. These actions are mainly derived by the inhibition of angiotensin II
which opposes many of the actions of NO. In particular angiotensin II causes vaso-
constriction, altered vascular smooth muscle function, increased inflammation via
NF-xB, and hypercoagulability by increased formation of PAI-1. In addition angio-
tensin II induces vascular superoxide production by uncoupling eNOS upon loss of
dihydrofolate reductase (DHFR), which is a BH4 salvage enzyme [113].

Recent studies have shown that ACE inhibitors and ARBs improve vascular
function and cardiovascular outcomes in type 2 diabetes. Both agents unequivocally
improve endothelial function in patients with type 2 diabetes [117—120]. Valsartan
therapy improved resting forearm skin blood flow and resting brachial artery diam-
eter after a 12-week treatment in patients with type 2 diabetes. However, their
impact on endothelial function in patients with type 1 diabetes is less clear
[121-124].

HOPE and LIFE studies have shown that ACE inhibitors and ARBs improve
cardiovascular as well as all-cause mortality outcomes in patients with diabetes.
The benefit seemed to be higher in patients with diabetes than in nondiabetics [125,
126]. The presence of native LDL increases AT1 receptor expression at least two-
fold in a sustained manner for 24 h by stabilization of posttranscriptional mRNA
[127]. Furthermore, angiotensin II is binding with the AT1 receptor, upregulating
the endothelial oxidized LDL receptor (LOX-1) in endothelial cells. This upregula-
tion of LOX-1 receptor is prevented by ARBs and ACE inhibitors, limiting the
potential diffusion of oxidized LDL from the blood into the vessel wall, thus reduc-
ing the possibility of plaque formation [128]. Given that statins decrease the levels
of native LDL which is responsible for the at least twofold increase of theAT1
receptor expression [127], a coadministration of ACE inhibitors/ARBs with a statin
may produce a synergic decrease in oxidative stress and vasoconstriction, as well as
a decreased uptake of oxidized LDL and improved endothelial function [128].

12.5.6 Thiazolidinediones

Thiazolidinediones is an antidiabetic agent category also known as PPAR-gamma
agonists that bind nuclear PPAR-gamma receptors in adipocytes which function as
transcription factors for genes important in adipocyte differentiation, lipid metabo-
lism, and insulin sensitivity. PPAR-gamma receptors are also expressed in cells
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involved in the process of atherosclerosis including endothelial cells, vascular
smooth muscle cells, monocytes/macrophages, and T cells.

Increased amount of evidence supports that apart from enhancing glycemic con-
trol, thiazolidinediones improve surrogate measures of vascular disease. Indeed,
thiazolidinediones have been proved to improve endothelium-dependent vasodila-
tion as well as measurements of carotid IMT in patients with diabetes [129—-133]. In
addition, both rosiglitazone and pioglitazone have been reported to increase the
regenerative capacity of endothelial progenitor cells in individuals with diabetes
[134, 135]. This improvement in vascular function has been found to be associated
with reduced NADPH oxidase activity, decreased LDL oxidation, and reduction in
vascular inflammation [133, 136].

However, although thiazolidinediones proved to have a significant improvement
in oxidative stress and vascular function, there are serious concerns that one of
them, rosiglitazone, worsens clinical cardiovascular outcomes. Thus, rosiglitazone
has been reported to be associated with increased risk of congestive heart failure, as
well as myocardial infarction [137, 138]. Thus, the current consensus is that rosigli-
tazone may have detrimental effects in patients with previous heart disease and
diabetes, and its use cannot be recommended in these patients. Unlike rosiglitazone,
larger clinical trials of pioglitazone in high-risk patients with type 2 diabetes and
prior MI have demonstrated an improvement in rates of myocardial infarction, but
increased edema formation and heart failure remain concerns [139, 140].

12.5.7 Antioxidants and Mediterranean Diet

A study in 34.486 postmenopausal women reported that increased intake of vitamin
E through diet was associated with decreased risk of death from coronary artery
disease, while vitamin E supplementation did not affect the risk of death from car-
diovascular disease [141]. This study exemplifies the paradox noted in several large-
scale clinical and epidemiologic studies that diet but not vitamin supplementation
seems to improve cardiovascular outcomes.

A great amount of evidence the last few decades has shown that this type of diet
has impressive effects in reducing cardiovascular risk [142]. In addition, low adher-
ence to Mediterranean diet has been proven to increase the risk for metabolic syn-
drome [143]. Olive oil, a main component of the diet, has significant antioxidant
properties and is considered one of the primary factors that contribute to these ben-
eficial effects [144].

In a recent study involving subjects with metabolic syndrome, the Mediterranean
diet presented anti-inflammatory and antithrombotic properties improving the endo-
thelial function and insulin sensitivity [145]. Therefore, the current consensus is
that a diet that encompasses the main components of the Mediterranean diet can
greatly reduce cardiovascular risk in diabetic patients.
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12.5.8 Green Tea and Coffee

Coffee, a common beverage in western countries, has been reported to possibly
have antioxidant effects through minerals (such as magnesium), phytochemicals (in
caffeine), and antioxidants. Several studies have shown that coffee decreases the
risk of type 2 diabetes although there have been reports that caffeine itself may
impair glucose metabolism in type 2 diabetics [146, 147]. However, it is not clear
how coffee decreases the risk of type 2 diabetes especially since caffeine (and its
phytochemicals) does not seem to play a significant role.

Green tea, another widely consumed beverage, also seems to have protective
effects as its polyphenols have antioxidant properties. A study that followed
Japanese subjects for 11 years reported that the consumption of green tea was asso-
ciated with a decrease in all-cause mortality as well as mortality from cardiovascu-
lar disease [148]. In another Japanese study, consumption of green tea, coffee, and
total caffeine was associated with a decreased risk for type 2 diabetes in a 5-year
follow-up period [149].

12.5.9 Exercise

Exercise or physical activity is recommended for the prevention or the initial ther-
apy of type 2 DM and ischemic heart disease [150]. Many studies have also shown
that exercise can reduce blood glucose, apolipoprotein B-rich lipoproteins, oxida-
tive stress, or inflammatory cytokines and elevate HDL cholesterol, insulin sensitiv-
ity, antioxidant capacity, or mitochondrial function [151-154].

Other studies indicated also that exercise may inhibit the expression of NOX in
human arteries [155], possibly providing a novel mechanism for the beneficial
effect of exercise and may help diabetic patients to prevent cardiovascular disease.
NOX is a transmembrane enzyme located in intracellular organelles and functions
in the generation of superoxide.

12.6 Conclusions

Although there was initially much enthusiasm for the antioxidant therapy in diabe-
tes, especially in the form of supplemental vitamins, clinical trials have not shown
evidence of decreased risk of cardiovascular outcomes. Vitamins E and C supple-
mentation, therefore, cannot be currently recommended. On the other hand, diet
rich in antioxidants, especially Mediterranean diet, can provide considerable reduc-
tion in cardiovascular risk and may be of particular benefit to subjects with diabetes.
Finally, statins, ACE inhibitors, and ARBs, alone or in combination, seem to present
antioxidative properties. However, its use cannot be recommended, as their
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indications so far are limited to hypercholesterolemia and hypertension, respec-
tively. Further research is needed in order to be determined whether they could be
possibly used for their antioxidant vascular protective properties.
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