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Introduction
Elevated levels of free fatty acids, insulin resistance (IR), 
and systemic hypertension all contribute independently to 
endothelial dysfunction characterized by decreased nitric 
oxide (NO) bioactivity and vessel wall inflammation, resulting 
in the initiation and progression of atherosclerosis and coro-
nary heart disease[1–3].  Adiponectin (APN), a plasma protein 
originating from adipose tissue, metabolically mimics insulin, 
promoting glucose uptake and inhibiting hepatic glucose pro-
duction[4].  Interestingly, APN exerts anti-inflammatory and 
anti-atherogenic properties via its ability to stimulate vascular 
endothelial NO production[5].  Reduced plasma APN levels or 
resistance to the metabolic and vascular effects of APN may 
have a close association with IR and endothelial dysfunction 
in cardiovascular diseases[6, 7].  High-fat (HF) diets impair 
the insulin-signaling cascade by incremental skeletal muscle 
lipid accumulation[8].  Furthermore, evidence of APN resis-
tance in animals subjected to HF diet has been demonstrated 
by the subsequent blunting of FA oxidation in response to 

APN stimulation[9].  However, the relevancy of defective 
insulin and APN signaling in the hyperlipidemic vasculature 
remains elusive.  In this review, we discuss the link between 
the insulin and APN signaling pathway in regulating vascular 
pathophysiology, especially in hyperlipidemic states, given 
insights derived from therapeutic dietary, exercise, and phar-
maceutical interventions designed to potentiate APN bioactiv-
ity/levels, improving insulin sensitivity and endothelial func-
tion.

Vascular activity of insulin and vascular insulin resis­
tance (IR)
It has been well-established that insulin stimulates production 
of endothelial-derived vasodilator nitric oxide (NO).  Both 
insulin and classical vasodilators (including acetylcholine) 
stimulate NO production by activation of endothelial NO 
synthase (eNOS)[10].  However, insulin activates eNOS with-
out calcium involvement via the insulin receptor tyrosine 
kinase, setting off a phosphorylation/activation cascade: 
insulin receptor substrate-1 (IRS-1) is phosphorylated, binding 
IRS-1, activating phosphoinositide-3 kinase (PI3K), activat-
ing 3-phosphoinositide-dependent protein kinase-1 (PDK-1), 
which phosphorylates protein kinase B (Akt), ultimately phos-
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phorylating and activating eNOS, resulting in increased NO 
production within minutes[11].  

Numerous studies in type 2 diabetic subjects and ani-
mal models support a robust association between IR and 
endothelial dysfunction, measured by impaired endothelium-
dependent vasodilation[2].  Whether the two states are linked 
directly or represent manifestations of a common underly-
ing pathology remains uncertain.  Of note, some researchers 
have proposed that endothelial dysfunction may induce IR[12].  
Although it has been suggested that endothelial dysfunction 
may impede glucose uptake by reducing skeletal muscle blood 
flow[13], this is unlikely to be of major physiological impor-
tance.

In the IR state, the vasodilatory and anti-atherogenic func-
tions of insulin (mediated by the PI3K pathway) are impaired.  
However, its proatherogenic effects (mediated through the 
MAPK cascade) continue unchecked[14], leading to decreased 
NO production and increased secretion of ET-1, characteris-
tic of endothelial dysfunction.  The blockade of chronic ET-1 
receptor (ET-A isoform) has been identified to normalize NO-
mediated endothelial dysfunction, reducing atheroma forma-
tion independent of plasma cholesterol and blood pressure 
in a mouse model of atherosclerosis[15].  The beneficial effects 
of raloxifene, a selective oestrogen receptor modulator on 
endothelial function are abolished by wortmannin (PI3K inhib-
itor)[16], which blunts the PI3K-dependent effects of insulin 
(such as induction of eNOS expression and NO production).  
In the IR state, there is up-regulation of endothelial cellular 
adhesion molecules VCAM-1 and E-selectin, and increased 
interaction between monocytes and endothelial cells[17, 18].  
Morever, proinflammatory signaling stimulated by gluco-
toxicity and lipotoxicity in dysmetabolic states contributes to 
shared mechanisms of both IR and endothelial dysfunction.  
The multiple molecular and cellular mechanisms mediating IR 
and endothelial dysfunction reflect the complex interactions 
between inflammatory and metabolic pathways.  

APN in vascular physiology and pathophysiology
Effects of APN on vascular structure and function
Studies in animal models and human subjects have demon-
strated an association between circulating APN levels and vas-
cular function.  Forearm blood flow in human subjects during 
reactive hyperemia is highly negatively correlated with APN, 
suggesting that APN contributes to endothelium-dependent 
vasodilation[19].  In human subjects, independent of a cor-
relation with insulin sensitivity, circulating APN levels are 
positively associated with arterial vasodilation in response to 
nitroglycerin (thereby endothelium-independent)[20].  Further-
more, APN may have direct effects on vascular thrombosis.  
APN-deficient mice have increased thrombus volume after 
laser-induced carotid arterial injury; restoration of a normal 
APN level with an adenovirus expressing APN rescues the 
thrombotic phenotype[21].  APN may suppress atherosclero-
sis via reduction of collagen-induced platelet aggregation[21], 
suppression of expression of vascular adhesion molecules 

scavenger receptors[22], suppression of the proliferation of 
smooth muscle cells (SMCs) and their directed migration to 
platelet-derived growth factor-BB, inhibition of growth factor-
stimulated ERK signaling in human aortic SMCs[23], inhibition 
tumor necrosis factor (TNF) level and resultant inflammatory 
TNF effects on endothelial function through a cAMP-PKA 
dependent pathway[24].  Recent accumulating evidence has 
demonstrated APN’s anti-inflammatory actions are related to 
5’-AMP-activated protein kinase (AMPK)-induced activation 
of endothelial nitric oxide (eNOS), with subsequent release 
of bioavailable NO from endothelium cells[25].  Furthermore, 
APN may also have angiogenic propoerties, as it has been 
shown to stimulate differentiation of human umbilical vein 
endothelium cells (HUVECs) into capillary-like structures by 
promoting cross-talk between AMP-activated protein kinase 
and Akt signaling within endothelial cells[26] (Figure 1).

Role of APN in metabolic and vascular diseases 
APN has recently received a great deal of attention due to 

its beneficial effects on metabolic disorders and ischemia/
reperfusion injury.  There is marked down-regulation of APN 
in obesity-linked diseases such as coronary artery disease and 
type 2 diabetes[6].  A complex polypeptide consisting of four 
distinct domains, including a globular domain, adiponentin 
automatically self-associates into larger structures (trimers, 
hexamers, dodecamers).  APN facilitates glucose uptake and 
increases fatty acid (FA) oxidation in peripheral tissues via 
stimulation of AMPK activity[27].  Interestingly, AMPK stimu-

Figure 1.  Adiponectin signaling in endothelial cells.
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lation is induced by both globular and full-length APN in skel-
etal muscles; only the full-length APN form stimulates AMPK 
in the liver[27].  The activation of AMPK has been shown to 
phosphorylate and inhibit acetyl-CoA carboxylase (ACC), 
with a consequent reduction in the malonyl-CoA content, 
thereby derepressing carnitine palmitoyl-transferase 1 activity 
and increasing fatty-acid oxidation[28].  AMPK also increases 
glucose uptake via GLUT4 translocation, reducing the rate of 
glycogen synthesis, and shifting glucose metabolism toward 
lactate production in skeletal muscle cells[29], decreasing 
hepatic expression of molecules involved in gluconeogenesis 
such as phosphoenolpyruvate carboxykinase (PEPCK) and 
glucose-6-phosphatase (G6Pase)[30].

A recent study has shown the treatment of C2C12 myo-
cytes with APN for 6 h significantly increased peroxisome 
proliferator-activated receptor-α (PPAR-α) ligand activity and 
concomitant fatty-acid oxidation in vitro[31].  Lipoatrophic or 
obese diabetic mice supplemented with exogenous APN or 
subjected to APN overexpression demonstrated increased in 
vivo insulin sensitivity and decreased liver and skeletal muscle 
TG content[32].  Increased expression of PPAR-α target genes 
CD36, acyl-coenzyme A oxidase, and uncoupling protein 2 in 
the mice suggests that APN increased fatty-acid combustion 
and energy consumption at least partly via PPAR-α activation.  
Another study attributes the involvement of AMPK and p38 
MAPK in the activation of PPAR-α by APN in muscle cells[33].  
APN increases the transcriptional activity of PPAR-α and 
the expression of its target genes, including ACO, CPT1, and 
FABP3 in C2C12 myotubes.  These effects were suppressed by 
the overexpression of the dominant-negative form of AMPK.  
Interestingly, AraA, an AMPK inhibitor, prevented the activa-
tion of p38 MAPK, whereas SB203580, a p38 MAPK inhibitor, 
did not affect AMPK activation, suggesting that p38 MAPK is 
a downstream signaling factor of AMPK[33].  Taken together, 
these results suggest that APN stimulates FA oxidation in 
muscle cells by the sequential activation of AMPK, p38MAPK, 
and PPAR-α.

Recently, APN-deficient mice were successfully established 
by gene targeting.  The APN knockout mouse shows delayed 
clearance of free FA in plasma, low levels of fatty-acid trans-
port protein 1 messenger RNA in muscle, high levels of TNF-α 
messenger RNA in adipose tissue, and high plasma TNF-α 
concentrations[34].  

APN knockout mice exhibit profound neointimal hyperpla-
sia despite normal glucose and lipid metabolism while being 
fed a normal diet[35].  These data suggest that neointimal injury 
does not accelerate as a result of abnormal glucose/lipid 
metabolism, but is instead directly caused by APN deficiency.  
APN transgenic/apo-E-knockout mice were protected against 
atherosclerosis compared with apoE-knockout mice[22], empha-
sizing the role of APN as an endogenous anti-atherogenic 
factor, with hypoadiponectinemia playing an important role 
in the atherosclerotic process.  Thus, therapeutic approaches 
increasing plasma APN concentration may be useful in pro-
tecting against atherosclerosis development, as well as pre-
venting restenosis after angioplasty.  

A study recently published by our group demonstrated that 
endothelial dysfunction development in APN knock out mice, 
evidenced by a markedly reduced response to acetylcholine, 
was attributed to increased superoxide and peroxynitrite pro-
duction, increased NO inactivation, and decreased basal NO 
production.  Pretreatment with superoxide scavenger Tiron 
significantly, but incompletely restored vascular vasodilatory 
response to ACh.  Exogenous administration of the globular 
domain of APN to APN knock out mice in vivo reduced aortic 
superoxide production, increased bioactive NO, and normal-
ized vasodilatory response to ACh[36].  In addition, in the face 
of hyperlipidemic injury, APN protected endothelial function 
by promoting eNOS activity, inhibiting iNOS activity, pre-
serving bioactive NO, and attenuating reactive oxygen species 
(ROS) production[37].  The mechanisms underlying APN’s abil-
ity to balance NO availability while simultaneously suppress-
ing endothelial ROS generation reside in the AMPK-eNOS 
and PKA-ROS-suppression signal transduction pathway[38]; 
documented crosstalk between these two pathways is that 
upstream AMP kinase kinase LKB1(serine threonine protein 
kinase II) can be phosphorylated by PKA[39], further contribut-
ing to activation of the AMPK-eNOS pathway.

Vascular dysfunction in metabolic syndrome (hyper-
lipidemia and diabetes)
Hyperlipidemia and vascular dysfunction 
It is well-established that hyperlipidemia impairs endothelial 
function in experimental animals.  Vessels removed from HF 
diet animals exhibit markedly abnormal endothelium-depen-
dent vascular relaxation to substances such as acetylcholine 
and thrombin, whereas vasodilation, in response to agents act-
ing directly on the vascular smooth muscle (such as nitroglyc-
erin, sodium nitroprusside or SNAP), remain unchanged[37].  
When considering where endothelial dysfunction in hyper-
lipidemia might originate, among the most likely mechanisms 
is the decreased synthesis of bioactivated NO.  Besides its 
vasodilatory effects, NO has many reported antiatherogenic 
properties, including reducing platelet aggregability[40], limit-
ing vascular smooth muscle cell proliferation[41], inhibiting 
adhesion molecule expression in endothelium[42], inhibiting 
neutrophil and monocyte adhesion to the endothelium[43, 44], 
and preventing monocyte chemotaxis[45].  Chronic provision 
of L-arginine to the diets of hypercholesterolemic rabbits has 
been reported to improve endothelium-dependent vasodila-
tion and reduce the extent of atherosclerotic lesions[46]. 

Also contributive to hyperlipidemia-mediated endothelial 
dysfunction is the increased production of reactive oxygen 
species (ROS, such as superoxide anion) and resultant abun-
dance of reaction product peroxynitrite[37].  Membrane-asso-
ciated NAD(P)H-dependent oxidases, which can be activated 
by PKC in the hyperlipidemic condition, is the primary source 
of superoxide anion[47].  Peroxynitrite, the swift reaction prod-
uct of NO and superoxide anion [rate 5×109 (mol/L)-1·s-1][48], 
and resultant protein nitration are considered the respective 
mediator and marker of various ROS/RNS-induced vascular 
damage, such as atherosclerotic lesions[49].  
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Diabetes and vascular function
Subjects suffering diabetes and at risk for cardiovascular 
disease have reduced maximum microvascular vasodilatory 
capacity[50].  Although the determinants of microvascular 
vasodilatory capacity are incompletely understood, it is not 
surprising that the endothelium, having such a central role in 
the regulation of various vascular functions including tone, 
has been implicated in the observed hemodynamic changes.  
Reduced maximum microvascular vasodilatory capacity may 
be a marker of endothelial dysfunction in the microcirculation.  
Women with a history of gestational diabetes mellitus are 
prone to developing pre-eclampsia as well as type 2 diabetes 
later in life[51].  Both conditions are associated with vascular 
endothelial dysfunction[51].  Knock and colleagues reported 
abnormal endothelial function in isolated small arteries taken 
from normotensive women with gestational diabetes mellitus 
during caesarean section[52].  Atop exhibiting endothelial dys-
function, diabetic patients also demonstrate impaired vascular 
smooth muscle cell function, evidenced by diminished vas-
orelaxation response to nitroglycerin/SNP and other endothe-
lium–independent vasodilating agents[53].  Fleischhacker and 
colleagues have demonstrated that diabetic smooth muscle 
contractility is augmented due to changes in subcellular Ca2+ 
distribution.  Additionally, increased · O2

– production in diabe-
tes contributes to smooth muscle dysfunction via diminished 
activity and expression of soluble guanylyl cyclase (sGC) and 
cGMP-dependent protein kinase type I (cGKI) in VSMC[54, 55].  
VSMCs isolated from diabetic GK rats exhibit marked resis-
tance to insulin-mediated upstream signaling via the IRS-1/
PI3K pathway.  This resistance results in marked impair-
ment in downstream myosin-bound phosphatase (MBP) 
activation, which is accompanied by increased myosin light-
chain (MLC)20 phosphorylation and VSMC contraction.  In 
addition, diabetes causes elevations in Rho kinase activity in 
VSMCs leading to myosin-bound subunit (MBS) phosphoryla-
tion, which further inactivates MBP, causing excessive VSMC 
contractility[56, 57].  Abnormalities in endothelial and vascular 
smooth muscle cell function compoundly contribute to subse-
quent atherosclerosis and vascular complications in DM.  

Interrelationship between insulin signaling and APN 
signaling
Role of APN in regulation of insulin signaling 
The adipocyte-derived protein adiponectin has been proposed 
to play important roles in the regulation of energy homeosta-
sis and insulin sensitivity.  Winzell and colleagues uncovered 
a potential dual role of APN in relation to insulin secretion.  In 
normal pancreatic islets, APN (5 μg/mL) had no significant 
effect on insulin secretion.  However, in mice islets rendered 
insulin resistance by HF feeding, APN inhibited insulin secre-
tion at 2.8 mmol/L glucose (P<0.01), but augmented insulin 
secretion at 16.7 mmol/L glucose (P<0.05)[58].  Human muta-
tions of the APN gene result in impaired multimerization of 
APN, and are consequently linked to increased risk for type 
2 diabetes development[59].  Animal studies reveal transgenic 
mice (homozygous null for APN) developed hyperglycemia 

and hyperinsulinemia under normal conditions or on a high 
fat diet[60].  However, injections of exogenous APN in obese 
mice decreased plasma glucose and FA levels by suppressing 
liver glucose production and oxidizing fatty acids in muscle, 
thereby ameliorating IR[61, 62].  Furthermore, treatment of type 2 
diabetic patients with rosiglitazone, a PPARγ agonist (an insu-
lin sensitizing agent class), can attenuate IR via APN produc-
tion stimulation[63].

Mullen and colleagues demonstrated both APN and insulin 
resistance in rats fed a high saturated-fat diet.  The animals 
exhibited a blunted FA oxidation response to globular APN, 
as well as decreased maximal insulin-stimulated glucose 
transport[9].  Later studies involving HF fed rats revealed the 
loss of APN’s stimulatory effect on FA oxidation preceded the 
increase in plasmalemmal FA transporters.  Through resul-
tant accumulation of intramuscular diacylglycerol (DAG) and 
ceramide, insulin signaling was consequently blunted, and 
impaired maximal insulin-stimulated glucose transport in 
skeletal muscle was observed[64].  Bruce and colleagues stud-
ied obese subjects with no significant IR, but discovered they 
had decreased serum APN levels.  The observation of blunted 
activation of AMPK by globular APN in obese muscle further-
more suggested the development of APN resistance in obe-
sity[65].  In summation, APN likely is an important mediator in 
obesity or HF diet-induced IR.

Further studies have been carried out to explore the effects 
of APN on IR and insulin signaling transduction.  Dietz-
Schroeder and colleagues showed that APN inhibited adi-
pocyte secretion of IR-inducing cytokines, including IL-6, 
IL-8 and monocyte chemotactic protein-1 (MCP-1)[66].  The 
regulation of these adipocytokines (already established to be 
related to obesity and diabetes) by APN suggest a molecular 
link between obesity and skeletal muscle IR.  Recently, Fiaschi 
and colleagues reported the ability of APN in trans-activation 
of insulin receptor[67].  More specifically, APN stimulation 
produces a transient burst of reactive oxygen species (ROS), 
and causes the oxidation/inhibition of protein-tyrosine phos-
phatase (PTP) 1B in hepatic cells.  APN then causes increased 
association of PTP1B with the insulin receptor, ultimately pro-
voking a ligand-independent trans-phosphorylation of insulin 
receptor.  These results demonstrated APN trans-activate the 
insulin receptor by redox-dependent and ligand-independent 
fashions.  

Role of insulin in regulation of APN signaling 
APN rapidly and potently stimulates AdipoR1 in myotubes 
derived from lean, healthy individuals[68].  In contrast, myo-
tubes isolated from obese patients, obese diabetic patients, 
and patients who had lost significant weight after bariatric 
surgery were no longer stimulated by APN[68].  The incapacity 
of skeletal muscle of obese and diabetic individuals to respond 
to exogenous APN may be further suppressed as a result of 
impaired AdipoR1 gene regulation.

MKR mice express dominant-negative mutant insulin-like 
growth factor (IGF)-I receptors in skeletal muscle.  Muscle, 
liver, and adipose tissue isolated from these mice were found 
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to be insulin resistant[69].  The mice exhibited elevated APN 
levels, reduced glucose response to APN acute supplementa-
tion; furthermore, chronic APN treatment failed to improve 
insulin sensitivity and glucose tolerance[69], although investi-
gation into APN receptor mRNA levels and APN stimulated 
phosphorylation of AMPK in skeletal muscle and liver similar 
between MKR and wild-type mice[69].  Thus APN resistance 
evident in MKR mice may be the result of IR.  Utilizing a 
mouse model with adipocyte insulin receptor knock out, Lin 
and colleagues detected hyperadiponectinemia, with normal 
levels of APN receptor-1 and -2 (AdipoR1/R2)[70].  Moreover, 
exogenous APN administration was unable to decrease glu-
cose levels or induce AMPK activation, consistent with a state 
of APN resistance[70].  These results further support IR may 
play a crucial role in the impairment of APN’s effect.

Tsuchida and colleagues[71] observed that the expression of 
AdipoR1/R2 appears to be inversely correlated with plasma 
insulin levels in vivo.  Interestingly, the incubation of hepa-
tocytes or myocytes with insulin reduced the expression 
of AdipoR1/R2 via the phosphoinositide 3-kinase/Foxo1- 
dependent pathway in vitro.  Moreover, there is significantly 
decreased AdipoR1/R2 in skeletal muscle and adipose tissue 
isolated from the leptin-deficient insulin resistant ob/ob mouse 
model[71].  This was correlated with decreased APN binding to 
membrane fractions of skeletal muscle, and decreased AMPK 
activation by APN.  Similarly, Inukai and colleagues[72] found 
that insulin had an inhibitory effect on AdipoR1 expression, 
in a mechanism mediated by the PI3K-dependent pathway 
rather than the MAPK pathway.  In contrast to Inukai, Staiger 
and colleagues[73] reported that insulin did not directly modify 
AdipoR1 mRNA expression in human skeletal muscle cells.  
These discrepancies may be due to differences in animal 
model, cell types, or conditions used in these various studies.  
More studies will be needed to clarify the role of insulin in the 
regulation of APN receptor expression.

Pathogenic role of insulin resistance in hyperlipidemia-
induced vascular dysfunction
Increased diacylglycerol and ceramide in hyperlipidemia has 
been shown to activate PKC, decrease IRS-1–associated PI3K 
activity, and inhibit phosphorylation/activation of Akt[74, 75].  
These signal transduction effects may decrease eNOS activity 
and NO production.  In addition, Apolipoprotein (apo) CIII, 
a small protein that resides in multiple copies on the surface 
of very-low-density lipoprotein (VLDL) and low-density lipo-
protein (LDL)[76], inhibits the IRS-1/PI3K/Akt/eNOS pathway 
via activation of PKCβ in human umbilical vein endothelial 
cells[77].  Plasma levels of apoCIII is a crucial link between dys-
lipidemia and IR in vascular endothelial cells with consequen-
tial deleterious effects on their atheroprotective functions.  

Plasma free fatty acid (FFA) levels play a crucial role in 
insulin’s vasodilatory and metabolic effects.  Infusion of 
triglycerides in rats raises circulating FFA levels, causing sig-
nificant impairment in skeletal muscle capillary recruitment.  
During a glucose clamp procedure, a 40% decrease in glucose 

disposal was observed in the rats, with steady state plasma 
insulin levels of approximately 600 pm[78].  In lean women, 
acute elevation of FFA levels impairs capillary recruitment 
and acetylcholine-mediated vasodilation before and during 
hyperinsulinemia[79].  Furthermore, the vasodilatory actions of 
insulin are improved when FFA levels are lowered in obese 
women[79].  The inverse relationship between capillary recruit-
ment and FFA levels, with simultaneous changes in insulin-
mediated glucose uptake, is at least partly responsible for 
FFA-induced microvascular dysfunction in the development 
of obesity-related IR and hypertension.  

More importantly, IR induced by hyperlipidemia plays a 
crucial pathogenic role in endothelial dysfunction.  In the set-
ting of systemic IR, insulin has reduced effects only on PI3K-
Akt pathway, leading to an imbalance between the PI3K- and 
MAPK-dependent functions of insulin as discussed above[14].  
The intact MAPK pathway promotes secretion of ET-1, acti-
vates cation pumps[80], augments expression of adhesion mol-
ecules VCAM-1 and E-selectin, and increases monocyte adhe-
sion to endothelium[81], ultimately increasing inflammation 
and thrombosis which may contribute to pivotal early events 
in the pathogenesis of hypertension.  Meanwhile, metabolic IR 
is usually accompanied by decompensatory hyperglycemia.  
Hyperglycemia contributes greatly to endothelial dysfunction.  
The glycocalyx, a layer of proteoglycans coating the endothe-
lium, provides vessel wall protection.  Hyperglycermia injures 
the glycocalyx, increasing vascular vulnerability and medi-
ating vascular dysfunction[82].  Hyperglycemia also reduces 
physiologic levels of endothelial NO in the microcirculation 
via calpain-dependent decreased association of the regulatory 
protein Hsp90 with eNOS.  Inhibition of calpain activity dur-
ing hyperglycemia attenuates leukocyte–endothelium interac-
tions and preserves endothelial NO release[83].  Additionally, 
hyperglycemia induces a series of cellular events that increase 
NO inactivation by interaction with superoxide anion pro-
duced by the mitochondria[84].  Increased superoxide anion 
production activates the hexosamine pathway, which further 
diminishes NOS activation by protein kinase Akt[85].  These 
processes likely recruit extracellular xanthine oxidase, which 
exacerbates further the oxidative stress[86].  Superoxide anion 
also increases intracellular production of advanced glycation 
end products (AGEs)[84], which further increase production 
of oxygen-derived free radicals.  The binding of AGE with its 
receptor (RAGE) activates consequent intracellular enzymatic 
superoxide oxide production[87].

Taken together, hyperlipidemia, hyperglycemia and com-
pensatory hyperinsulinemia in the presence of diabetes 
contribute independently to endothelial dysfunction.  In the 
dysmetabolic state, the underlying mechanisms involved 
proinflammatory lipotoxicity and glucotoxicity upon the 
endothelium and pathway-specific impairment of PI3K.  The 
molecular and cellular mechanisms that mediate IR in hyper-
lipidemia-induced endothelial dysfunction are multiple and 
reflect complex interactions between inflammatory and meta-
bolic pathways (Figure 2).    
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Summary
The etiology of vascular dysfunction in the hyperlipidemic 
state is complex.  The mechanisms currently identified include 
the insulin-resistance specific pathway (decreasing NO bio-
availability), the APN-resistance specific pathway (decreasing 
NO bioavailability, oxidative/nitrative stress augmentation), 
and insulin/APN resistance cross talk (causing intracel-
lular signal transduction disturbance) related phenomena.  
Although further study is necessary to completely elucidate 
the mechanisms behind hyperlipidemic endothelial dysfunc-
tion, it is likely that a combination of therapeutic approaches 
targeting multiple mechanisms will yield the most beneficial 
effect on metabolic and cardiovascular health.  
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