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Chronic hyperglicemia and nitric oxide bioavailability play
a pivotal role in pro-atherogenic vascular modifications
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Abstract Diabetes is associated with accelerated athero-

sclerosis and macrovascular complications are a major

cause of morbidity and mortality in this disease. Although

our understanding of vascular pathology has lately greatly

improved, the mechanism(s) underlying enhanced athero-

sclerosis in diabetes remain unclear. Endothelial cell

dysfunction is emerging as a key component in the path-

ophysiology of cardiovascular abnormalities associated

with diabetes. Although it has been established that endo-

thelium plays a critical role in overall homeostasis of the

vessels, vascular smooth muscle cells (vSMC) in the arte-

rial intima have a relevant part in the development of

atherosclerosis in diabetes. However, high glucose induced

alterations in vSMC behaviour are not fully characterized.

Several studies have reported that impaired nitric oxide

(NO) synthesis and/or actions are often present in diabetes

and endothelial dysfunction. Furthermore, although endo-

thelial cells are by far the main site of vascular NO

synthesis, vSMC do express nitric oxyde synthases (NOSs)

and NO synthesis in vSMC might be important in vessel’s

function. Although it is known that vSMC contribute to

vascular pathology in diabetes by their change from a

quiescent state to an activated proliferative and migratory

phenotype (termed phenotypic modulation), whether this

altered phenotypic modulation might also involve altera-

tions in the nitrergic systems is still controversial. Our

recent data indicate that, in vivo, chronic hyperglycemia

might induce an increased number of vSMC proliferative

clones which persist in culture and are associated with

increased eNOS expression and activity. However, upreg-

ulation of eNOS and increased NO synthesis occur in the

presence of a marked concomitant increase of O2– pro-

duction. Since NO bioavailabilty might not be increased in

high glucose stimulated vSMC, it is tempting to hypothe-

size that the proliferative phenotype observed in cells from

diabetic rats is associated with a redox imbalance respon-

sible quenching and/or trapping of NO, with the

consequent loss of its biological activity. This might pro-

vide new insight on the mechanisms responsible for

accelerated atherosclerosis in diabetes.
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Chronic hyperglycemia and risk of cardiovascular

disease

Diabetes mellitus is characterized by accelerated athero-

sclerosis and increased risk of cardiovascular disease

(CVD) [1, 2]. Although a number of conventional cardio-

vascular risk (CVR) factors are altered in diabetic patients,

several studies have demonstrated that the increased CVD

risk in diabetes cannot be explained by the concomitant

increase in CVR factors alone [3]. Infact, recent evidences

strongly suggest that hyperglycemia, probably through

increased oxidative stress [4], can induce endothelial dys-

function [1], which plays a central role in the development

of atherosclerosis [5–7] and can be considered an early sign

of diabetic vascular disease.
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On the other hand, although glycemic control remains

the major intervention for prevention of micro- and mac-

rovascular disease, stronger predictors of macrovascular

complications are factors such as LDL cholesterol and

blood pressure that may be related more to insulin resis-

tance than to glycemic control [8]. Nonetheless, since

hyperglycemia associated with insulin resistance can lead

to modification of macromolecules (as advanced glycation

end products that bind surface receptors) which augment

the production of proinflammatory cytokines in vascular

endothelial cells, the correction of both hyperglycemia and

insulin resistance improves endothelial functions.

Moreover, recently growing evidence suggests that

dietary factors play an important role in modulating

endothelial function. Higher dietary glycemic loads have

been associated with increased plasma concentrations of

inflammatory cytokines and endothelial adhesion mole-

cules, both of which are considered markers of endothelial

dysfunction [9]. These findings provide additional biolog-

ical mechanisms through which dietary factors, such as

higher dietary glycemic load, influence the risk of cardio-

vascular disease. In addition, several epidemiologic and

interventional studies have examined the relationship

between overall dietary patterns and endothelial dysfunc-

tion. In general, a ‘‘prudent diet’’ (high intake of

vegetables, legumes, fish and whole grains) is associated

with a beneficial effect on the endothelium.

Thus, under physiological conditions, endothelial cells

(EC) lining the lumen of all vasculature, act as an interface

between circulating blood and vascular tissue and they can

be considered the first vascular cells to sensor humoral

changes. Therefore, due to their position, EC facilitate a

complex array of functions in intimate interaction with

vSMC, as well as cells within the blood compartment such

as monocytes or platelets. Indeed, it has been established

that the endothelium plays a critical role in overall

homeostasis of the vessels. Their functions are integrated

by a complex system of chemical mediators including

endothelin-1 (ET-1), the vasoactive peptide angiotensin II

(Ang II), leukocyte adhesion molecules, the anti-fibrino-

lytic factor plasminogen activator inhibitor-1 (PAI-1),

reactive oxygen species (ROS), bradykinin and reactive

nitrogen species such as nitric oxide (NO) [10–13]. The

‘‘endothelial system’’ exerts actions on the surrounding

vSMC and cells in the blood that lead to the following

biological effects: (1) vasodilation (bradykinin and NO) or

vasoconstriction (ET-1, Ang II, ROS) of vSMC; (2) stim-

ulation of growth and change in phenotypic characteristics

of vSMC (Ang II, ROS) or inhibition of vSMC prolifera-

tion (NO); (3) maintenance of blood fluidity and normal

coagulation (PAI-1) [10–13]. Therefore, the cellular effects

of EC maintain a dynamic balance of opposing physio-

logical and molecular effects with the ultimate result of

allowing a proper blood supply to tissues and regulating the

potential proinflammatory actions of adhesion molecules

and coagulating factors [11, 12].

Nitric oxide and endothelial function

The key factor in preserving physiological endothelial

functions is NO, which is prevalently generated via the

constitutive endothelial nitric oxide synthase (eNOS).

Endogenous NO is synthesized via the conversion of the

amino acid L-arginine in to L-citrulline by the enzyme nitric

oxide synthase, of which several isoforms have been iso-

lated, purified, and cloned. Three distinct isoforms of NOS

have been identified as products of different genes, with

different localization, catalytic properties and inhibitor

sensitivities [11, 14, 15]. Neuronal NOS (nNOS, also

known as type I NOS) predominates in neuronal tissue; it is

functionally relevant in the central control of vascular

homeostasis [11, 15, 16]. Inducible NOS (iNOS, also

known as type II NOS), is found in a wide range of tissues

and cells. Its expression is only promoted under patho-

physiological situations, including endothelial dysfunction,

in which macrophages exert cytotoxic effects in response

to cytokines [11, 15–17]. Endothelial NOS (eNOS, also

known as type III NOS) is the isoform first found in vas-

cular EC, it is constitutively expressed and is essential for

the control of vascular tone in response to several stimuli,

including mechanical (i.e. shear stress), receptor dependent

(i.e. acetylcholine) and receptor independent (i.e. calcium

ionophore) effects.

As schematically represented in Fig. 1, NO produced by

eNOS in the endothelium diffuses to the vSMC where it

activates the enzyme guanylate cyclase (GC). The con-

comitant increase in cyclic GMP (cGMP) then induces

relaxation of the vascular smooth muscle [11, 15, 16].

Thus, the net effect of NO is an increase in vasodilation.

The continual vasodilation produced by basal NO genera-

tion has a role in regulating blood pressure as well.

Moreover, physiological NO acts as a pleiotropic molecule

and capable of preserving vascular wall homeostasis [18,

19] also contributing to the prevention of platelet aggre-

gation and adhesion to the vascular wall [11]; it also

controls the expression of vascular cell adhesion molecules

and finally, besides its effect on relaxation of vSMC, it also

inhibits vSMC proliferation and migration [18, 19].

Thus, impaired NO synthesis and/or availability may

result in endothelial and vascular wall dysfunction.

Diminished NO bioavailability [4, 20, 21] has been dem-

onstrated experimentally when vascular cells are exposed

either in vitro or in vivo to a diabetic environment. The

endothelium can be viewed as a target of the diabetic

milieu and endothelial dysfunction is thought to play an
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important role in the vasculopathy of this disease state. A

large body of evidence in humans indicates that endothelial

dysfunction is closely associated with alteration of large

vessels and atherosclerosis in type 2 diabetes [11, 22–25].

As mentioned above, under physiological conditions

endothelium transmits the information about humoral

changes to the other vascular cell types, in particular to

vSMC, by changing their gene expression profile and

coordinate the production of growth factors, cytokines,

adhesion molecules and other bioactive molecules. It is

known that chronic hyperglycemia, likely via increased

oxidative stress, plays a critical role in endothelial dys-

function and in the etiology of atherosclerosis in diabetes

[4]. Different mechanisms have been described to account

for increased oxidative stress in hyperglycemic conditions:

activation of Nox-based NAD(P)H oxidases [26–28],

xanthine oxidase [29], or uncoupling eNOS [29, 30]. Such

evidence is discussed in this review and is shown in

schematic form in Fig. 2. In particular, uncoupling of

eNOS (a situation in which eNOS synthesizes superoxide

rather than NO), may be explained by several mechanisms.

First, it can occur when reactive species such as perox-

ynitrates (ONOO–) oxidize the essential NOS cofactor,

tetrahydrobiopterin (BH4), yielding to the formation of O2
�–

and H2O2 instead of NO [30–32]. Second, ONOO– may

also release Zn2+ from the complex Zn2+-thiolate complex

resulting in disruption of eNOS dimer and enzyme

uncoupling [33]. Third, protein kinase C (PKC) may cause

phosphorylation of eNOS in Thr495 leading to the uncou-

pling of electron flux in eNOS to NO production [34].

These events may lead, in turn, to redox-dependent nuclear

factor-kB (NF-kB)-mediated expression of adhesion mol-

ecules and recruitment of monocytes, which become

activated macrophages and secrete myeloperoxidase

(MPO) [26, 35]. Dedifferentiated smooth muscle cells are

activated by Ang II or cytokines, such as tumor necrosis

factor-a (TNF-a), and also ROS via NAD(P)H oxidase [10,

26]. Increased ROS as well as the reactive species resulting

from their reaction with NO will provoke oxidation of low

density lipoproteins (LDL).

Oxidized LDL (OxLDL) induces atherosclerosis by (1)

stimulating monocyte infiltration, (2) stimulating vSMC

migration and proliferation, (3) contributing to impairment

of the vasodilator function of arteries, and (4) participating

in atherothrombosis.

Adhesion and infiltration of macrophages contributes to

fatty streak formation. OxLDL induces endothelium to

express adhesion molecules for monocytes, intercellular

adhesion molecule-1 (ICAM-1) and vascular adhesion

molecule-1 (VCAM-1), E-selectin, and fibronectin. Ox-

LDL induces expression of secretory phospholipase A2

(sPLA2) and MPO in macrophages [35–37]. sPLA2 liber-

ates polyunsaturated fatty acid from LDL and increases the

formation of oxidized phospholipids. sPLA2 also enhances

the accumulation of cholesterol ester hydroperoxides

induced by lipoxygenase and thereby oxidize LDL [35, 38,

39]. OxLDL stimulates the endothelium to secrete the

chemokine, monocyte chemotactic protein-1 (MCP-1),

which induces macrophage infiltration into the endothelial

space [35, 40, 41]. On the other hand, the H2O2–MPO

system further oxidizes LDL and converts them into a form

recognized by the scavenger receptor (SR, LOX-1) [35, 37,

42]. Interaction of OxLDL with SR induces unregulated

uptake of modified LDL into macrophages leading to

massive cholesterol accumulation and formation of foam

cells [35, 42].

The OxLDL also induces migration of vSMC by

increasing the expression of platelet-derived growth factor
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Fig. 1 Schematic and

simplified representation of

endothelial function. Please see

text for details. EC indicates

endothelial cells; vSMC
vascular smooth muscle cells;

eNOS endothelial nitric oxide

synthase, NO nitric oxide;

VCAM-1 vascular cell adhesion

molecule-1; ICAM-1
intercellular adhesion molecule-

1; GTP guanosine 50-
triphosphate; GC guanylate

cyclase; cGMP cyclic guanosine
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(PDGF) by EC, vSMC, and macrophages [43–46]. OxLDL

stimulates vSMC proliferation by inducing expression of

basic fibroblast growth factor (bFGF) by ECs and smooth

muscle cells [47–51]. OxLDL and thromboxan A2 (TxA2)

released by aggregating platelets have a synergistic inter-

action on vSMC proliferation [35, 52].

Intimal thickening in arteries is caused by accumulation

of foam cells and by vSMC migration and proliferation. It

results in reduction of the arterial lumen, which is exac-

erbated by impairment of vasodilation capacity of the

artery. It has been proposed that this modulation of the

vasomotion occurs by interaction of ROS with endogenous

vasoactive mediators secreted by EC. For instance, O2
�–

reacts with endothelium-derived NO rapidly and inactivate

its biological effects [30, 35, 53, 54]. Moreover, it has been

recently demonstrated that in various disease conditions all

three types of NOS (neuronal, inducible, and endothelial)

may generate oxidants through not fully known mecha-

nisms [32]. In particular, iNOS is expressed in

atherosclerotic plaques and local release of large amount of

NO and O2
�– has been linked to the production of harmful

oxidative products such as peroxynitrite [17]. Importantly,

it has also been shown that diabetes/hyperglycemia

increases the concentration of asymmetric dimethylargi-

nine (ADMA), an endogenous inhibitor of NOS, via a

redox-dependent mechanism [55]. Moreover, OxLDL also

induce vasoconstriction through inhibition of NO produc-

tion and induction of expression of ET-1 [35]. OxLDL

inactivates NO and inhibits the expression and the enzy-

matic activity of NOS [30, 35, 56–58] as well as GC, the

target enzyme of NO in smooth muscle cells [30].

Endothelial dysfunction is associated with enhanced

platelet adhesion, increased procoagulant activity, and

impaired fibrinolysis. OxLDL stimulates platelet adhesion

and aggregation by decreasing endothelial production of

NO, increasing prostacyclin production, and stimulating

the synthesis of prostaglandins and prostaglandin precur-

sors. OxLDL enhances the procoagulant activity of

endothelium by inducing release of tissue factor (TF) by

EC and smooth muscle cells [35, 59, 60]. TF is a cofactor

of factor VIIa that activates factors IX and X, resulting in

thrombin formation. OxLDL reduces the fibrinolytic

activity of endothelium by decreasing secretion of tissue-

type plasminogen activator (tPA) and increasing the release

of PAI-1 [35, 61, 62].

Actually, although our understanding of endothelial

dysfunction in diabetes has lately greatly improved (as

schematically summarized in Fig. 2), researchers have yet

to understand the precise mechanisms that leads to diabetic

vascular disease. As previously mentioned, hyperglycemia

has been identified as independent risk factor for micro-

and macrovascular complications. Although elevated lev-

els of glucose, likely mediated by PKC activation [34, 63,

64], induce expression of procoagulant and extracellular

matrix proteins, inhibit fibrinolysis, decrease endothelium

proliferation and increase apoptosis of endothelial cells
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[4, 65–69], most of the current knowledge about the

molecular mechanism used by glucose to regulate gene

expression is based on studies that employed cells with

insulin-dependent glucose transport, such as adipocytes

and hepatocytes [70, 71].

Regulation of vascular genes by glucose

Due to a central importance of glucose as both a fuel for

energy and a substrate for the biosynthesis of cell com-

ponents, all cell types have evolved mechanisms to sense

glucose levels in their environment and to adapt the

expression of their genes to glucose availability. In case

of chronic hyperglycemia, the effect of glucose in cells

that are not dependent on insulin for glucose transport,

such as vascular cells, results in rapid and uncontrollable

transport glucose into the cell, whereby normal metabolic

pathways become rapidly overloaded. Although elevated

levels of glucose can cause most vascular diabetic com-

plications directly [72–75], very little is known about

mechanism of gene regulation by glucose in vascular

cells. One crucial issue stands out in understanding

pathways of glucose regulated vascular gene transcription.

How does intracellular high glucose level transduced

transcriptional activities of the cell? Most of our knowl-

edge of transcriptional and translational mechanisms

activated by glucose has come from studies on hepato-

cytes, adipocytes and pancreatic b-islet cells [70, 71]. As

mentioned above, these cells are very different from

vascular cells both in glucose uptake mechanism and

response to hyperglycemia.

Recently, excellent reviews have detailed the vascular

mechanisms of activation of main metabolic pathways by

glucose [4] suggesting that the generation of ROS in

response to high glucose levels in vascular cells is recog-

nized as a mechanism responsible for the majority of the

effects of glucose [76], as shown in schematic form on the

left of Fig. 3. Nishikawa et al.[77] suggested that glucose

increased production of intracellular ROS, likely through

the inhibition of GAPDH activity by poly(ADP)-ribosyla-

tion, augmented diacylglycerol (DAG) levels leading to

PKC activation, advanced glycation product (AGEs) for-

mation, and the activation of polyol pathway. Inhibition of

mitochondrial ROS production suppresses the high glu-

cose-induced effects on PKC, AGEs, sorbitol formation

and NF-kB activation. Although down-regulating ROS

production by antioxidant treatments has been effective in

vitro and can show benefits in animal models, antioxidants

have failed to demonstrate any beneficial effects in terms of

prevention of coronary heart disease and death [78] or on

the development of vascular diabetic complication in large

scale clinical trials [1, 79].

In cultured cells stimulated with high glucose, experi-

mental data suggest that other events can account for the

initiation of signaling event leading to vascular complica-

tions. Based on these studies, it has been hypothesized that

glucose metabolites can directly initiate formation of

intracellular AGEs [80] and/or, by activation of hexosa-

mine pathway, glucose might induce direct glycation of

cytosolic and membrane proteins, receptors and their

ligands, and that alterations in lipid patterns can change the

normal signaling events [81, 82]. Interestingly, as shown in

Fig. 3, modification of transcription factors and signaling

messengers by glucose metabolites may also result in

activation of gene transcription in the nucleus [71]. Among

the mechanisms by which glucose activates any specific

gene, several studies clearly indicate a role of enzymatic

intracellular O-glycosylation (O-GlcN-acylation) in medi-

ating cellular events associated with hyperglycemia-

induced complications [83]. High glucose levels increase

O-GlcN-acylation in a variety of cell types [84–86] and this

reaction is concentrated in the nucleus, where it has been

identified on transcription factors, such as Sp1, c-myc,

YY1, and CRE-binding protein (CREB), as well as other

nuclear proteins [83, 87]. As schematically shown in

Fig. 3, certain cytosolic proteins have also been reported to

be subject to O-GlcN-acylation, including eNOS [87],

insulin receptor substrate-1 (IRS-1) [88, 89], glycogen

synthase [89], heat shock protein 70 (HSP70) and a-tubulin

[83, 90]. For example, very recently [91] it has been

demonstrated in glomerular mesangial cells that O-GlcN-

acylation is indispensable for high-glucose induced PAI-1

gene expression, PAI-1 promoter activation, and Sp1

transcription activation. As recently reviewed by Zachara

and Hart [92], O-GlcN-Ac has also been implicated in

mediating many of the cytoplasmic molecular alterations

induced by hyperglycemia. Infact, high glucose may also

inhibit eNOS activity [93–95] by O-GlcN-Ac modification

of Ser-1177, which apparently blocks insulin induced Akt

phosphorylation of this aminoacid, thereby preventing

enzymatic activation [93–95]. O-GlcNAc might also alter

the function of vascular tissue by modulating the levels of

proteins such as PAI-1 and TGF-a/b [96–101]. Thus, these

data suggest a more complicated model for the glucose

induced changes in intracellular pathways, where O-GlcN-

acylation level may have not only a traditional role in

energy metabolism but also serve as a downstream effector

produced by glucose directly involved in regulating nuclear

and cytoplasmic molecular activities.

In conclusion, although elevated levels of glucose may

cause most vascular diabetic complication directly, our

current knowledge about the molecular mechanisms of

gene regulation by glucose in vascular cells is incomplete

and controversial. As our understanding of the mechanisms

of vascular complications associated with type II diabetes,
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it is becoming clear that rather than merely scavenging

reactive radicals, a more comprehensive approach aimed at

preventing both the generation of these reactive species

and/or inhibition of enzymatic intracellular O-GlcN-acyl-

ation mechanisms may prove more beneficial.

Regulation of vascular NOS levels and activity

by glucose

Although it has been demonstrated that diabetes is asso-

ciated with endothelial dysfunction and it is known

that endothelial-dependent vasodilation is significantly

impaired in diabetic patients [102–104], whether and in

which way elevated glucose levels might affect NO syn-

thesis and bioavailability is still a matter of controversy [6,

104, 105]. The impaired endothelium-mediated vasodila-

tion observed in diabetic patients might suggest a deficit in

NO synthesis in these subjects. Federici et al. [94] observed

a blunted increase in eNOS activity in response to insulin

in human artery endothelial cells cultured in elevated

glucose concentrations and Du et al. [93] have reported that

elevated glucose concentrations induce a decrease in eNOS

activity in bovine aortic endothelial cells. However, these

observations are at odds with the results of several studies

demonstrating that elevated glucose concentrations in vitro

are capable of up-regulating eNOS gene and protein

expression to stimulate NO production in both animal [103,

106] and human [107, 108] cells. It should be pointed out,

however, that increased NO synthesis does not necessarily

correspond to increased NO availability. For example,

there is substantial evidence that under several conditions

associated with accelerated atherosclerosis, such as

hypertension, hypercholesterolemia, smoking, etc., NO

production is not impaired, but NO bioavailability is

reduced because of oxidative inactivation by excessive

production of the superoxide anion in the vascular wall

[109]. In the presence of high glucose concentrations,

superoxide anion generation is increased and this leads to a

pro-oxidant environment. Thus, it is conceivable that in the

presence of a pro-oxidant environment brought about by

hyperglycemia, NO and O2
– react very rapidly to form

peroxynitrite (ONOO–): this might also be consistent with

the impaired endothelial function observed in diabetes

[107, 109]. Moreover, synthesis of ONOO– has been con-

sidered as a channeling mechanism that diverts NO from

physiological target to pathophysiological targets. Indeed,

it has been reported that NO inhibits NF-kB activation in

vascular cells, including human endothelial cells [110] and

rodent vSMC [111]. Paradoxically, NO has also been

reported to trigger NF-kB activation in various situations

[112]. There are several explanations for this apparent

conflicting action of NO, as noted above, co-synthesis of

O2
– in the inflammatory environment effectively channels

NO to production of ONOO–, potentially leading to NF-kB

activation in vascular cells. Moreover, Du et al. [113]

Fig. 3 Schematic overview of

high glucose intracellular

effects. Please see text for

details. ROS indicates reactive

oxygen species; PARP Poly

ADP-Ribose Polymerase;

GAPDH glyceraldehyde-3-

phosphate dehydrogenase; PKC
protein kinase C; AGEs
advanced glycation product;

NF-kB nuclear factor-kB; IRS-1
insulin receptor substrate-1;

GSK-3b glycogen synthase

kinase-3beta kinase; PI3-K
phosphatidylinositol 3-kinase;

eNOS endothelial nitric oxide

synthase; HSP70 heat shock

protein 70; VCAM-1 vascular

cell adhesion molecule-1;

ICAM-1 intercellular adhesion

molecule-1; CREB CRE-

binding protein; Egr-1 early

growth response gene-1; PAI-1
plasminogen activator inhibitor-

1; TGF-b transforming growth

factor- b; ET-1 endothelin-1
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suggests that peroxynitrite is a mediator by NF-kB acti-

vation of cytotoxic effects of high glucose on endothelial

cells.

Our recent data obtained in HUVEC cultured from

umbilical cords from gestational diabetic (GD) women

[20], and thus exposed to chronic hyperglycemia in vivo,

lend further support to this hypothesis: indeed, in this

cellular model, Sobrevia et al. showed an increased basal

NO synthesis which was maintained in cells cultured for up

to five passages in vitro [114, 115] most likely via

increased eNOS expression [116].

Furthermore, although endothelial cells are by far the

main site of vascular NO synthesis, vSMC do express NOS

isoforms and NO synthesis in vSMC might be important in

vessel’s function [15, 117, 118]. However, though prolif-

erative modification of vSMC and impaired bioavailability

of NO have both been proposed among the mechanisms

linking diabetes and atherosclerosis, diabetes induced

modifications in phenotype and eNOS expression and

activity in vSMC have not been fully characterized [21,

103, 119, 120].

The loss of vascular homeostasis is also characterized by

migration and proliferation of vascular smooth muscle cells

(vSMC) and, in the arterial intima, they are key events in

the development of atherosclerosis [121]. Thus, alterations

in vSMC behaviour and characteristics might contribute to

vascular pathology in diabetes. At least two distinct vSMC

phenotypes are present in the vessel wall [122–124], the so

called contractile or differentiated vSMC phenotype, which

is more abundant in healthy blood vessels, and a non-

contractile or ‘‘synthetic’’ phenotype, particularly repre-

sented in areas of intense vascular remodeling such as the

initial intimal atherosclerotic lesions [125–127]. In vSMC

with the latter phenotype, the so called dedifferentiated

vSMC, expression of proteins regulating contractile func-

tion (e.g., smooth muscle-specific isoform of myosin,

alpha-actin and calponin), is decreased, while the capacity

of generating extracellular matrix is increased [128, 129].

The process by which vSMC undergo a change from a

quiescent state to an activated proliferative and migratory

phenotype [128] is termed phenotypic modulation; it is the

hallmark of atherosclerosis [121, 130] and might be

enhanced in diabetes [131–133]. Indeed Suzuki et al. [134]

have shown increased vSMC accumulation in atheroscle-

rotic lesions of diabetic pigs fed a cholesterol-rich diet and

abnormal cell morphology has been observed in culture of

vSMC obtained from vessels of diabetic patients with

severe atherosclerosis [135].

In vSMC, altered phenotypic modulation might also

involve alterations in the nitrergic systems [136, 137]. As a

matter of fact, several studies have reported impaired NO

synthesis and/or action in diabetes and endothelial dys-

function is often thought to be present in this disease [6,

138, 139]. In in vitro systems mimicking diabetic milieu,

decreased NO availability has been consistently observed

in endothelial cell cultures [108, 140–143], although sev-

eral conflicting mechanisms have been proposed to explain

this reduced NO availability [102, 144].

For these reasons, we recently compared phenotypic

characteristics, eNOS expression and activity and NO

bioavailability in aortic smooth muscle cells from diabetic

and non-diabetic rats. The results showed that diabetes is

associated with modifications in vSMC phenotype and that

these changes are associated with both increased eNOS

expression/activity and greater basal superoxide anion

release. On the other hand, NO bioavailability, as indirectly

shown by lower intracellular cGMP levels, was reduced in

cells from diabetic animals [21].

It is interesting to note that, in agreement with the

observations by Etienne et al. [145], in vSMC obtained

from diabetic rats (which were 90% pancreatectomized),

we observed a phenotypic modulation process character-

ized by a decreased smooth muscle alpha-actin content:

this indicates that vSMC from diabetic animals tend to

switch from a contractile to a synthetic phenotype. These

findings are consistent with those reported by Faries et al.

[135], who, in vSMC cultures from diabetic patients ves-

sels, observed a significant increase in cellular adhesion,

migration and proliferation rate and an atypical culture

morphology, suggestive of altered contact inhibition

mechanisms. Furthermore, it appears that, in cultures from

diabetic animals, proliferative potential is significantly

increased.

The possible mechanism(s) responsible for the pheno-

typic modifications and increased eNOS expression

observed in vSMC from diabetic animals were not

addressed by our study. However, Watson et al. [133] have

recently reported that, in rat aortic SMC, high glucose

levels can reduce cAMP response element-binding protein

(CREB) content. This seems to be mediated by glucose-

induced reactive oxygen species [146], and it might be

relevant for phenotype modulation, since cyclic nucleotides

have an important role in maintaining the mature con-

tractile phenotype in vSMC [124]. Indeed, it appears that,

in vSMC, a close relationship exists between phenotype

and redox state. Thus, on one side, it has been suggested

that dedifferentiated SMC have a greater capacity to pro-

duce O2
– by NAD(P)H oxidase [136] and, on the other side,

there is evidence that NAD(P)H oxidase activity causes

cellular transformation toward a more proliferative and

migratory phenotype [137, 147].

Intracellular redox state is likely to be involved in the

regulation of many cellular functions in vSMC, and it has

been proposed that redox state might also affect NO syn-

thesis and bioavailability [148]. vSMC are capable of NO

synthesis and it is known that vSMC express iNOS, the
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NOS isoform inducible by inflammatory and atherogenic

stimuli [117]. However, although diabetes mellitus repre-

sents a pro-atherogenic condition and it is associated with

increased levels of inflammation markers [149], in vivo or

in vitro evidence supporting increased vSMC iNOS

expression in diabetes is so far very scant [150, 151]. On

the other hand, our data show that rat vSMC do express the

eNOS constitutively and that the enzyme is active in these

cells. These data are in keeping with those obtained by

Boulanger et al., who showed expression of both endo-

thelial and neuronal NOS in human vSMC [152].

Our study also demonstrates that diabetes can affect

eNOS expression and activity in rat vSMC. As a matter of

fact, we observed increased eNOS mRNA levels and

increased total NOS activity in vSMC from diabetic rats.

As far as increased eNOS expression is concerned, our data

are consistent with those reported by several groups,

showing increased eNOS protein content in the aortic wall

of diabetic rats [15, 103, 119]. In particular, Cai et al. [154]

have recently demonstrated that, although total eNOS

levels were increased, in diabetic mouse aortas NO levels

were significantly decreased. Since the authors also dem-

onstrated increased superoxide production in association

with reductions in tetrahydrobiopterin, all together these

data suggest that exposure to a diabetic milieu in vivo may

results in greater vascular wall eNOS expression and

reduced NO bioavailability (Fig. 4).

Consistent with this idea, when we measured intracel-

lular cGMP levels in our system, we found them decreased

in cells from diabetic animals. This suggests that, in spite

of increased NO synthesis, NO availability was not

increased in cells from diabetic animals.

Increased oxidative stress may play a role in reduced

NO availability in diabetic rats (DR) vSMC: therefore, we

evaluated O2
– production by both cell strains. As schemat-

ically represented in Fig. 4, we observed that basal O2
–

release was greater in vSMC from diabetic as compared to

control rats. It is, therefore, likely that in vSMC from

diabetic animals a greater amount of NO was readily

converted into peroxynitrite (ONOO–). Indeed, it has been

suggested [109] that, in pro-oxidant conditions, a great

amount of NO is rapidly converted into peroxynitrite and

thus it is not available anymore to be released into the peri-

cellular environment. In our experiments, vascular SMC

from diabetic rats, as compared to vSMC from control rats,

exhibited a less differentiated phenotype which has been

associated with alteration of the redox state [136]. It is

therefore conceivable that, in vSMC from diabetic rats,

increased eNOS expression and activity indeed resulted in

greater NO production, but that, due to a pro-oxidant intra-

cellular status, a large portion of this NO was converted

into peroxynitrite and was therefore unavailable for con-

version into nitrate/nitrite and for guanylyl cyclase

stimulation. Indeed, the probable increased generation of

ONOO– in vSMC from diabetic rats could not compensate

for the reduced NO bioavailability, since ONOO– is a much

less potent activator of guanylyl cyclase than NO [155].

Our data are in keeping with those obtained by Etienne

et al. [156], who showed a lower basal cGMP content in

diabetic rats than in control rats vSMC [156]. If this were

to be the case, the conversion of NO into peroxynitrite

could be even greater in vivo, where the presence of

hyperglycemia would further increase the generation of

ROS in the intra- and extra-cellular environment.

In summary, it is possible hypothesized that in cells

directly involved in atherosclerotic plaques formation and

development like aortic SMC, chronic hyperglycemia

might induce cellular dedifferentiation which persists in

culture and which is associated with increased eNOS

expression and activity. Since, however, chronic hyper-

glycemia was not associated with increased NO

bioavailabilty, it is tempting to speculate that the observed

dedifferentiation is also associated with a redox imbalance

responsible for NO quenching and/or trapping. In conclu-

sion, since the demonstration of an association between

cellular dedifferentiation and altered NO synthetic path-

ways in cell strains explanted from diabetic animals may

provides new insight on the mechanisms responsible for

accelerated atherosclerosis in diabetes, the information

about vascular NOSs localization, expression and dys-

function in diabetes and high glucose conditions is

contradictory and more studies are clearly needed.

Fig. 4 Schematic and

simplified representation of

glucose modified nitric oxide

bioavailability and vascular

smooth muscle cells behaviour.

Please see text for details.

ENOS indicates endothelial

nitric oxide synthase; NO nitric

oxide; ONOO– peroxynitrates;

O2
– superoxide anion
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Conclusions

In conclusion, a large body of literature supports that in

vivo, chronic hyperglicemia, via several glucose impaired

intracellular pathways, may lead to endothelial dysfunction

and accelerated atherosclerosis in diabetes. This lends sup-

port to the concept that glycemic control remains the major

intervention to prevent vascular complication in diabetes.

Interestingly, recent evidences indicate the role of die-

tary factors (in particular of high dietary glycemic load) in

the development of endothelial dysfunction, characterized

by increased levels of plasma concentration of inflamma-

tory cytokines and endothelial adhesion molecules [9].

Since endothelial dysfunction is an early step in the

development of atherosclerosis, the recent study by Lopez-

Garcia et al. suggests a role of dietary patterns in the

pathogenesis of cardiovascular disease. Furthermore,

insulin resistance syndrome and obesity are closely linked

to atherosclerosis and may enhance the inflammatory pro-

cess present in all stages of atherosclerosis [157].

Hyperglycemia associated with insulin resistance can lead

to modification of macromolecules as advanced glycation

end products (AGEs) that bind surface receptors, which, in

turn, may augment the production of proinflammatory

cytokines in vascular endothelial cells. Within the vessel

wall, collagen-linked AGEs may ‘‘trap’’ plasma proteins,

quench NO activity and interact with specific receptors to

modulate a large number of cellular properties [158].

Actually, little data are available to evaluate the dietary

predictors for the markers of systemic inflammation and

endothelial dysfunction in patients with type 2 diabetes.

In addition, although dietary fibre intake was recently

associated with serum inflammatory markers in the general

population [159, 160], little is known about the effect of

fibre intake on inflammatory markers among diabetic

patients [161]. Because of the few number and the obser-

vational nature of these studies, further clinical trials are

needed to test the potential benefits of these dietary factors

among patients with type 2 diabetes.
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Häring H, Schleicher ED (2004) Palmitate, but not unsaturated

fatty acids, induces the expression of interleukin-6 in human

myotubes through proteasome-dependent activation of nuclear

factor-kappaB. J Biol Chem 279:23942–23952

102. Graier WF, Wascher TC, Lackner L, Toplak H, Krejs GJ, Ku-

kovetz WR (1993) Exposure to elevated D-glucose

concentrations modulates vascular endothelial cell vasodilata-

tory response. Diabetes 42:1497–1505

103. Oyadomari S, Gotoh T, Aoyagi K, Araki E, Shichiri M, Mori M

(2001) Coinduction of endothelial nitric oxide synthase and

arginine recycling enzymes in aorta of diabetic rats. Nitric

Oxide Biol Chem 5:252–260

104. Williams SB, Goldfine AB, Timimi FK, Ting HH, Roddy MA,

Simonson DC, Creager MA (1998) Acute hyperglycemia

attenuates endothelium-dependent vasodilation in humans in

vivo. Circulation 97:1695–1701

105. Brodsky SV, Morrishow AM, Dharia N, Gross SS, Goligorsky

MS (2001) Glucose scavenging of nitric oxide. Am J Physiol

Renal Physiol 280:F480–F486

106. Graier WF, Posch K, Fleischhacker E, Wascher TC, Kostner

GM (1999) Increased superoxide anion formation in endothelial

cells during hyperglycemia: an adaptive response or initial step

of vascular dysfunction? Diabetes Res Clin Pract 45:153–160

107. Cosentino F, Eto M, De Polis P, van der Loo B, Bachschmid M,

Ullrich V, Kouroedov A, Delli Gatti C, Joch H, Volpe M,
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