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Abstract
Large epidemiologic studies have established that diabetes, hyperlipidemia and obesity all increase
the risk for cardiovascular disease. However, the precise mechanisms by which these metabolic
disorders increase the propensity to develop atherosclerosis are not known. Recently, the concept of
the metabolic syndrome – a constellation of conditions including obesity, hypertension,
hyperlipidemia and insulin resistance – has received much attention. Studies on the metabolic
syndrome might enable a better understanding of the underlying biological mechanisms that lead to
cardiovascular disease. This review focuses on endothelial nitric oxide synthase and summarizes
evidence that a reduction in the bioavailability of endothelium-derived nitric oxide serves as a key
link between metabolic disorders and cardiovascular risk.

Why is metabolic syndrome important to cardiovascular disease?
The metabolic syndrome is a clustering of known cardiovascular risk factors, including obesity,
hyperglycemia, dyslipidemia and hypertension. Although it had been known for many years
that each of the component features of metabolic syndrome is also a cardiovascular risk factor,
this concept received renewed interest with the description of ‘Syndrome X’ by Gerald Reaven
at the 1988 Banting Lecture of the American Diabetes Association [1]. The concept of the
metabolic syndrome has several important consequences. First, when applied to clinical
settings, it identifies a group of patients at increased risk of developing type 2 diabetes (T2D)
and cardiovascular disease (CVD). Depending on the definition used, people with metabolic
syndrome have up to a fivefold higher risk of T2D and a two-to-threefold higher risk of
atherosclerotic CVD than those without [2,3]. Second, the fact that the individual component
features cluster together provides information about their interrelationships and shared
pathophysiologic mechanisms. An active area of investigation is the molecular mechanisms
by which cardiovascular disease risk is increased by metabolic syndrome and whether new
treatment approaches can be developed to target these mechanisms. This review explores the
relationships between metabolic syndrome, endothelial dysfunction and endothelial nitric
oxide synthase (eNOS).

The concept of the metabolic syndrome
The National Cholesterol Education Program (NCEP) Adult Treatment Panel III (ATPIII)’s
definition of metabolic syndrome was developed in 2001 [4] and revised in 2005 [3] (Table
1). This definition states that metabolic syndrome is present if any three of five criteria are met:
obesity (waist circumference of more than 40 inches for men or 35 inches for women),
hypertension (over 135 systolic or over 85 diastolic), fasting hypertriglyceridemia (over 150
mg/dl), low high-density lipoprotein (HDL) cholesterol (less than 40 in men or 50 in women)
and fasting hyperglycemia (currently, glucose over 100 mg/dl). Being on medication for these
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conditions (for example, anti-hypertensives or fibrates) also meets these criteria. These criteria
were selected because they are readily apparent from physical examination and/or commonly
obtained laboratory tests. Thus, the NCEP ATPIII criteria are easily applied in patient care
settings and large epidemiologic studies. Two additional features thought to play a part in the
pathophysiology of the metabolic syndrome are hypercoagulability and systemic inflammation
[5,6].

The NCEP ATPIII criteria are similar to the other major definitions of metabolic syndrome
(Table 1), including those from the World Health Organization (WHO) [7], the European
Group for the Study of Insulin Resistance (EGIR) [8] and the International Diabetes Federation
(IDF) [9]. Common features of all of these definitions include glucose intolerance or insulin
resistance, obesity, hypertension and dyslipidemia. However, several important points deserve
mention [10,11]. First, the specific absolute criteria are particular for each population;
standards for waist circumference, for example, are different for diverse ethnic groups and
nationalities. Second, the various definitions differ by how they are structured. The NCEP
ATPIII definition requires any three of the five defining characteristics, but no single one is
absolutely required. By contrast, the WHO and EGIR definitions require the presence of
diabetes, impaired glucose tolerance or insulin resistance for the diagnosis of metabolic
syndrome, and the IDF definition requires central obesity. These differences probably reflect
the components each organization considers as the primary and central causes of the overall
clustering of the component risks. Third, the more complicated definitions might involve tests
and measurements not routinely used in patient care, such as euglycemic clamp measurements,
limiting their widespread application. Finally, the utility of the syndrome depends on whether
its purpose is to identify patients at increased risk of T2D or coronary disease.

Despite these differences in definition and controversy about the utility of the concept [10–
13], the clustering of defining characteristics in metabolic syndrome indicates that these
individual characteristics – central obesity, insulin resistance, hypertension and dyslipidemia
– are not independent of one another and are probably interrelated in many complex ways. One
framework holds that obesity, particularly visceral or central obesity, is the primary
abnormality [7,8]. Visceral obesity might lead to insulin resistance and T2D, and adipokines
secreted by visceral fat can have vascular consequences that increase CVD risk [14]. Another
framework holds that insulin resistance is the primary abnormality and results in metabolic
derangements that lead to hypertension, dyslipidemia and an increased risk of CVD [9]. The
connections between either obesity or insulin resistance and the actual mechanisms of increased
atherogenesis involve effects on the vascular endothelium.

Endothelial dysfunction and eNOS
The endothelium comprises the inner lining of blood vessels. In contrast to the earlier viewpoint
that the function of the endothelial lining of vessels is to serve as a mechanical barrier, we now
know that the endothelium also senses and responds to physiologic and pathologic stimuli
[15,16]. It produces vasoactive substances, including nitric oxide (NO), prostacyclin and
endothelins. The expression of surface cell adhesion molecules governs interactions with
circulating cells; these are leukocytes and monocytes, affecting inflammation, and platelets,
ultimately affecting thrombosis. The endothelium also modulates the proliferation and injury
response of the vascular smooth muscle layer, which contributes to neointima formation during
the development of atherosclerotic plaques. These roles of the endothelium parallel current
concepts about the pathogenesis of atherogenesis [17,18], which involve abnormalities in
vascular signaling, oxidative stress, inflammatory cells and thrombosis. Normal endothelial
function protects against these processes, and endothelial dysfunction is central to the
pathogenesis of atherosclerotic lesion development.
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NO is a gas produced by nitric oxide synthase (NOS) enzymes [19,20]. There are three major
isoforms of NOS, encoded by separate genes on separate chromosomes (Table 2): neuronal
NOS (nNOS), or type 1 NOS; inducible NOS (iNOS), or type 2 NOS; and eNOS, or type 3
NOS. The essential role of NO as the elusive endothelium-derived relaxing factor (EDRF) was
the topic of the 1998 Nobel Prize in Physiology or Medicine [21,22]. eNOS-derived NO serves
important functions, including regulation of vascular tone and regional blood flow, suppression
of vascular smooth muscle cell proliferation, modulation of leukocyte–endothelial interactions
and modulation of thrombosis. These functions are confirmed by the phenotypes of eNOS-
knockout mice. eNOS gene deficiency results in hypertension [23], increased vascular smooth
muscle cell proliferation in response to vessel injury [24], increased leukocyte–endothelial
interactions [25], hypercoagulability [26] and increased diet-induced atherosclerosis [27,28].

A common feature of many cardiovascular risk factors (including hypertension, diabetes,
insulin resistance, obesity and hyperlipidemia) is endothelial dysfunction. Because the
endothelium normally protects against the processes involved in atherogenesis – namely,
smooth muscle cell proliferation, inflammation and thrombosis – endothelial dysfunction is an
important final common pathway by which these risk factors increase atherosclerosis.
Endothelial dysfunction, broadly defined, occurs when the endothelium fails to serve its normal
physiologic and protective mechanisms [29,30]. This might occur because the endothelium is
damaged or missing, as in the case of denuded endothelium in coronary arteries subjected to
angioplasty or percutaneous intervention. It might also occur as a result of metabolic toxins,
such as free fatty acids (FFAs) and inflammatory cytokines, including IL-6 and TNF-α.
Hyperglycemia, advanced glycation products and other metabolic abnormalities might alter
endothelial intracellular signaling pathways, such as the PI3K–Akt pathway. Finally, reactive
oxygen species (ROS), particularly superoxide, might scavenge vascular NO and prevent it
from inducing vascular smooth muscle relaxation [31–33].

Although it is difficult to assess all of the functions of the endothelium, one commonly used
surrogate endpoint for endothelial dysfunction is whether physiologic vasodilator responses
are intact [29,30]. Vascular dilation to mediators such as acetylcholine or increased blood flow
depends on NO produced by the endothelium [15,34–36]. In the catheterization laboratory,
this can be measured by monitoring the effect of intracoronary acetylcholine infusion. In the
clinical setting, it is reflected by flow-mediated dilation (FMD), measured by ultrasound
detection of the response of the brachial artery diameter to reflow after a period of vascular
occlusion by a blood pressure cuff [37]. Although each method measures responses in different
vascular beds, FMD correlates with the catheterization laboratory measurements of coronary
circulation responses [38]. Furthermore, FMD predicts future cardiovascular events [39]. Thus,
FMD is a commonly used method to assess endothelial function, and impaired FMD is taken
to reflect endothelial dysfunction. Overall, endothelial dysfunction is an important
pathophysiologic link between atherogenesis and many known cardiovascular risk factors such
as hypertension, obesity, diabetes and dyslipidemia.

There are multiple mechanisms for endothelial dysfunction [20,40], as shown in Figure 1. A
common feature of endothelial dysfunction is reduced bioavailability of NO in the vasculature.
Possible mechanisms for impaired NO availability include a reduction in eNOS mRNA or
protein expression levels [41]. However, studies in animal models and humans suggest that
diabetes and atherosclerosis are not necessarily associated with a decrease in the amount of
total eNOS [42,43]. L-arginine, the substrate for eNOS, can also be a limiting factor in tissues
[44]. An endogenous competitive inhibitor, asymmetric dimethylarginine (ADMA), might
reduce endothelial NO production even in the presence of adequate L-arginine levels [44]. This
is the basis for recommendations for arginine supplementation to enhance eNOS-derived NO
production. However, under certain conditions, increased eNOS enzymatic activity in the
setting of cofactor deficiency might be more harmful than beneficial [45]. eNOS requires
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enzymatic cofactors, including flavin adenine dinucleotide, flavin mononucleotide, nicotine
adenine dinucleotide hydrogen phosphate (NADPH), and tetrahydrobiopterin (BH4). BH4, the
synthesis of which is rate limited by guanosine 5′ triphosphate cyclohydrolase, is particularly
important because in its absence, electron transport through eNOS can become ‘uncoupled’,
resulting in superoxide anion generation [46]. For full enzymatic activity, eNOS requires
proper dimerization and intracellular localization to caveolae, mediated in part by protein-
protein interactions with caveolin and heat shock protein 90 (hsp90) [15,47]. eNOS is
phosphorylated at serine 1177 (S1177) by Akt kinase and other kinases [48–51], discussed in
detail below. Finally, NO produced by eNOS might be rapidly inactivated by reaction with
superoxide (O2−) to form peroxynitrite anion (OONO−) [52]. Superoxide can be formed by
NAD(P)H oxidase [53] or by uncoupled eNOS [46]. Thus, there are multiple mechanisms that
can lead to endothelial dysfunction. They are not mutually exclusive, and multiple mechanisms
can operate simultaneously. However, the common feature is a reduction in the amount of
bioavailable NO, which normally serves to protect the vessel from the molecular events that
lead to atherosclerosis.

Insulin signaling
Normal insulin signaling results in glucose uptake by skeletal muscle and fat, suppression of
hepatic gluconeogenesis, and vasodilation from increased eNOS enzymatic activity [32,33].
These effects are mediated by insulin binding to the insulin receptor, a ligand-activated tyrosine
kinase receptor. Binding and activation of the insulin receptor results in tyrosine
phosphorylation of insulin receptor substrates (IRS) and Shc, resulting in the activation of two
parallel pathways: the PI3 Kinase (PI3K)–Akt pathway and the Ras/Raf/MAP kinase pathway
(Figure 2). Phosphorylation of IRS-1 leads to activation of the PI3K–Akt pathway. Akt kinase
phosphorylates eNOS at S1177 and activates it, as discussed below. In skeletal muscles and
adipose tissue, Akt stimulates the expression of the glucose transporter GLUT4, resulting in
glucose uptake. Phosphorylation of Shc leads to activation of the Ras/Raf/MAP kinase
pathways, resulting in mitogenic effects, as well as increased endothelin 1 (ET-1) expression
[54,55].

Insulin resistance is defined as decreased sensitivity of peripheral tissues to insulin effects
[32,33]. Insulin resistance alters the balance between the two pathways to downstream insulin
signaling. Specifically, the PI3K–Akt pathway is altered in insulin resistance [56,57]. This
results in diminished eNOS activity, less NO generation and diminished insulin-mediated
vasodilation [32]. In the peripheral tissues, insulin resistance leads to decreased glucose uptake
in skeletal muscle and adipose tissues because of downregulation of GLUT4 translocation
[54,55]. By contrast, the Ras/Raf/MAP kinase pathway is generally preserved in insulin
resistance [32]. Thus, unopposed ET-1 production and mitogenic effects persist and contribute
to the vascular effects of insulin resistance.

The relationship between endothelial dysfunction and insulin resistance is complex, as shown
in Figure 3. Metabolic abnormalities seen in obesity, diabetes and metabolic syndrome include
insulin resistance and visceral adiposity. Both might cause endothelial dysfunction and, as a
result, lead to development of atherosclerosis [33,58,59]. Conversely, endothelial dysfunction,
specifically deficiency of endothelial NO, might lead to metabolic abnormalities, including
insulin resistance [31,60]. In addition, insulin resistance can cause atherogenic dyslipidemia
and contribute to visceral adiposity [32].

Oxidative stress and eNOS
Under conditions of oxidative stress, O2− production increases. O2− reacts with NO to form
OONO− in an extremely rapid reaction that is essentially diffusion limited [52]. Thus, O2−
scavenges NO and renders it unavailable to mediate its physiologic functions, including
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binding to soluble guanylate cyclase to stimulate vasodilation. In addition, OONO- can cause
direct oxidative damage, as well as tyrosine phosphorylation of endogenous proteins, affecting
their function [61].

Because uncoupled eNOS not only generates NO but also generates O2−, increasing eNOS
transcription, translation or activity does not guarantee improved endothelial function [47]. In
fact, as a potential source of O2−, uncoupled eNOS might actually worsen the situation as
compared with enzymatically inactive or absent eNOS. This is an important limitation to
transgenic or gene therapy approaches to increase vascular eNOS expression.

Effects on eNOS S1177 phosphorylation
eNOS is phosphorylated at various serine and threonine residues [20,62]. Of these potential
phosphorylation sites, S1177 seems to be a crucial regulator of its enzymatic activity. S1177
phosphorylation results in increased electron flux through the reductase domain and reduced
calmodulin dissociation. As a result, eNOS becomes more active and produces more NO, even
at resting levels of intracellular calcium [63].

There are several lines of evidence that indicate that eNOS S1177 phosphorylation is crucial
to the link between metabolism and vascular dysfunction. First, animal models of diabetes,
hypercholesterolemia and atherosclerosis, such as db/db mice and apoE-knockout mice, show
diminished eNOS phosphorylation [64,65]. Second, estrogens [66], statins [67], and
peroxisome proliferator activated receptors PPARα and PPARγ agonists [68,69] increase
eNOS S1177 phosphorylation. Third, vasculoprotective signaling molecules such as insulin,
IGF-1, vascular endothelial growth factor (VEGF), adiponectin and leptin [49,51,70–72] all
increase eNOS S1177 phosphorylation. Fourth, laminar shear stress and flow increase S1177
phosphorylation [48,50,73]. Thus, eNOS S1177 phosphorylation seems to be a crucial step in
regulating eNOS activity and an important target for intervention to treat endothelial
dysfunction [40].

In addition to Akt kinase [48–51], eNOS S1177 is known to be phosphorylated by several other
kinases, including AMP kinase [70], protein kinase A (PKA) and protein kinase G (PKG)
[74], and calmodulin-dependent kinase II (CaMKII) [75]. Shear stress, VEGF, insulin,
estrogens, statins and leptin stimulate eNOS S1177 phosphorylation by Akt kinase activation
[66,67,72,76]. By contrast, adiponectin and resistin modulate S1177 phosphorylation through
AMP kinase [70,77]. That diverse signaling pathways affect multiple kinases that converge to
modulate eNOS activity by S1177 phosphorylation suggests that this might be a common
integration point that underlies endothelial dysfunction from various causes (Figure 4).

Insulin resistance causes endothelial dysfunction by decreasing Akt kinase activity, resulting
in diminished eNOS phosphorylation and activity. Because eNOS S1177 phosphorylation is
required for the hemodynamic actions of insulin, its lack of phosphorylation results in
diminished blood flow to skeletal muscle, creating a vicious cycle [32]. In addition, insulin-
mediated ET-1 expression and mitogenic effects are not affected by insulin resistance [32],
further contributing to endothelial dysfunction.

Effects of adipokines and FFA from visceral fat
The primary metabolic abnormalities seen in metabolic syndrome lead to the accumulation of
visceral fat. White adipose tissue is known to play a part not only in energy storage but also in
the production of factors that affect other tissues, including the vasculature [14,78]. These
factors include resistin, IL-6 and TNF-α, which decrease eNOS S1177 phosphorylation,
resulting in diminished eNOS activity and less NO generation. In addition to blocking IRS-1
activation, TNF-α directly activates NADPH oxidase, increasing O2− generation, and

Huang Page 5

Trends Endocrinol Metab. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



stimulates lipolysis, resulting in more FFA release [79]. In visceral fat, leptin resistance also
increases the generation of ROS [80]. In contrast to these other adipokines, adiponectin is
protective against CVD [14,77], in that it stimulates eNOS S1177 phosphorylation by AMP
kinase to enhance physiologic endothelial function and NO production. Interestingly,
adiponectin levels are decreased in T2D, obesity and IR [58,59]. FFA production from visceral
fat is increased under conditions of insulin resistance. FFA contributes to endothelial
dysfunction by a combination of diminished PI3K–Akt signaling, increased ROS and increased
ET-1 production [32,58,59].

Endothelial dysfunction causes insulin resistance
In addition to the effects of obesity, insulin resistance and metabolic abnormalities on eNOS
and endothelial function, eNOS itself is required for intact insulin signaling [54,71,81]. Insulin-
mediated increases in eNOS activity and NO production lead to increased blood flow and
functional capillary recruitment to peripheral tissues [32]. This results in increased delivery of
insulin and glucose to skeletal muscle and fat, which contributes to insulin-mediated glucose
uptake. Thus, when endothelial dysfunction occurs and vascular redistribution effects of insulin
are blunted, there is a vicious cycle that results in further reduction in the metabolic effects of
insulin in peripheral tissues owing to decreased delivery of glucose and insulin to the tissues.

eNOS and mitochondrial function
An additional important link between eNOS and insulin resistance is the essential role of eNOS-
derived NO in mitochondrial biogenesis [82–85]. In many different cell types, including white
and brown adipocytes, NO donors or the exogenous expression of eNOS stimulates
mitochondrial biogenesis through a cyclic GMP-dependent mechanism [86]. A reduction in
bioavailability of eNOS-derived NO might result in abnormalities in energy homeostasis,
resulting in insufficient generation of energy from stored fat in white adipose tissue and
insufficient generation of heat (thermogenesis) from brown adipose tissue. Both of these effects
would lead to increased fat storage. Systemic treatment of mice with pharmacologic inhibitors
of eNOS results in defective adaptive thermogenesis. Furthermore, eNOS-knockout mice fail
to respond to cold exposure by thermogenesis, and their brown adipose tissue development
and function are defective [86]. eNOS-knockout mice also fail to show mitochondrial
biogenesis in response to exercise or caloric restriction [87]. Taken together, these results show
that reduction in bioavailable eNOS-derived NO might lead to abnormalities in energy
homeostasis and adipocyte differentiation that increase the risk for metabolic syndrome. In
fact, eNOS-knockout mice have been considered to be an important mouse model for the
metabolic syndrome [83] because they combine many of its defining features, including
hypertension, endothelial dysfunction, insulin resistance and obesity.

Directions for future research
Insulin resistance and visceral adiposity, two key features of the metabolic syndrome,
contribute to endothelial dysfunction by reducing endothelial NO bioavailability. The
mechanisms for these effects include alterations in PI3K–Akt signaling, resulting in diminished
eNOS phosphorylation at S1177, direct effects of adipokines and FFA on endothelial cell
function, and generation of ROS and scavenging of NO (Figure 3). In addition, endothelial
dysfunction itself affects insulin signaling and perpetuates a vicious cycle whereby reduction
in tissue perfusion and delivery of glucose and insulin causes further insulin resistance, leading
to continued effects on endothelial function. Endothelial dysfunction also leads to defects in
mitochondrial biogenesis, which contribute to insulin resistance and abnormal energy
homeostasis.
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An important unanswered question is whether intervention at any of these interrelated points
– insulin resistance, visceral adiposity or endothelial dysfunction – can effectively break this
cycle. For example, can interventions designed to increase insulin sensitivity at the peripheral
tissue level translate into decreased adiposity or improved endothelial function? Can
interventions designed specifically to improve endothelial function improve insulin
sensitivity? Can small molecules that increase eNOS S1177 phosphorylation reverse
endothelial dysfunction associated with diabetes, obesity or metabolic syndrome? Such small
molecules might act on the kinases that phosphorylate S1177 (Akt, AMPK, PKA, PKG and
CaMKII) or the phosphatases that mediate its dephosphorylation, which have not yet been well
characterized. In this regard, genetically altered mice carrying phosphomimetic or
unphosphorylatable mutations at eNOS S1177 might serve as useful tools to establish proof
of principle of eNOS phosphorylation as an effective drug target [88].

With pharmacologic or transgenic interventions designed to increase eNOS activity, it will be
important to assess possible effects on eNOS uncoupling because eNOS can serve not only as
a source for NO but also as a source for O2−. For future studies, it will be crucial to use
experimental models of human disease in intact animals that reflect these complexities of NO
signaling. Better yet, to the extent possible, examination of responses in patients will yield the
most clinically relevant and dependable information. Now that we understand the complex
relationships between insulin resistance, visceral adiposity and endothelial dysfunction, the
task before us is to translate this knowledge into effective treatments to reduce CVD, which is
the leading cause of morbidity and mortality from diabetes and related metabolic diseases.
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Figure 1.
Regulation of eNOS activity and mechanisms of endothelial dysfunction. The bioavailability
of NO produced by eNOS might be affected at multiple levels, including (i) eNOS mRNA or
protein expression; (ii) availability of L-arginine, its substrate, which might be competed by
ADMA; (iii) availability of its cofactors, including BH4, for which GTP cyclohydrolase
catalyzes the rate-limiting step; (iv) protein–protein interactions, for example with caveolin
(inhibitory; red) or hsp90 (stimulatory; green); (v) post-translational modifications, such as
phosphorylation at S1177 by Akt and other kinases (stimulatory; green); and (vi) reaction of
NO with superoxide to yield peroxynitrite anion. Abbreviations: ADMA, asymmetric dimethyl
arginine; BH4, tetrahydrobiopterin; eNOS, endothelial nitric oxide synthase; GTP, guanosine
5′-triphosphate; hsp90, heat-shock protein 90; NO, nitric oxide; O2

−, superoxide; OONO−,
peroxynitrite anion; PKG, protein kinase G; SOD, superoxide dismutase.
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Figure 2.
Insulin signaling. Insulin signaling in endothelial cells occurs after insulin binding to the insulin
receptor. This causes activation of two separate and parallel pathways: (i) PI3K–Akt and (ii)
Ras/Raf/MAP kinase. (i) Akt kinase phosphorylates eNOS at S1177, resulting in increased NO
production and vasodilation. (ii) The MAP kinase pathway results in endothelin-1 production
and vasoconstriction. In other tissues, these pathways have effects (shown in dark blue
lettering). In skeletal muscle (left), the PI3K–Akt pathway results in translocation of GLUT4
and glucose uptake. In vascular smooth muscle (right), the MAP kinase pathway results in
growth and mitogenesis. Abbreviations: eNOS, endothelial nitric oxide synthase; ET-1,
endothelin-1; GLUT4, insulin-dependent glucose transporter 4'; MAP kinase, mitogen-
activated protein kinase; PI3K, phosphatidylinositol-3-kinase.
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Figure 3.
Relationships between insulin resistance, visceral adiposity, and endothelial dysfunction.
Insulin 3 resistance can cause endothelial dysfunction through altered PI3K–Akt signaling.
Endothelial dysfunction, in turn, can cause insulin resistance owing to diminished blood flow
and capillary recruitment, leading to decreased substrate and insulin delivery. Endothelial
dysfunction can lead to insulin resistance, as well as visceral adiposity by impaired
mitochondrial biogenesis. Visceral adipose tissue can secrete adipokines and FFAs, which can
cause endothelial dysfunction and peripheral insulin resistance. Finally, insulin resistance can
lead to atherogenic dyslipidemia, which can contribute to visceral obesity. Abbreviations:
PI3K, phosphatidylinositol-3-kinase; FFAs, free fatty acids.
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Figure 4.
Role of eNOS S1177 phosphorylation in integrating effects of multiple mediators. eNOS S1177
is phosphorylated by multiple kinases, including (i) Akt kinase and (ii) AMP kinase. Shear
stress, VEGF, insulin, estrogen, statins and leptin all act through Akt kinase to increase S1177
phosphorylation. Adiponectin, resistin and other metabolic signals act through AMP kinase to
influence S1177 phosphorylation. (iii) The S1177 unphosphorylated form of eNOS has less
enzymatic activity and is associated with lower vascular NO levels than the phosphorylated
form. (iv) By contrast, S1177 phosphorylated eNOS is associated with increased vascular
reactivity, higher vascular NO levels, and protective effects on vascular smooth muscle
proliferation, leukocyte–endothelial interactions and platelet aggregation. Abbreviations:
AMP, adenosine monophosphate; eNOS, endothelial nitric oxide synthase; LE, leukocyte–
endothelial; plt, platelet; VEGF, vascular endothelial growth factor. The green arrows indicate
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stimulation of eNOS S1177 phosphorylation, and the red inhibitory signal indicates inhibition
of S1177 phosphorylation by resistin.
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Table 1
Definitions of metabolic syndrome

NCEP ATP III (2005
revision)

WHO (1999) EGIR (1999) IDF (2005)

Absolutely required None Insulin resistancea (IGT, IFG,
T2D, or other evidence of IR)

Hyperinsulinemiac (plasma
insulin >75th percentile)

Central obesity: waist
circumferenced ≥94 cm (M)
or ≥80 cm (F)

Criteria Any three of five criteria
below

Insulin resistance or diabetes,
plus two of five criteria below

Hyperinsulinemia, plus two of
four criteria below

Obesity, plus two of four
criteria below

Obesity Waist circumference >40
inches (M) or >35 inches (F)

Waist/hip ratio >0.90 (M) or
>0.85 (F), or BMI> 30 kg/m2

Waist circumference ≥94 cm
(M) or ≥80cm (F)

Central obesity already
required

Hyperglycemia Fasting glucose ≥100 mg/dl
or Rx

Insulin resistance already
required

Insulin resistance already
required

Fasting glucose ≥100 mg/dl

Dyslipidemia TG ≥150 mg/dl or Rx TG ≥150 mg/dl, or HDL-C
<35 mg/dl (M) or <39 mg/dl (F)

TG ≥177 mg/dl or HDL-C
<39 mg/dl

TG ≥150 mg/dl or Rx

Dyslipidemia (second,
separate criteria)

HDL cholesterol <40 mg/dl
(M) or <50 mg/dl (F), or Rx

HDL cholesterol <40 mg/dl
(M) or <50 mg/dl (F), or Rx

Hypertension >130 mmHg systolic or
>85 mmHg diastolic, or Rx

≥140/90 mmHg ≥140/90 mmHg or Rx >130 mmHg systolic or
>85 mmHg diastolic, or Rx

Other criteria Microalbuminuriab

Refs [3,4] [7] [8] [9]
a
IGT, impaired glucose tolerance; IFG, impaired fasting glucose; T2D, type 2 diabetes; IR, insulin resistance; other evidence includes euglycemic clamp

studies.

b
Urinary albumin excretion ≥20µg/min or albumin-to-creatinine ratio ≥30 mg/g.

c
Reliable only in patients without T2D.

d
Criteria for central obesity (waist circumference) are specific for each population; values given are for European men and women.
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Table 2
NOS isoforms

Type 1 NOS Type 2 NOS Type 3 NOS

Common name nNOS iNOS eNOS

Cell type Neurons Macrophages Endothelium

Chromosome 12 17 7

Expression pattern Constitutive Inducible Constitutive

Intracellular location Soluble, sarcolemma Soluble Caveolae (membrane-associated)

Localization N-terminal PDZ domain N/A N-terminal myristoylation

Regulation Calcium-CaM Transcription Calcium-CaM
Phosphorylation

Output Moderate (nM to µM) High (µM) Low (pM to nM)

Function Signaling Toxin Signaling

Biological processes Learning/memory
Neurotransmission
Autonomic functions

Inflammation
Immune defense

Vasodilation
Cell proliferation
Leukocyte adhesion
Thrombosis

Phenotype of knockout mice Normal central nervous system
development
Pyloric stenosis
Resistance to stroke

Susceptibility to infections
Resistance to septic hypotension

Absence of EDRF
Hypertension
Increased vascular response to injury
Increased atherosclerosis
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