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Abstract
Vascular dysfunction associated with Type 2 diabetes is initially manifested in the pre-diabetic
condition and continuously expressed as this complex disease progresses to include other
cardiovascular complications that collectively increase patient risk to morbidity and mortality. Many
factors are known to affect vascular function and this review focuses on the role of adipokines and
obesity in this process. Growing evidence suggests that adipose-derived adipokines, such as
cytokines, chemokines and hormones, plays a significant role in the regulation of vascular function.
Inhibition of vascular reactive oxygen species (ROS) formation and lowering plasma free fatty acid
level are all potential therapeutic targets for type 2 diabetes-induced vascular dysfunction. Bariatric
surgery is a relatively new and more aggressive treatment for the morbidly obese patient that also
results in an instant and obvious improvement of vascular function through as yet unexplained
mechanisms. These therapies show great promise for the prevention and cure of diabetes-induced
vascular dysfunction.
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Introduction
American Diabetes Association reported in 2007 that diabetes was the 6th leading cause of
death in the United States and 26 million people currently had been diagnosed with this disease.
Type 2 diabetes is generally present with other metabolic cardiovascular risk factors including
dyslipidemia, hypertension, and visceral obesity and is closely related to various cardiovascular
disorders [1]. Multiple factors may be involved in type 2 diabetes-induced vascular dysfunction
and identifying the therapeutic targets for impaired vascular function is critical in the
management of diabetes-related cardiovascular disease. Dysregulation of adipokine
expression, overproduction of reactive oxygen species (ROS) and dyslipidemia contribute to
the development of vascular dysfunction in diabetes and are demonstrated to be effective
therapeutic targets in diabetes-related vascular complications [2–4]. Bariatric surgery has also
been reported to improve vascular function in morbidly obese and type 2 diabetic patients
[5]. The present review summarizes the central mechanisms involved in vascular dysfunction
in type 2 diabetes and suggests possible strategies to prevent and cure diabetes-associated
vascular diseases.
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1. Role of adipokines in vascular dysfunction
The increased prevalence of obesity and obesity-related cardiovascular risk factors are closely
associated with the rising incidence of cardiovascular diseases and type 2 diabetes [6]. The
classical perception of adipose tissue as a passive repository for fatty acids has been replaced
by the notion that adipose tissue serves as a highly active metabolic and endocrine organ by
regulating lipid and glucose metabolism and producing a large number of cytokines (eg. tumor
necrosis factor-α (TNF-α) and Interleukin (IL)-6 (IL-6)), chemokines (eg. IL-8 and monocyte
chemoattractant protein-1 (MCP-1)) and hormones (eg. leptin and adiponectin) [2]. Obesity
and diabetes-related vascular dysfunction and insulin resistance may well be caused by altered
signaling from adipose tissue to blood vessels, as adipokines produced by adipose tissue may
affect vascular function and insulin sensitivity [7,8]. Central adiposity, particularly a greater
amount of intra-abdominal or visceral fat, is proposed to contribute to chronic subclinical
inflammation, which is linked to vascular dysfunction and atherosclerosis [9]. An important
mechanism in the regulation of inflammation by perivascular adipose is macrophage
infiltration [8]. Clinical studies suggest that abdominal adipose macrophage infiltration is
associated with systemic arterial dysfunction and insulin resistance in obese subjects [10].
Hormones (leptin, adiponectin) mainly produced by adipocytes also actively participate in the
regulation of vascular function and insulin sensitivity [11]. Thus, adipose-derived adipokines
may play an endocrine, paracrine/autocrine role in regulating vascular function and insulin
sensitivity in diabetes.

In the context of the worldwide increase of obesity and its cardiovascular and metabolic
complications, perivascular adipose tissue presents an exciting new field of research for
obesity-related vascular disease and type 2 diabetes. Future research is needed to 1) identify
the novel adipokines that potentially contribute to the pathogenesis of obesity and diabetes, 2)
elucidate the paracrine/autocrine role of adipokines in affecting vascular function, 3) assess
the effects of life style management (such as calorie restriction and exercise), diet supplement
and pharmacological intervention on body weight, adiposity and adipokine expression profile,
and, 4) provide direct evidence that the modulation of adverse adipokine expression pattern
leads to the improvement of vascular function in diabetic patients. Results from these studies
will improve understanding of the physiological function and therapeutic potential of
perivascular adipose-derived adipokines in the vascular dysfunction of type 2 diabetes.

2. Role of ROS in vascular dysfunction
Hyperglycemia impairs not only glucose homeostasis in the various tissues but also vascular
function [12]. Increased ROS in type 2 diabetes plays a key role in the pathogenesis of
cardiovascular disease, and the enhanced production of superoxideanion (O.−

2) radicals in type
2 diabetes results in impaired vascular function through the endothelial and vascular smooth
muscle cell. Among multiple intracellular sources for O.−

2 radicals (eg, mitochondria, xanthine
oxidase, NAD(P)H oxidase, etc), NAD(P)H oxidase is the major source of O.−

2 radicals in the
vasculature [3,13,14] and is involved in the endothelial dysfunction in type 2 diabetes [13,
15,16]. Another important contributor to vascular ROS generation is uncoupled endothelial
nitric oxide synthase (eNOS). In the absence of either L-Arginine or tetrahydrobiopterin
(BH4), eNOS is unable to transfer electrons to L-Arginine and this electron reacts with oxygen
to form an O.−

2 radical [3]. The principal mechanism for O.−
2 radicals-mediated endothelial

dysfunction is the decreased bioavailability of nitric oxide (NO) through forming peroxynitrite
anion (ONOO−) [17]. ONOO− can produce further oxidativedamage to cells because of its
inherent potency and stability [3,13]. Our lab recently reported that the increased signaling of
TNF-α and/or advanced glycation end products (AGE)/receptor for AGE (RAGE) (AGE/
RAGE) in type 2 diabetes induces endothelial dysfunction through enhanced production of
O2

.− radicals, which causes an increased formation of ONOO− in coronary arterioles. ROS-
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induced vascular dysfunction can be ameliorated by treatment of the specific targets. The
neutralizing antibody to TNF-α and soluble RAGE restored endothelial function in type 2
diabetic mice by reducing superoxide production and NAD(P)H oxidase activation in coronary
microcirculation. Moreover, direct inhibition of NAD(P)H oxidase (source of O.−

2 radicals)
with apocynin, and/or treatment of O.−

2 radicals scavenger, TEMPOL, restores the impaired
endothelium-dependent vasodilation in diabetic mice coronary microcirculation [13,16].
Therefore, TNF-α and/or AGE/RAGE may be novel therapeutic targets for diabetes associated
vascular dysfunction in coronary microcirculation [13,18].

3. Role of dyslipidemia in vascular dysfunction
Elevated plasma free fatty acid level is an independent risk factor for cardiovascular disease
in diabetic patients. Endothelial dysfunction could be induced by a direct 4-day lipid infusion
in volunteers, which elevated plasma free fatty acids to the levels observed in the metabolic
syndrome. This effect was observed in both lean non-diabetic insulin-resistant subjects and
healthy volunteers, and independent of insulin-sensitivity [4]. Different types of free fatty acids
have differential effects on endothelial function. A higher percentage of serum polyunsaturated
fatty acids was associated with better vascular function in type 2 diabetic patients, while
saturated fatty acids showed a negative correlation with endothelial function [19]. Similarly,
high-fat meals can impair endothelial function within 3~4 hour, while replacement of
unsaturated fatty acids with the saturated fatty acids has protective effects on postprandial
endothelial dysfunction [20]. Interestingly, endothelial function is preserved in patients with
severe hypertriglyceridemia and low functional lipoprotein lipase (LPL) activity, suggesting
that triacylglycerol hydrolysis by LPL and release of fatty acids might be critical to postprandial
lipaemia induced vascular dysfunction [21,22]. In agreement with this observation,
Shimabukuro et al. demonstrated that postprandial endothelial dysfunction was correlated with
increased plasma free fatty acid level but not other parameters, such as triacylglycerol, insulin,
glucose, total cholesterol, HDL cholesterol, and adiponectin [23]. Increased plasma free fatty
acid level results in intracellular accumulation of diacylglycerol (also known as a potent protein
kinase C (PKC) activator) by esterification of free fatty acids, and subsequent PKC activation
[24]. Elevated diacylglycerol level and PKC (especially, but not exclusively, PKC-βII isoform)
activity in endothelial cells can inhibit Akt phosphorylation induced by insulin or vascular
endothelial growth factor (VEGF) and subsequent eNOS expression [25]. PKCβ isoform-
selective inhibitor, ruboxistaurin, showed a reduced toxicity compared with general PKC
inhibitors, and have therapeutic potential for diabetic microvascular disease and, in particular,
diabetic retinopathy [26]. Free fatty acids can also directly affect endothelial function by
increasing reactive ROS production and reducing nitric oxide bioavailability within 15
minutes. Interestingly, polyunsaturated fatty acid, generally regarded as a “good” fatty acid,
can inhibit endothelial dependent relaxation as well, although to a lesser extent compared with
the saturated fatty acids [27]. Collectively, since plasma free fatty acid level is closely
correlated with endothelial dysfunction in diabetic patients, dietary control of fat intake is very
important in the management of diabetes-induced vascular complication. Although there is
abundant evidence suggesting the protective effects of unsaturated fatty acid on vascular
dysfunction in contrast to saturated fat, high levels of unsaturated fatty acid also have the
potential to induce endothelial dysfunction.

4. Role of body weight control in vascular dysfunction
Several methods have been introduced for treating obese and type 2 diabetic patients such as
diet, exercise, behavior modification, liposuction and medication [14,28,29]. There is, as yet,
no consensus as to which method is the best for managing body weight and blood glucose level
in type 2 diabetes. Exercise and diets have shown beneficial effects on body weight and as
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therapies for diabetes and vascular dysfunction; however, liposuction has not shown positive
effects on the latter [29].

Recently, bariatric surgery was introduced as a newer and more aggressive treatment for the
morbidly obese and diabetic patient; treatment dramatically improved type 2 diabetic
conditions, resulting in normal blood glucose and allowed stoppage of diabetes-related
medicine [30–32]. More importantly, endothelium-dependent vasodilation function is
enhanced after gastric bypass surgery in morbidly obese patients with type 2 diabetes. Flow-
mediated dilation of brachial artery [5] and bradykinin-mediated venodilation [33] are
improved after surgery. However, the mechanism by which gastric bypass surgery improves
endothelial function in morbidly obese and diabetic patients has not been clearly elucidated
yet. Vazquez et al. suggested that an improved endothelial function after surgery was mainly
due to alterations of NO production and eNOS activity [33]. This suggestion can be supported
by the studies investigating the role of ghrelin in vascular function in the morbidly obese
patients. Ghrelin level is lower in the individuals with obesity-associated metabolic syndrome,
including obesity and type 2 diabetes, [34,35] but gastric bypass surgery significantly increases
the ghrelin level in the severely obese individuals [36,37]. Ghrelin improves endothelial
function in metabolic syndrome through increased eNOS expression and activity [34,38]
suggesting increased level of ghrelin after bariatric surgery may play a key role in improving
endothelial function. However, no direct evidence has been presented yet; addressing
mechanisms for how bariatric surgery ameliorates vascular dysfunction in obese and diabetic
patients may provide promising therapeutic targets for type 2 diabetes-induced vascular
dysfunction.

Concluding Remarks
Most investigations to elucidate therapeutic targets for the management of type 2 diabetes have
focused on how to control insulin sensitivity and maintain glucose homeostasis. The present
review identifies direct molecular targets for the treatment of type 2 diabetes and suggests they
should be included in the quest to prevent and cure diabetes-induced vascular dysfunction. The
therapeutic targets proposed in the review are based on in vivo and in vitro studies and, thus,
the physiological relevance of these ideas is confirmed. We believe this work will lead to new
therapies for treating this insidious disease.
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Figure 1.
Schematic flow of obesity and type 2 diabetes-induced vascular dysfunction. Type 2 diabetes
results in vascular dysfunction through the increase in 1) adiposity (blue), 2) NAPDH oxidase-
induced ROS production in vasculature (green), and 3) hyperglyceridemia (yellow). Increased
adiposity in obesity and type 2 diabetes is associated with adverse expression pattern of various
adipose-derived hormones, inflammatiory cytokines and chemokines, and enhanced adipose
inflammatory cell infiltration. Enhanced O.−

2 radical production through TNF-α and AGE/
RAGE signaling reduces NO bioavailability and results in impairment of vascular function.
Diverse processes induced by hypertriglyceridemia lead to the generation of endothelial
dysfunction and the onset of vascular diseases via decreased bioavailability of NO.
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