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ABSTRACT

Insulin is a vasoactive hormone that regulates vascular homeostasis by maintaining balance of
endothelial derived nitric oxide (NO) and the potent vasoconstrictor, endothein-1 (ET-1). Although
there is general agreement that insulin resistance and the associated compensatory
hyperinsulinemia disturb this balance, the vascular consequences for hyperinsulinemia in isolation
from insulin resistance are still unclear. Presently, there is no simple answer for this question,
especially in a background of mixed reports examining the effects of experimental
hyperinsulinemia on endothelial mediated vasodilation. There is also a lack of consistency between
clinical and mechanistic studies in regards to the vascular outcomes of hyperinsulinemia.
Understanding the mechanisms by which hyperinsulinemia induces vascular dysfunction is
essential in advancing treatment and prevention of obesity and insulin resistance-related vascular
complications. Thus, herein, we review key human and animal literature addressing the effects of
hyperinsulinemia on vascular function, at both the clinical and cellular levels. Further, we give
special attention to the vasoregulatory effects of hyperinsulinemia on skeletal muscle, the largest
insulin-dependent organ in the body. This review will also characterize the differential vascular
effects of hyperinsulinemia on large conduit vessels versus small resistance microvessels and the
dramatic effects of key experimental variables such as insulin dose, duration of exposure, and
underlying insulin sensitivity in an effort to unravel potential sources of discrepancies in the
literature. At the cellular level, we provide an overview of insulin signaling events governing
vascular tone. Finally, we hypothesize a role for hyperinsulinemia and insulin resistance in the

development of cardiovascular disease (CVD).
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ABBREVIATIONS

AGEs, advanced glycation end products; AKT, protein kinase B; ATPase, adenosine
triphosphatase; BH4, tetrahydrobiopterin; BMI, body mass index; CEU, contrast enhanced
ultrasound; CRP, C-reactive protein; CVD, cardiovascular disease; ECE, endothelial converting
enzyme; eNOS, endothelial nitric oxide synthase; ERK, extracellular signal-regulated kinase; ET-
1, endothelin-1; ETa, endothelin-1 receptor type A; ETg, endothelin-1 receptor type B; FAD,
flavin adenine dinucleotide; FBF, forearm blood flow; FMN, flavin mononucleotide; GLUT-1,
glucose transferase-1; GLUT-4, glucose transferase-4; GDP, guanosine diphosphate; GMP,
guanosine monophosphate; GTP, guanosine triphosphate; HMGB1, high-mobility group protein
B1; HOMA-IR, homeostasis model assessment of insulin resistance; HUVEC, human umbilical
vein endothelial cell; ICAM-1, intracellular adhesion molecule-1; ICG, indocyanine green; IDM,
indicator dilution method; IFN-y, interferon gamma; IGF, insulin growth factor receptor; IL,
interleukin; IP3, inositol triphosphate; IRS-1, insulin receptor substrate-1; LBF, leg blood flow;
LDL, low-density lipoproteins; LDU, laser Doppler ultrasound; LHC, lean healthy controls; L-
NAME, NG-monomethyl-L-arginine; MAPK, mitogen activated protein Kkinase; MBF,
microvascular blood flow; MBYV, microvascular blood volume; MEK, mitogen activated protein
kinase kinase; MFV, microvascular flow velocity; MG, methylglyoxal; MnSOD, manganese
superoxide dismutase; NADPH, Nicotinamide adenine dinucleotide phosphate; NF«kB, nuclear
factor kappa-light-chain-enhancer of activated B cells; NO, nitric oxide; NOS, nitric oxide
synthase; OB/IR, obese insulin resistant; PDK-1, phosphoinositide-dependent kinase-1; PET,
positron emission tomography; PI3K, phosphatidylinositol 3 kinase; PIP2, phosphatidylinositol
4,5-bisphosphate; PKC, protein kinase C; PLC, phospholipase C; RAF, rapidly accelerated
fibrosarcoma; RAGE, receptor of advanced glycation end products; RAS, rat sarcoma; ROS,
reactive oxygen species; SGP, strain gauge plethysmography; SOS, son of sevenless; T2DM, type
2 diabetes mellitus; TNF-a, tumor necrosis factor alpha; VCAM-1, vascular cell adhesion

molecule-1; VUS, vascular ultrasound.



INTRODUCTION

Insulin is a metabolic hormone that also plays a central role as a vasoactive mediator, a function
that is critical for insulin mediated glucose uptake and disposal. Traditionally, insulin induces
relaxation of the large conduit vessels leading to an overall increase in blood flow [13]. In addition,
terminal arterioles and capillaries respond to the vasodilatory effects of insulin, resulting in a
greater microvascular perfusion [50,241]. Figure 1 illustrates the known physiological actions of
insulin at different sites in the peripheral vascular tree of skeletal muscle. The functional
connection between insulin-mediated glucose uptake and insulin-mediated vasodilation has
become increasingly evident over the past several years. Adequate tissue vascularity and nutrient
exposure are required for proper glucose metabolism. Of all the different tissue types, skeletal
muscle is the most critical in glucose metabolism since it accounts for more than 80% of insulin-
stimulated glucose disposal [58]. In addition, skeletal muscle insulin resistance is the primary
defect in the development of type 2 diabetes (T2DM) and future risk of cardiovascular disease
(CVD). Skeletal muscle permeability to glucose is high, thus blood flow (substrate delivery) is
expected to act as a rate limiting step for glucose uptake [92]. Numerous studies have demonstrated
a positive correlation between insulin-stimulated leg blood flow and leg muscle glucose uptake

across a broad range of insulin sensitivity in healthy adults [17,169,170,221,245].

However, in insulin resistant individuals, this relationship is not overly apparent and
increasing limb blood flow during a hyperinsulinemic-euglycemic clamp is not always associated
with increased skeletal muscle glucose uptake [113,148,155]. These observations argue the notion
that the metabolic and vascular actions of insulin may be incongruent in individuals with insulin
resistance. Interestingly, Solomon et al. [202] demonstrated that skeletal muscle capillary density,

as well as plasma NO levels, were markedly reduced across the glucose tolerance continuum and



correlated significantly with the degree of insulin sensitivity. These findings suggest that skeletal
muscle insulin resistance plays a critical role in diminished vascularity and/or impaired vascular

action and subsequently, reduced nutrient exposure.

At physiological levels, insulin regulates vascular homeostasis by maintaining the balance
of endothelial derived vasodilators (mainly, nitric oxide (NO)) and vasoconstrictors (e.g.
endothelin-1 (ET-1)) [144]. In skeletal muscle tissue, insulin mediated vasodilation of resistance
vessels increases access to nutritive capillary beds that are receiving little or intermittent flow in
the basal state [44]. Thus, disturbance in insulin action impairs skeletal muscle perfusion and
functional capacity leading to reduced physical activity, sedentary lifestyle, and increased risk for
developing CVD [1]. Despite the established vasodilatory action of insulin, hyperinsulinemia can
lead to vascular dysfunction and induce insulin resistance-related pathogenesis [129]. Yet, studies
that use experimental hyperinsulinemia to examine the vascular actions of insulin have shown
inconsistent findings. Some of these studies reported enhanced limb blood flow in response to
insulin stimulation [47,65,76,203], while others demonstrated either null effects or reduction in
blood flow [10,88,141,229]. As a result, the prevailing concept that hyperinsulinemia induces
vasodilation and improves blood flow may need to be reconsidered. Also, studies that
demonstrated contradictory results for hyperinsulinemia-induced vascular actions need to be

scrutinized for variables that might have contributed to this controversy.

This discrepancy in the literature could be attributed to a lack of mechanistic separation of
impaired insulin action versus the resultant compensatory hyperinsulinemia on endothelial-
dependent vasodilation. It may also be explained by the heterogeneity in insulin doses and duration
of insulin exposure among studies that have examined insulin’s vascular action (Table 1). Lack of

consensus could also be attributed to the reliance on concentrations of circulating biomarkers, such
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as ET-1, to predict insulin’s vasoconstrictor effects, ignoring the fact that ET-1 acts predominantly
in local fashion after being released from endothelial cells [246]. Still, the vascular action of insulin
can be modified by other co-existing factors such as hyperglycemia, hyperlipidemia,
inflammation, and elevated oxidative stress [90,186]. The lack of precise understanding of these
mechanisms has delayed the progress in the prevention and treatment of insulin resistance related
cardiometabolic syndrome and CVD. The aim of this review is to examine the current state of the
literature on skeletal muscle blood flow (large, conduit vessels) and microvascular response to
hyperinsulinemia among lean healthy and insulin-resistant individuals. This analysis was
conducted in the context of varying exposure to insulin doses and durations used in these studies

in an effort to elucidate the discrepancies and ambiguity surrounding insulin’s vascular action.

INSULIN ACTION ON CONDUIT VESSEL BLOOD FLOW

Effect on Lean, Healthy Individuals

It has been conclusively established that there is a very close relationship between the metabolic
and vascular actions of insulin in skeletal muscle. However, studies that have examined the blood
flow response to insulin infusion have not consistently identified insulin-induced vasodilation. The
most striking observation was the large heterogeneity of insulin doses used in these studies. Herein,
we summarized the outcome from select studies that have examined blood flow in limb conduit
vessels during a hyperinsulinemic-euglycemic clamp in healthy individuals using a variety of
hemodynamic approaches (Table 1). The hyperinsulinemic-euglycemic clamp is the gold standard
technique for measuring insulin sensitivity and studying the effects of an acute insulin response in
vivo. The goal of the hyperinsulinemic-euglycemic clamp is to acutely raise, and maintain, desired
steady state plasma insulin concentrations, while simultaneously maintaining euglycemia at ~ 90

mg/dl (5mM) through a variable rate glucose infusion [9,59]. The amount of glucose required



(glucose infusion rate) to maintain euglycemia is equal to disposal of glucose (rate of glucose
disposal) into insulin sensitive tissues, thus glucose infusion rate is a measure of insulin sensitivity.
The most commonly applied insulin infusion rate of the hyperinsulinemic-euglycemic clamp is 40
mU insulin per square meter body surface per minute (40 mU/m?/min), which has been reported
to correspond to approximately 1 mU insulin per kilogram body weight per minute (1 mU/kg/min)
[176]. These infusion rates yield a range of physiological peripheral hyperinsulinemia in a 70 kg
individual (50 - 130 pU/mL or 347 - 903 pmol/L) that generally correspond to peripheral insulin

concentrations after meal ingestion [24,107,176,199].

Since the original clamp experiments, numerous infusion rates and body size normalization
variations exist in the literature. Although most studies have uniformly applied insulin doses
during the euglycemic clamp, steady state plasma insulin concentrations display wide variability
in the literature (~ 70 - 132 pU/mL during 1 mU/kg/min insulin infusion) [57,59,176]. These
differences are likely due to numerous factors such as differences in insulin assay and individual
metabolic differences in hepatic insulin clearance, fasting plasma insulin and insulin suppression
of endogenous glucose production [176]. For ease of interpretation and study comparison, we
have converted all insulin infusion rates into mU/kg/min using the conversion referenced above.
For additional reference, normal fasting insulin levels range from 5 - 20 pU/ml (35 - 139 pmol/L)

[43], while postprandial insulin can reach > 150 pU/ml (1042 pmol/L) [9].

Table 1 shows that, in most studies, insulin infusions of 1.0-1.6 mU/kg/min were
performed. However, in some studies, higher insulin doses of 32.2 mU/kg/min [15,28,76] or lower
doses (as low as 0.05 mU/kg/min) have been used [10,50,76,141,158,229]. Still, other studies have
performed insulin dose-response curves of 20-1200 mU/m?/min (0.5-32.2 mU/kg/min) [110,111].

In order to better understand the role of insulin dose on the regulation of blood flow in large conduit



vessels, we stratified insulin doses used in the studies we examined into 3 categories: low doses

(< 0.5 mU/kg/min), moderate doses (0.5-2 mU/kg/min), and high doses (> 2 mU/kg/min).

All of the studies that used high doses of insulin (> 2 mU/kg/min) reported increases in
limb blood flow of healthy individuals [15,28,111,120,143,201]. The observed increases in limb
blood flow were confirmed by using both non-invasive and invasive measurement techniques,
such as, strain gauge plethysmography (SGP) or vascular ultrasound (VUS), and the indicator
dilution method (IDM) thermodilution or indocyanine green (ICG), respectively. The time-course
of insulin-stimulated muscle blood flow showed increases throughout the infusion period
[111,192,201]. These data also indicate an apparent plateau effect (maximal dilation) within 2 hrs.
The time needed to reach the plateau effect was similar when different doses were used. However,
the experimental approach in these studies did not allow for analysis of dose x time interactions
on insulin-induced vasodilation. Interestingly, studies using moderate insulin doses (0.5-2
mU/kg/min) had inconsistent findings in lean, healthy individuals. In some of these studies,
increased blood flow was observed. For instance, Eggleston et al. [65] demonstrated a gradual
increase in forearm blood flow that only became apparent after 100 min of moderate dose insulin
infusion (1 mU/kg/min). Using the same insulin infusion rate, Clerk et al. [47] observed marked
increases in brachial artery diameter, blood flow and flow velocity at the end of a 2 hr
hyperinsulinemic-euglycemic clamp, and Sonne et al. [203] reported significant increases in total
forearm blood flow. Comparable findings were noted in response to insulin infusion rates of ~1.5-
1.6 mU/kg/min [88,178,221]. Similar to the high doses, moderate doses of insulin also caused
stepwise increases in limb blood flow, and the maximum flow rate was reached within ~ 2 hrs of
infusion with minimal responses afterwards [178]. However, improved blood flow was not

detected in studies using moderate insulin doses lasting greater than 2 hrs [28,65,88,156]. Although



advanced age and borderline body mass index (BMI) may explain the modest effects reported by
Hedman [88], null effects have also been observed in young and middle-aged individuals who

were lean and healthy [28,65,156].

The lack of homogenous response is also apparent in studies utilizing low dose insulin.
Increased limb blood flow has been shown in response to insulin infusion at rates of 0.06 to 0.5
mU/kg/min [50,76,111], whereas other studies have reported null effects in healthy, young men at
similar insulin infusion rates [141,158,229]. These conflicting data are further complicated by
additional studies demonstrating blood flow reductions in response to low (0.2 mU/kg/min) or
moderate (0.9 mU/kg/min) hyperinsulinemia [10]. It is important to note that the latter study had
the longest duration of insulin infusion (6 hrs), with the other studies ranging from 2-4 hrs (Table
1). This might suggest that the longer duration of insulin exposure had a deleterious effect.

However, further investigations are required to support this hypothesis.

Collectively, there is a large degree of variability regarding the effect of hyperinsulinemia
on limb conduit vessel blood flow. While high insulin doses ensured increases in limb blood flow
of healthy individuals, a physiological range of insulin doses has yielded mixed results. This
variability suggests that additional, more complex factors govern insulin-induced vasodilation.
Such factors may include glucose, lipids, and glucose counter-regulatory hormones, as well as
underlying morbidities, or other more basic subject characteristics, such as age, race, or body

composition [154,167,210,233].

Among these factors, glycemia may have great influence on blood flow. Both
hypoglycemia and hyperglycemia have been independently reported to induce changes in blood
flow. Previous studies have suggested that hypoglycemia may induce vasodilation via the release

of epinephrine [60]. Conversely, hyperglycemia has been linked to vasoconstriction through
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several mechanisms, such as the generation of the endothelium-derived vasoconstrictors
(prostanoids [225] and ET-1 [150]), reduction in NO production [79], induction of oxidative stress
[226], and the formation of advanced glycation end products (AGEs) [53]. However, other studies
have demonstrated enhanced blood flow in response to either local or systemic hyperglycemia.
For instance, Van Gurp et al. [235] showed sustained hyperglycemia (20mmol/L or 360 mg/dL)
for 6 hrs increased forearm blood flow and reduced vascular resistance in lean, healthy individuals.
Studies that investigated the combined effect of hyperinsulinemia and hyperglycemia using a
hyperinsulinemic-hyperglycemic clamp have shown that hyperinsulinemia, when applied
concomitantly with hyperglycemia, attenuates the significant vasodilatory effect achieved by
hyperglycemia alone [62]. Similar findings have been reported by studies that examined the effect
of acute local hyperglycemia, with and without local hyperinsulinemia, on the forearm vascular
tone [236]. In addition, hyperglycemia accompanied by physiological hyperinsulinemia achieved
via the 2 hr oral glucose-tolerance test, resulted in increased limb blood flow and reduced vascular
resistance [64,119]. Despite the contradictions concerning whether hyperglycemia induces
vasoconstriction or vasodilation, these studies establish the concept that blood glucose alone

impacts vascular dynamics and could act as a confounder for insulin regulation of blood flow.

Further, one cannot ignore the hemodynamic approach and the variable sensitivity among
these approaches. The studies highlighted above used three main techniques to measure blood flow
in conduit vessels: 1) VUS, 2) SGP, and 3) IDM (thermodilution and ICG green dye infusion).
Another approach that has been used less frequently due its high cost and limited availability is
positron emission tomography (PET). PET allows direct quantification of the regional blood flow
with high temporal and spatial resolution [168]. Using this unique hemodynamic approach, three

studies have reported significant increases in total leg blood flow/volume [112,170,234]. However,
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high insulin doses (5 mU/kg/min) were used in these studies, which makes it difficult to discern
whether the frequently-reported increase in total leg blood flow is attributable to the sensitivity of

PET or the use of high doses of insulin.

All the techniques mentioned above have certain limitations. These concerns have been
comprehensively reviewed elsewhere [20]. The inconsistent findings among studies that measured
insulin-stimulated blood flow were not limited to a single technique, and variability was evident
across the three different methods. These observations might exclude the hemodynamic approach
as a primary source of discrepancy among studies in which insulin-mediated changes in limb blood
flow were measured. Certainly, further study in this area is warranted to elucidate the underlying

mechanisms.

Effect in Obese, Insulin-resistant Individuals

There is strong evidence that supports the presence of insulin resistance as a major pathology in
metabolic disorders, such as obesity and T2DM [121]. Insulin resistance is characterized by an
impairment of insulin action in insulin sensitive tissues, such as skeletal muscle, adipose tissue,
and liver. Since skeletal muscle is the primary site for glucose metabolism and is responsible for
more than 80% of insulin-stimulated glucose uptake, skeletal muscle insulin resistance is
considered to be the primary defect in the development of T2DM [3]. In healthy humans,
postprandial, physiological hyperinsulinemia stimulates blood flow to the skeletal muscle and, as
a result, glucose delivery and metabolism. However, in subjects who are insulin resistant or have
T2DM, the ability of insulin to induce blood flow is impaired. It is still unclear if insulin resistance
IS a cause or a consequence of this impairment [110,111,244]. The association between these
metabolic disorders and vascular dysfunction is complex and can be confounded by many factors,

including hyperglycemia, dyslipidemia, inflammation, and oxidative stress [224]. However, when
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insulin resistance accompanies these metabolic disorders, vascular dysfunction related to the
impaired insulin action, as well as the associated hyperinsulinemia, should be considered [174]. In
support of this conclusion, Natali et al. [149] showed the percentage increase in blood flow after
insulin infusion was progressively attenuated with increasing insulin resistance. We summarized
studies that have reported blood flow responses to experimental hyperinsulinemia in obese and/or
T2DM individuals in whom insulin resistance was characterized (Table 2). Similar to Table 1, we
stratified insulin dose into low, moderate, and high categories, however the original reported
infusion rates are presented because the majority of studies scaled their infusion rates to body
surface area (BSA in m?). When data were available, we calculated BSA using the method of
DuBois [61] to confirm dose stratification.

A uniform observation was that insulin-stimulated blood flow in the conduit vessels of
T2DM subjects was impaired across all insulin doses, independent of age or BMI. However, in
obese, non-diabetic subjects, results were contradictory related to insulin action on conduit vessel
blood flow. A number of studies showed increased blood flow in response to moderate [110] and
high insulin doses [110,120,143], while others have reported null effects [47,175,201,221].
Interestingly, all the studies that reported null effects measured blood flow in the forearm, while
three of the four studies that demonstrated increased blood flow, performed the measurement in
the leg (Table 2). This might indicate inherent differences in the response to insulin between
forearm and leg tissues. In support of this assumption, Oslen et al. [158] showed baseline blood
flow in the arms of T2DM subjects was significantly greater than in their legs, which may preclude
the demonstration of any additional vasodilation in the conduit blood vessels of the arm during
insulin infusion; however, we are not aware of direct comparisons per unit muscle mass and further

studies are needed to support this presumption.
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One may be tempted to assume that chronic hyperinsulinemia in obese, insulin-resistant or
diabetic subjects might cause a persistent, maximum vasodilation that reduces the chance for
further vasodilation during the insulin clamp; however, several studies that examined baseline
blood flow in conduit vessels showed markedly lower results in obese, insulin-resistant and T2DM
subjects relative to lean, healthy individuals [47,158,201,221]. Furthermore, the insulin dose and
duration of exposure required to induce vasodilation in obese, insulin-resistant subjects were much
higher than in lean, healthy controls. Laakso et al. [111] showed that, in order to increase insulin-
stimulated leg blood flow in obese, insulin-resistant subjects to levels comparable to age-matched
lean, healthy controls, four-fold higher doses of insulin were required. Similarly, Sjostrand et al.
reported delayed onset of insulin action on blood flow in obese, insulin-resistant subjects relative
to lean, healthy controls [201]. Also, in obese and T2DM subjects, the ability of insulin to
potentiate the action of other cholinergic vasodilators, such as acetylcholine and methacholine
chloride, was severely impaired relative to healthy individuals [189,209]. Overall, there is
agreement in the current literature that insulin-stimulated blood flow in conduit vessels is
diminished in metabolic disorders that are characterized by the presence of insulin resistance, and
that higher supra-physiological doses of insulin may succeed in inducing blood flow in some, but

not all, individuals with insulin resistance.

INSULIN ACTION ON RESISTANCE VESSELS AND CAPILLARIES

Effect on Lean, Healthy Individuals

Beyond the vascular action of insulin on conduit vessel blood flow, there is a vascular response by
resistance vessels that results in enhancement of microvascular blood volume and capillary
recruitment in skeletal muscle. This part of insulin action expands the surface area of skeletal

muscle that is accessible to insulin and nutrient delivery [48,50,173]. Assessment of microvascular
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insulin action in human skeletal muscle has been performed by several studies using contrast-
enhanced ultrasound (CEU) to analyze one or more of the following measurements: microvascular
blood volume (MBV), microvascular blood flow (MBF), and microvascular flow velocity (MFV).
Correlations between these measurements and the rate of glucose uptake have been previously
established, further emphasizing the importance of insulin in regulating local blood flow [18].
Table 3 summarizes the methods and outcomes from select studies that examined the effects of
experimental hyperinsulinemia on skeletal muscle microvasculature in healthy and insulin-
resistant individuals. There seems to be general agreement among these studies that all dosage
levels of insulin enhance MBYV in healthy young individuals. However, Timmerman et al. [229]
demonstrated no increase in leg MBV in response to low hyperinsulinemia (0.19 mU/kg/min). The
subjects in this study had an average age of 71 yrs, which could explain the diminished response
to insulin, since increased age is known to be associated with reduced insulin sensitivity [183].
Insulin-stimulated MBF was also consistently increased in skeletal muscle of lean, healthy
individuals [117,187,217]. Nevertheless, a paradoxical reduction in MFV was shown by Coggins
et al. [50] in response to low doses of insulin (0.05-0.1 mU/kg/min), which is difficult to explain,
especially with a concomitant increase in MBV. Unpredictably, most of the studies that
demonstrated increases in MBV also reported null response or decrease in MFV after 1-3 hrs of
sustained low-to-moderate [36,47,117,135,187,200] hyperinsulinemia. However, higher doses of
insulin increased MFV significantly [143], which might indicate that insulin-stimulated MFV in

skeletal muscle of lean, healthy individuals is dose-dependent.

More consistent results have been obtained in studies concerning the effects of insulin on
MBYV and MBF in lean, healthy individuals compared to blood flow in conduit vessels. In some

studies, the low insulin doses (0.05 mU/kg/min) that significantly enhanced microvascular blood
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volume in skeletal muscle did not improve conduit vessel blood flow during the hyperinsulinemic-
euglycemic clamp procedure [50,145]. Also, Eggleston et al. [65] reported an increase in skeletal
muscle MBV within 20 min of insulin infusion, and this observation preceded increases in total
blood flow that were observed only after 100 min. This dissociation between the microvascular
and conduit vessel blood flow response could be attributed to the higher sensitivity and the faster
hemodynamic reactions of the terminal resistance arterioles that control capillary recruitment and
perfusion. Insulin-induced changes in conduit vessel blood flow appear to be more time-dependent
and dose-dependent than changes in microvessels. As mentioned above, the hemodynamic
approach is an important consideration that contributed to the homogeneity of the results. Apart
from the study of Murdolo [145] in which muscle microdialysis was used, the remaining studies
measuring MBV in skeletal muscle using CEU. Currently, there are only a few established
techniques for measuring microvascular perfusion in skeletal muscle, such as CEU with gas-filled
microbubbles [50], microdialysis [151], and metabolism of 1-methylxanthine (an exogenously-
added substrate for capillary xanthine oxidase) [173]. For more information on these techniques,
the reader is directed to a review by Barrett and Rattigan [20], which discusses the strengths and
limitations of the most commonly-used methods to measure blood flow and microvascular
perfusion in skeletal muscle. Since direct measurement of the muscle microvascular system and
capillary recruitment in humans is challenging, few studies have estimated insulin-induced
changes in muscle microvasculature and evidence for the vascular action of insulin mainly has

been deduced from its effect on total limb blood flow.

Effect in Obese, Insulin-Resistant Individuals
Impaired glucose uptake in skeletal muscle of obese, insulin-resistant individuals is tightly coupled

with impaired insulin-induced effects on the microvasculature [13,194]. The microvasculature of
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skeletal muscle allows for early action of insulin to increase the surface area for glucose uptake
and enhanced metabolism, even in the absence of increases in blood flow in the large conduit
vessels. Therefore, diminished skeletal muscle microvascular recruitment may limit glucose
disposal. The insulin-stimulated increases in skeletal muscle MBV and MBF observed in lean,
healthy individuals did not occur in obese, insulin-resistant subjects with moderate
hyperinsulinemia (ImU/kg/min) [47]. However, at higher doses (120 mU/m?/min), insulin was
capable of improving MBV and MFV significantly in obese, insulin-resistant individuals [143].
Similarly, Murdolo et al. [145] reported enhanced MBV and capillary recruitment in obese,
insulin-resistant individuals after the application of high insulin doses (100 mg/min, equivalent to
~22 mU/kg/min, assuming 1 mg of insulin equals 24 mU and that the average weight of the
subjects was 109 kg). These observations, taken together with the findings of Laakso et al. [111]
concerning blood flow in conduit vessels, suggest that higher insulin doses are required for obese,
insulin-resistant patients to achieve improved blood flow in either in their microvessels or their

conduit vessels.

In conclusion, the evidence presented to this point has demonstrated that acute
experimental hyperinsulinemia that mimics the physiological, postprandial rise in blood insulin
levels causes enhancement of MBV and MBF in skeletal muscle tissue in healthy individuals
(Table 3). However, insulin-stimulated blood flow in conduit vessels exhibited considerable
divergence among the various studies that used low and moderate insulin doses (Table 1).
Furthermore, studies that examined blood flow in conduit vessels and microvessels
simultaneously, reported an earlier response to insulin and less dose-dependency in microvessels
than conduit vessels [50,65]. In T2DM individuals, insulin-stimulated blood flow was blunted at

all reported insulin doses [82,111,156,158,189]. However, in some of the obese, insulin-resistant
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cases, insulin-mediated increases in the blood flow in conduit vessels were achieved, albeit in
response to higher doses and longer durations of exposure [110,120,143]. Similar findings were
observed in MBV and MBF in response to moderate doses of insulin [47], which indicated an
overall impairment in the vascular function throughout the arterial and arteriolar vascular tree in

obese, insulin-resistant individuals.

VASCULAR ACTION OF HYPERINSULINEMIA IN ANIMAL MODELS

Data from animals generally demonstrate hyperinsulinemia-induced increases in total limb blood
flow with parallel increases in capillary recruitment and microvascular perfusion [54,89,240,242].
However, insulin-stimulated total limb blood flow was blunted in insulin-resistant animals [46].
Likewise, in obese Zucker rats, microvascular recruitment in response to insulin was totally
eliminated, and glucose disposal was dramatically impaired [251]. One study also indicated no
association between insulin-induced total limb blood flow and microvascular reactivity, given
microvascular recruitment was fully achieved in response to lower insulin concentrations (1
mU/kg/min) [265]. Moreover, the maximum increase (plateau) in microvascular recruitment was
reached at insulin infusion rates between 1 and 3 mU/kg/min, whereas total blood flow to the limbs
continued to increase in response to higher insulin doses. Further, Zhang et al. [265] demonstrated
microvascular changes at earlier time points than total limb blood flow response, which persisted
for longer time after insulin cessation. These findings were verified by Vincent et al. [242], who
reported insulin-augmented, microvascular perfusion within 30 min, an effect that advanced the
changes in femoral blood flow by 60-90 min. This dissociation between microvascular recruitment
and total limb blood flow also was shown in response to other vasodilators. For instance,
epinephrine infusions that enhanced total hind-limb blood flow in rats did not induce any changes

in microvascular recruitment [42,173]. Similar findings were reported by Kuznetsova et al. [109]
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using angiotensin Il or phenylephrine infusion into anesthetized rats during ganglionic blockade.
From all of these observations, it can be concluded that microvascular recruitment and total limb
blood flow may be regulated by two different, unrelated mechanisms. Also, microvessels may be
more sensitive to insulin, resulting in a more rapid response and slower reversal to the basal state,

than large conduit blood vessels.

CELLULAR EVENTS RESPONSIBLE FOR INSULIN-MEDIATED VASCULAR

ACTION

The discussion to this point has focused on the clinical vascular-related outcomes of acute
experimental hyperinsulinemia. In this section, we investigate the clinical and experimental
evidence regarding endothelial signaling under hyperinsulinemic versus physiological insulin
levels. We also discuss the pathophysiological consequences of insulin resistance concerning the
endothelial-mediated vascular function with a view toward its contribution to CVD. To date, three
interactive mechanisms have been proposed for insulin’s vascular actions. The first mechanism
assumes that insulin’s vascular effect is the result of the central stimulation of sympathetic nerve
activity [8,25,180,260]. Despite the hypothetical sympathetic vasoconstrictor function of insulin,
it is not clear under which conditions of insulin exposure (i.e. dose and duration) this effect prevails
and surpasses insulin’s anticipated vasodilatory effect. Studies that used adrenergic receptor
blockers encountered minimal to no increases in insulin-stimulated blood flow, which might
indicate that the sympathetic activity associated with the insulin is inhibiting excess vasodilation

rather than inducing vasoconstriction [91,219].

The second mechanism that was proposed for insulin’s vascular action is its direct effect
on vascular smooth muscle tissue. It has been suggested that insulin induces the relaxation of

vascular smooth muscle via regulating Ca®* channel pump and membrane polarization [198].
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Despite the strong experimental evidence regarding insulin’s direct action on vascular smooth
muscle cells [115,230], it is uncertain whether insulin is capable of crossing the endothelial cell

barrier to smooth muscle cells rapidly enough to induce its prompt vasodilatory effects [39,105].

Many investigators have suggested that the effect of insulin on vascular smooth muscle
cells, even the transendothelial insulin transport, is mediated mainly by the endothelial cells
[108,172,239]. This concept was supported by studies that showed that endothelial denudation
disrupted vascular smooth muscle structure and insulin mediated vasomotor activity [12,147,157].
Thus, the third mechanism that has been proposed for insulin’s vascular actions is mediated via an
endothelium-dependent signaling pathway [171]. Due to the direct contact of endothelial cells with
circulating blood, they are the first interface to interact with the insulin. They mediate insulin’s
vasomotor action mainly through releasing vasodilators and vasoconstrictors, such as NO and ET-
1, respectively, and maintaining these mediators in a balanced state [144]. Besides the simple
diffusion of NO from endothelial cells to vascular smooth muscle cells, a new model for the
regulation of NO access to smooth muscle cells by endothelial cells has been recently reported
[213,214]. This model includes the formation of a macromolecular complex between hemoglobin
a and eNOS at the myoendothelial junctions, which helps sequestering NO and reducing its

bioavailability, probably as a mechanism of termination of its vasodilatory effects.

Insulin’s vascular action is likely to be the outcome of an interaction among the three
above-mentioned mechanisms. In this review, only the endothelium-dependent mechanism is
discussed in the context of hyperinsulinemia and insulin resistance. For the sympathetic and the
vascular smooth muscle mechanisms, the reader is directed to other reviews that provide

comprehensive discussions of these pathways [191,198,215].
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Insulin Signaling in VVascular Endothelium - VVasodilation

Several experimental studies using animal or in vitro models have provided mechanistic insight
concerning insulin-stimulated endothelial functions, the most important of which is the release of
endothelial NO [138,140,240,242,262,263]. These studies have described the insulin-signaling
pathway starting from insulin binding to its receptor, and the activation of endothelial nitric oxide
synthase (eNOS), the primary NO generator in endothelial tissue (Fig. 2). NO release is increased
within minutes after endothelial exposure to insulin, and it has a crucial role in mediating insulin-
stimulated vascular action [190]. Insulin action on endothelial cells begins when insulin binds to
its receptor, resulting in initiation of the receptor tyrosine kinase activity, followed by
phosphorylation of the insulin receptor substrate-1 (IRS-1) [218]. The active (tyrosine-
phosphorylated) form of IRS-1 binds to and activates phosphatidylinositol 3-kinase (PI13K), and
PI3K, in turn, activates a cascade of signaling proteins that includes phosphoinositide-dependent
kinase-1 (PDK-1) and protein kinase B (AKT) [184]. Finally, this cascade leads to the activation
of the enzyme, endothelial NO synthase (eNOS), through phosphorylation of the serine 1177
residue [103]. In the intact endothelial cells, the activated eNOS, in the presence of NADPH and
the cofactors flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN) and
tetrahydrobipterin (BH4), catalyzes the oxidation of the amidine nitrogen in L-arginine producing
the intermediate L-hydroxy arginine and subsequently NO and citrulline [5]. NO is a highly active
gas that diffuses freely into the vascular smooth muscle tissue, where it acts to stimulate the
guanylate cyclase enzyme, which converts guanosine triphosphate (GTP) into cyclic guanosine
monophosphate (GMP) [188]. Cyclic GMP, in turn, activates protein kinase G, which causes
concentration of Ca?* to decrease through inhibiting Ca?* mobilization from the sarcoplasmic

reticulum [116] and increasing the conductance of Ca?*-activated K* channels with subsequent
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hyperpolarization and reduction in Ca?" influx through voltage-gated channels leading to
relaxation of the vascular smooth muscle cells [146]. This signaling pathway, provoked by insulin,
regulates capillary perfusion and thus contributes greatly to glucose metabolism in the skeletal
muscle tissue. Furthermore, this pathway is critical in maintaining the balance between the

vasodilatory and vasoconstrictive actions of insulin.

Scherrer et al. [190] demonstrated that insulin-induced blood flow in human skeletal
muscle is dependent on NO and is abrogated by the NOS inhibitor, N®-nitro-L-arginine methyl
ester (L-NAME). This study also demonstrated more reduction in forearm blood flow during a 2
hr hyperinsulinemic-euglycemic clamp than at baseline, indicating NO-dependence of insulin.
These observations were supported by Steinberg et al., who reported 40% reduction in leg blood
flow when L-NAME was infused with insulin versus 20% reduction when only saline was infused
with L-NAME [208]. Baron et al. [16] showed that the increases in leg blood flow that were
achieved in response to moderate (1.1 mU/kg/min) and high (3.2 mU/kg/min) doses of insulin
were abrogated by L-NAME. The insulin dosage did not change the magnitude by which leg blood
flow was reduced in response to L-NAME, however, the degree of insulin sensitivity did. The
subjects who were more sensitive to insulin experienced greater L-NAME-induced reduction in
leg blood flow, signifying the NO-dependence of insulin action. L-NAME has also been shown to
diminish insulin-stimulated glucose uptake in human skeletal muscle [14,16]. Similar experiments
with rats provided additional evidence that insulin-induced vasodilation in skeletal muscle is NO-
dependent. For instance, L-NAME infusion with insulin diminished insulin-induced microvascular
recruitment and glucose uptake in rat skeletal muscle by 80% and 40%, respectively [241].
Similarly, Roy et al. showed a marked suppression of insulin-stimulated glucose uptake and NOS

activity upon constant infusion of L-NAME in rats [181]. In addition, endothelial denudation of
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isolated arterioles from rat cremaster muscle abolished insulin-stimulated arteriolar dilation [37].
Collectively, these studies provide solid evidence that endothelial-derived NO release is required
for both the vascular and metabolic action of insulin in skeletal muscle. Nevertheless, alternative
pathways may exist for insulin-mediated vasodilation. These include the activation of Na™-K*
adenosine triphosphatase (ATPase) located in endothelial or vascular smooth muscle cells leading
to hyperpolarization and decreased Ca?* influx and subsequent vasodilation [220]. Furthermore,
involvement of the metabolic vasodilator, adenosine, in insulin-mediated vasodilation has been
suggested [2,27,177]. Intra-brachial infusion of draflazine (an adenosine-uptake blocker) during a
hyperinsulinemic-euglycemic clamp enhanced the insulin-stimulated forearm blood flow
however, infusion of theophylline (an adenosine-receptor antagonist) inhibited forearm blood flow
in healthy individuals [2]. One can speculate that insulin-induced vasodilation is the outcome of

an interaction among all the above-mentioned mechanisms.

Insulin Signaling in Vascular Endothelium - Vasoconstriction

While the role of insulin in stimulating endothelial NO release and inducing vasodilation is well
established, only recently have investigators recognized insulin signaling pathways that induce the
release of endothelial-derived ET-1 [68]. Activation of the insulin receptor by insulin leads to
activation of the guanine nucleotide exchange factor Son of Sevenless (SOS) which subsequently
promotes the switch of the guanosine diphosphate (GDP) in rat sarcoma (RAS) to a guanosine
triphosphate (GTP) resulting in activation of RAS [164]. The activated RAS then initiates a kinase
phosphorylation cascade involving rapidly accelerated fibrosarcoma (RAF), and mitogen-
activated protein kinase (MAPK) signaling pathway. MAPK signaling involves a cascade of
intermediate signaling kinases, such as MAPK kinase (MEK), extracellular signal-regulated

kinases 1 and 2 (ERK1/2) that regulates biological actions related to growth, proliferation, and
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differentiation and is also involved in insulin-induced secretion of pro-ET-1 [165] (Fig. 2). Pro-
ET-1 is a big non-functioning protein that needs to be cleaved to the smaller active form, ET-1,
via the endothelin-converting enzyme (ECE). ET-1 is the most potent and predominant
endothelial-derived vasoconstrictor in the human cardiovascular system [136]. ET-1 acts mainly
through binding to endothelin type A (ETa) and endothelin type B (ETg) receptors (Fig. 3). ETa
receptors are located on the surface of vascular smooth muscle cells [67]. The binding of ET-1 to
ETa receptors activates a heterotrimeric GDP-binding protein that consists of a, f and y subunits.
The exchange of GDP for GTP activates the heterotrimeric protein leading to the dissociation of a
subunit from the complex and initiation of downstream signaling pathways that includes activation
of phospholipase C/inositol triphosphate (PLC/IP3) [163]. IP3 diffuses into the cytoplasm and
increases Ca?* release from intracellular calcium stores leading to the contraction of vascular
smooth muscle cells and vasoconstriction [77]. In addition, ET-1 binding to ETa receptors
activates protein kinase C (PKC) which is also involved in mediating ET-1-induced signaling
events in vascular smooth muscle cells such as proliferation and contraction [133]. ETg receptors
are highly expressed on endothelial cells, yet are also found in a lower density on vascular smooth
muscle cells. ETg receptors have different isoforms and functions depending on the cell type,
vasodilators in endothelial cells (ETs1) and vasoconstrictors in vascular smooth muscle cells
(ETs2). Binding of ET-1 to ETg: receptors located on the surface of endothelial cells, activates
eNOS signaling via the PI3/AKT pathway and subsequently induces NO production and
vasodilation [32,123]. Alternative mechanisms for ETg: receptor-mediated vasodilation have been
also suggested such as inducing the relaxing factors, prostacyclin and endothelium-derived
hyperpolarizing factor and mediating ET-1 internalization, metabolism and clearance [97]. On the

contrary, binding of ET-1 to ETg2 receptors on vascular smooth muscle cells induces the same
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signaling pathways described for ETa receptors (i.e. PLC/IP3), resulting in induction of

intracellular Ca* and subsequently, smooth muscle cell contraction [132].

Thus, ET-1 seems to be a vasoactive mediator with a dual function [101]. In humans, the
concentration of ET-1 in skeletal muscle tissue is 100-fold higher than its circulating levels,
implying a paracrine role of ET-1 in regulating vascular tone [101]. Interestingly, data from human
studies [85] and animal studies [34,118] demonstrate increases in circulating ET-1 after blockade
of ETaand ETg receptors. This observation is thought to be the result of the antagonist displacing

ET-1 from its binding sites in tissue receptors.

Haynes et al. showed that local intra-arterial infusion of proendothelin-1 or ET-1 caused
vasoconstriction of the brachial artery and reduction in forearm blood flow. This effect was
abolished by concomitant infusion with phosphoramidon, an ECE inhibitor, or with BQ-123, an
ETa antagonist [86]. In the same study, vasodilation of the brachial artery and increased forearm
blood flow were achieved in response to infusion with BQ-123 alone. These observations are
supported by data from other studies demonstrating increases in arterial vasodilation, enhancement
of limb blood flow, and decreased vascular resistance in healthy individuals after local infusion of
ETa antagonist alone or in combination with an ETg antagonist [26,85,238]. Data from a study by
Shemyakin et al. [197] demonstrated that dual blocking of ETa and ETg during the
hyperinsulinemic-euglycemic clamp caused greater enhancement of skeletal muscle blood flow
and glucose uptake in lean, healthy individuals than insulin infusion alone. Several studies have
shown that ECE inhibitors and ET-1 receptor antagonists reduce systemic blood pressure
comparably in hypertensive and normotensive states [49,73,237]. However, other studies have
reported reduction in blood pressure in response to ET-1 blocking only in hypertensive adults and

animal models, whereas no effect was seen with normotensive conditions [22,153,250,254].
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Accordingly, some investigators have suggested that ET-1 has a pathological role rather than a

physiological role.

The fact that the ET-1 receptor blockade potentiates the vasodilatory effects of insulin
provides compelling evidence that insulin maintains a balance between two opposing
hemodynamic pathways [262]. In support of this conclusion, Ross et al. [179] showed that, while
ET-1 infusion alone did not induce significant changes in skeletal muscle hemodynamics or
glucose metabolism, a concomitant infusion of ET-1 with insulin (10 mU/kg/min) reduced blood
flow and glucose uptake. Nevertheless, some investigators reported augmentation of insulin-
stimulated skeletal muscle blood flow and glucose uptake in response to ET-1 receptor antagonism
only in obese, insulin-resistant subjects [120,196]. Despite the experimental evidence for insulin-
mediated regulation of endothelial ET-1 production, clinical findings are contradictory. It is not
clear to what extent insulin-stimulated ET-1 production contributes to maintaining vascular
homeostasis in physiological settings, and further investigations are warranted to elucidate this

mechanism.

Hyperinsulinemia and Vascular Homeostasis

At physiological levels, insulin appears to regulate vascular homeostasis by maintaining the
balance of endothelial-derived NO and ET-1 via regulating two critical signaling pathways, PI3K
and MAPK [144]. Treatment of endothelial cells with wortmannin, a PI3K inhibitor, results in
suppression of eNOS expression and the subsequent NO production. However, additional
activation of MAPK and an increase in ET-1 expression were observed when wortmannin and
insulin were applied simultaneously [139,164]. Thus, it was suggested that the loss of balance
between these two pathways is a primary feature in the pathogenesis of hyperinsulinemia-induced

vascular dysfunction [164]. This imbalance has been attributed to the selective nature of insulin
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resistance that typically is characterized by the attenuation of the PI3K-eNOS pathway, while the
integrity of the MAPK-ET-1 pathway is maintained, favoring the vasoconstrictor action of insulin
[164] (Fig. 4). However, it is not clear whether hyperinsulinemia alone, in isolation from insulin
resistance, is capable of disturbing the vasomotor balance. As was demonstrated earlier regarding
healthy individuals (Table 1), the effect of hyperinsulinemia on vascular tone and homeostasis was
contradictory among studies that, for the most part, failed to provide a mechanistic explanation for

these discrepant findings.

Circulating levels of ET-1 are higher in obese and T2DM subjects versus healthy controls,
and the levels are proportional to the degree of hyperinsulinemia [70,71,93,103,222]. It is worth
mentioning that ET-1 per se plays a critical role in the development of insulin resistance and
endothelial dysfunction in skeletal muscle [195]. In support of this hypothesis, molecular studies
using chronic ET-1 treatment resulted in suppression of the PI3K/AKT signaling pathway by
inhibiting the phosphorylation of insulin receptor substrates IRS-1 and IRS-2 [94], or by
interfering with phosphatidylinositol 4,5-bisphosphate PIP2 function as an intermediate in the IP3
pathway [216]. In obese subjects and in subjects with T2DM, insulin infusion for 2 hrs (287
pmol/m?/min, or ~1.1 mU/kg/min) caused marked elevation of plasma levels of ET-1 [72]. Several
in vitro studies, such as the human umbilical vein endothelial cell (HUVEC) model, have also
reported increased ET-1 expression in response to insulin treatment [38,72,248]. Thus, it seems
reasonable to assume that antagonizing ET-1 signaling may provide an ideal therapeutic target in
an insulin-resistant population. ET-1 receptor antagonism in obese and T2DM subjects generated
more consistent data than studies in lean, healthy individuals, indicating that the activity of
endogenous ET-1 may be enhanced in subjects with insulin resistance. For instance, Lteif et al.

[120] demonstrated blockade of ETa in the femoral artery during insulin infusion resulted in
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augmented leg blood flow and skeletal muscle glucose uptake in obese subjects. In addition, it has
been reported that ET-1 antagonism increases NO synthesis, restores NO bioavailability, and
reduces blood pressure in obese and diabetic individuals [130,131]. Collectively, these data
support the contention that hyperinsulinemia-induced ET-1 contributes to insulin resistance-
associated vascular dysfunction, thus leading to a progressive, deleterious spiral of events. Such
complications include diminished delivery of insulin and nutrients to skeletal muscle and,

subsequently, the reduced uptake and metabolism of glucose.

While the above-mentioned studies established a role for hyperinsulinemia in augmenting
ET-1 production and its vasoconstrictor effect, another important question remains to be answered
is whether hyperinsulinemia stimulates NO release in a way that maintains the balance with ET-1.
The current evidence for the involvement of NO-dependence during hyperinsulinemia was
deduced mostly from studies that measured NO indirectly. Nevertheless, fewer studies have
measured the change in NO concentrations in response to acute hyperinsulinemia [202,232,261].
Moreover, because of the very short half-life of NO (3-4 seconds), these studies used methods
based on measuring NO metabolites (nitrates and nitrites) to estimate NO concentrations. Although
these methods do not completely reflect the biological activity of NO, they currently provide a
standard tool for estimating NO concentrations. Using this approach, Tsukahara et al. [231]
demonstrated that urinary levels of nitrates and nitrites increased significantly in lean, healthy
subjects after a single, intravenous injection of insulin (0.1 mU/kg). Solomon et al. [202] showed
progressive decline in plasma NO bioavailability across the glucose tolerance continuum in older,
obese subjects. However, they reported no significant changes in plasma NO in response to acute
hyperinsulinemia (40 mU/m?/min, equivalent to 1.1 mU/kg/min). Similarly, Eid et al. [66] reported

a null effect of insulin administration on plasma NO levels in subjects with borderline
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hypertension. Tessari et al. [227,228] used a unique approach employing infusion of stable isotope
labeled L-arginine to examine the conversion of L-arginine to NO. Using this method, they showed
that insulin’s ability to induce NO synthesis was several-fold lower in subjects with T2DM than

in lean, heathy controls.

All the above-mentioned studies used various methods to estimate the NO concentration
in blood. However, because no half-life and metabolism of NO by the erythrocytes is rapid, most
methods underestimate the biological activity of NO. Only scattered studies have investigated the
effect of hyperinsulinemia on local NO metabolism in skeletal muscle. In a study by Kashyap et
al. [100], a four-hour hyperinsulinemic-euglycemic clamp (80 mU/m?/min, equivalent to ~ 2.2
mU/kg/min) induced a two-fold increase in the NOS activity in skeletal muscle of lean, healthy
individuals. However, the same research group reported no changes in NOS activity in subjects
with T2DM [99]. Collectively, these studies provide some evidence for the impaired sensitivity of
the NO pathway to acute, short-term hyperinsulinemia in insulin-resistant subjects, which results
in the unopposed vasoconstrictor activity of ET-1. Nevertheless, there are no data available
regarding the effect of prolonged hyperinsulinemia on either insulin-resistant or healthy
individuals. Madonna et al. [126] reported detrimental effects of prolonged hyperinsulinemia in
cultured human endothelial cells. In this study, although short-term (30 min) hyperinsulinemia
enhanced the phosphorylation of NOS and NO production, long-term insulin treatment (three days)
suppressed the PI3K/eNOS axis and inhibited NO production. In addition, chronic administration
of insulin (days to weeks) decreased the number of insulin receptors and reduced insulin sensitivity
in rats [106,128]. On the basis of such observations, investigating the potential detrimental effects

of prolonged hyperinsulinemia in humans, although challenging, is warranted.

29



Hyperinsulinemia-induced vascular dysfunction has traditionally thought to be mediated
mainly through the disturbed balance between vasodilators and vasoconstrictors [104]. Another
mechanism that could explain the vascular dysfunction associated with hyperinsulinemia deals
with the generation of reactive oxygen species (ROS). In vascular smooth muscle cells, insulin
treatment induced oxidative stress via increased nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase activity and subsequent superoxide generation [4]. Similar findings have been
reported in aortic endothelial cells in which superoxide generation increased two-fold following
both acute and chronic exposure to insulin [98]. Hyperinsulinemia was also shown to inhibit
catalase activity and increase hydrogen peroxide (H202) production in rats [255]. This increase in
H20, displayed a significant negative linear correlation with serum insulin levels. Another
potential mechanism by which insulin may increase ROS formation is through NO production.
Even though this mechanism is impaired in the case of insulin resistance, residual amounts of NO
interact with superoxide radicals, leading to the formation of peroxynitrite, which is capable of
uncoupling eNOS and inhibiting antioxidant enzymes, such as manganese superoxide dismutase
(MnSOD) [125]. Recently, Sanchez et al. [185] reported that ET-1 infusion in rats stimulated
superoxide generation by activating the ETa-mediated NADPH oxidase system, which further
contributed to ET-1-induced impairment of the NO pathway. From what was mentioned above, it
is conceivable that hyperinsulinemia-induced ET-1 over-expression and increased oxidative stress
are two intertwined mechanisms that act in concert to potentiate endothelial dysfunction in insulin

resistance.

THE LINK BETWEEN HYPERINSULINEMIA AND CVD

The risk of CVD and stroke is three to four-fold greater in individuals with obesity and diabetes

than in the general, age-matched population [95,114]. The association between these metabolic
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disorders and the development of CVD is believed to be multifactorial, with insulin resistance and
the accompanying compensatory hyperinsulinemia, acting as major contributors [56,161]. Insulin
resistance is strongly association with the risk of CVD independent of other risk factors, such as
reduced physical activity, obesity, glucose intolerance, and dyslipidemia [30,31,84]. Similarly, in
two longitudinal studies, insulin resistance was highly predictive of subsequent coronary heart
disease, stroke, and transient ischemic attacks in elderly men [252,264]. In addition, insulin
resistance is highly prevalent in non-diabetic patients with coronary heart disease and is linked to
decreased exercise capacity and increased CVD risk factors, such as waist circumference, high
levels of leptin, and endothelial dysfunction [6]. Several mechanisms have been suggested to
explain the biological link between insulin resistance and CVD. The primary mechanisms is
believed to be hyperinsulinemia-induced endothelial dysfunction, which is also considered to be a
key feature in insulin resistance [120]. Vascular endothelium is the first responder to insulin’s
action and is considered as a prime target for insulin resistance [102]. The facts that endothelial
cells are the first to encounter blood-born nutrients and insulin resistance is rapidly developed in
response to high fat diet [211] suggest that the response of endothelial cells precedes that of other
insulin-targeted tissues. Insulin-resistant endothelial cells greatly contribute to the manifestations
and consequences of insulin resistance elsewhere in the body and is considered as a link between
vascular and metabolic insulin resistance [21]. Moreover, endothelial dysfunction independently
predicts cardiac mortality, myocardial infarction, and stroke [29] and is considered to be an early
event in the development of cardiometabolic syndrome development [166]. Hyperinsulinemia-
induced endothelial dysfunction in skeletal muscle is characterized by the following interrelated

vascular pathologies that contribute to the risk of developing CVD.
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VVasomotor Imbalance

Dysfunctional endothelial cells release lower levels of NO and higher levels of ET-1, which favors
vasoconstriction and poor capillary perfusion. This impairs insulin delivery to skeletal muscle [17],
reduces the transport and disposal of nutrients [181], and results in disturbances in carbohydrate
and lipid metabolism [243]. As a consequence, a cluster of metabolic abnormalities occur, such as
hyperglycemia, hypertriglyceridemia, and hypercholesterolemia [3]. These metabolic
derangements enhance inflammation and oxidative stress and cause further damage to the vascular
endothelium, which support the hypothesis that endothelial dysfunction could be a cause and a
consequence of metabolic disturbances. Thus, the lack of NO bioavailability generates a vicious
cycle, which further contributes to the pathogenesis of insulin resistance-induced vascular
dysfunction. Hyperinsulinemia is also known to stimulate pro-atherogenic [11,51], pro-coagulant
[137], pro-adhesive, pro-inflammatory [74,137,205,253], and oxidative stress-inducing [249]
pathways, as well as inducing smooth muscle cell proliferation and hypertrophy [52]. This
sequelae contributes to the development of hypertension, atherosclerosis, and many other
manifestations of CVD. Figure 5 summarizes the hypothesized pathways and molecules involved

in hyperinsulinemia-induced ET-1 production which exacerbate vascular dysfunction.

In addition, while skeletal muscle rely on insulin-regulated pathways for their supply of
glucose, endothelial cells are able to take up glucose independently from the action of insulin. This
assumption is built on the observation that skeletal muscle cells express insulin-dependent glucose
transferase-4 (GLUT-4) while endothelial cells have insulin-independent glucose transporters,
glucose transferase-1 (GLUT-1), as well [63]. This diverse distribution of glucose transferases
creates an imbalance in which the hyperinsulinemic-hyperglycemic state that develops due to

insulin resistance leads to an unregulated rush of glucose into the endothelial cells with collateral
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glucose starvation at the level of skeletal muscle [19]. As a consequence, a vicious cycle of pro-
inflammatory signaling and oxidative stress is generated leading to worsening of the insulin-

resistance state and its related cardiovascular risk.

Inflammation and Oxidative Stress

In response to inflammation and oxidative stress, activated endothelial cells express cell surface
adhesion molecules, such as intracellular adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1), E-selectin, and P-selectin. These molecules result in the recruitment of
inflammatory cells to the wall of blood vessels and in augmented production of inflammatory
cytokines, such as interleukin (IL)-1, IL-6, IL-8, tumor necrosis factor alpha (TNF-a), interferon
gamma (IFN-y), and C-reactive protein (CRP) [160]. In addition, adhesion molecules on the
surfaces of endothelial cells facilitate platelet aggregation and adhesion. In the absence of an
opposing vasodilatory action mediated via endothelial NO, this inflammatory milieu predisposes
patients to coagulation disorders and atherosclerosis [124]. Inflammation and oxidative stress are
closely related, since they share most of the signaling pathways, and the presence of one always
triggers the occurrence of the other. Oxidative stress has been implicated in almost all the key steps
in the pathogenesis of CVD, such as endothelial dysfunction, eNOS uncoupling, NO degradation,
dyslipidemia and lipid oxidation, vascular remodeling, atheroma formation and atherosclerosis,
and acute thrombotic events [159]. ROS also result in suppression of the activity of antioxidant
enzymes, such as glutathione peroxidase and superoxide dismutase [75]. The role of oxidative
stress and ROS in inducing endothelial dysfunction in skeletal muscle of metabolically-

compromised humans was discussed comprehensively in a review by Goodwill and Frisbee [80].
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Advanced Glycation End-products (AGES)

Recently, AGEs and their receptor, known as receptor of AGEs (RAGE), have been implicated in
the pathogenesis of CVD in patients with T2DM [78]. AGEs are formed via non-enzymatic protein
glycation, and they contribute significantly to inflammation and oxidative stress [41,212]. AGEs
are of clinical importance because there is increasing evidence that they have a pivotal role in the
biology of the development of insulin resistance-related CVD [96,134]. They may exert their
detrimental cellular effects directly, or via binding to RAGE that is expressed on the surfaces of
several types of cells. AGEs cause vascular abnormalities that are irreversible even after
maintaining a good control of blood glucose. These abnormalities have been referred to as the
“metabolic memory” which indicates long-term effects of earlier metabolic derangements that
accelerated the formation and accumulation of AGEs [257,258]. Several mechanisms for the
contribution of AGEs to endothelial dysfunction have been proposed. For instance, AGEs formed
in the extracellular matrix reduces the elasticity and induces stiffness of the vascular wall
predisposing to atherosclerotic diseases [259]. Also, they scavenge NO and reduces its
bioavailability resulting in impaired endothelium-dependent vasodilatation [193]. Moreover, there
is a growing body of evidence that binding of AGEs to RAGE induces oxidative stress and pro-
inflammatory signaling pathways such as nuclear factor kappa-light-chain-enhancer of activated

B cells (NFxB), that further contribute to the development and progression of CVD [256].

Matrix Remodeling and Arterial Stiffness

Matrix remodeling and arterial stiffness are established predictors of cardiovascular risk that could
propose a possible link between hyperinsulinemia-induced endothelial dysfunction and CVD
pathogenesis [7,162]. Beyond the functional changes, insulin resistance and the associated

hyperinsulinemia induce structural changes in the vascular wall. Many mechanisms have been
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proposed for insulin resistance-induced vascular stiffness, including: 1) the activation of insulin
growth factor-1 (IGF-1) by compensatory hyperinsulinemia, which induces the proliferation and
migration of smooth muscle cells to the intima and secretion of collagen that leads to the formation
of fibrous plaques and atherosclerotic lesions [182]; 2) lipid deposition and oxidative stress to the
vessel wall, which triggers an inflammatory reaction with subsequent destruction of elastin and
accumulation of extracellular matrix proteins, such as collagen; this results in reduced vascular
wall compliance and elasticity [206]; 3) increased expression and activity of angiotensin 1 receptor
in the vasculature which results in decreased vascular compliance [33]; and 4) reduced vascular
tone caused by impaired NO production. All of these factors contribute to the reduction of vascular
compliance and the induction of arterial stiffness associated with insulin resistance, both of which

are key factors in the development of atherosclerosis and hypertension [40,122,127].

Endothelial Barrier: Glycocalyx and Transcytosis

It is currently well established that insulin’s delivery to skeletal muscle is controlled by capillary
perfusion. However, another candidate mechanism that could control the delivery of insulin to
muscle is the active movement of insulin across the endothelial cell barrier [23,83,207]. There is
a growing body of evidence that insulin’s accessibility to tissue and its ability to improve blood
flow and capillary recruitment depend to a certain extent, on a reciprocal relationship between
insulin and the endothelial glycocalyx [69]. The glycocalyx is a gel-like layer that consists of a
network of proteoglycans, glycoproteins, and glycosaminoglycans that acts as a barrier between
circulating blood and the endothelium [152]. In normal physiological states, insulin modifies the
structure and function of the glycocalyx, promoting the delivery of more insulin and blood to the
target tissue [69]. However, in insulin resistance, the glycocalyx becomes less accessible to blood

and large molecules, such as insulin. These structural changes and abnormalities in the glycocalyx
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have been well-correlated with capillary recruitment across the glucose-tolerance continuum [81].
In addition to its interactive role with insulin to control the accessibility of blood for tissues, the
glycocalyx also acts as a mechanosensor and a transducer that transmits the shear stress to the
endothelial cells, resulting in increased production of NO [223]. Thus, it is likely that the
attenuation of the glycocalyx can explain, in part, the disturbance in NO release and the impaired

vasodilation in insulin-resistant individuals.

Insulin transcytosis is another way for insulin to traverse the endothelial barrier. Recently,
it was shown that insulin resistance-induced endothelial dysfunction is associated with impaired
insulin transcytosis across endothelial cells [247]. Moreover, the myoendothelial junction, which
has been cited as a possible key element in NO signaling and diffusion in endothelial cells [214],
is affected adversely both quantitatively and morphologically by endothelial dysfunction [87].
Collectively, derangements in the glycocalyx or the transcytosis process result in impairment of
insulin delivery to muscle tissues, resulting in several vascular and metabolic complications.
Overall, all the above-mentioned pathophysiological mechanisms that link insulin resistance and
the associated hyperinsulinemia to vascular dysfunction, act in a reciprocal, intertwined fashion.
It is sometimes difficult to determine if these phenotypes are a cause or a consequence of vascular
dysfunction. Nevertheless, recent evidence suggests that some of these pathological abnormalities
exist as early events in insulin resistance [45] which supports the contributing role of the latter to

vascular dysfunction and subsequently the development of CVD.

CONCLUSION

The vascular action of insulin has been increasingly recognized in the past two decades.
Accordingly, the link between insulin resistance and CVD is becoming increasingly clear and the

contribution of low insulin delivery to the impaired insulin-mediated glucose disposal, in insulin
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resistant skeletal muscle, is becoming more apparent. Hyperinsulinemia is an integral component
of insulin resistance and both are biologically intertwined, however, within this context it is hard
to conclude whether hyperinsulinemia is the cart or the horse. There is growing evidence for the
contribution of chronic hyperinsulinemia to vascular dysfunction and CVD. Nevertheless, the
discrepancy in studies that examined the effect of hyperinsulinemia on vascular function requires
that further work be done. Hyperinsulinemia did not induce the same effect among different studies
and among different subjects within each study. This may indicate the presence of interactions
between hyperinsulinemia and other risk factors such as glucose levels, lipid profile, blood
pressure, etc. It is also important to know that hyperinsulinemia can be a consequence of insulin
treatment in insulin-dependent and some insulin-independent diabetic patients. This emphasizes
the need to investigate the potential detrimental effects of hyperinsulinemia on the vascular and
metabolic function. In this review, we explicitly addressed, at both the clinical and the molecular
level, vascular action of insulin and vascular dysfunction associated with hyperinsulinemia as well

as the underlying mechanisms that link hyperinsulinemia to the high risk of developing CVD.

PERSPECTIVES

Compensatory hyperinsulinemia associated with insulin resistance is considered to be one of the
major mechanisms that promote vascular dysfunction in metabolically compromised patients.
Nevertheless, more work needs to be done to fill the gap between experimental models of
hyperinsulinemia and chronic compensatory hyperinsulinemia associated with insulin resistance.
There is a need for more controlled studies into the vascular effects of insulin where the metabolic
profile of subjects and other factors that may influence the outcome such as diet and different
diabetes treatment modalities are more adjusted. Also there is an imminent need for more sensitive

tools to measure skeletal muscle microvascular density in vivo since the available tools such as
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capillary video-microscopy and laser Doppler ultrasound are restricted to skin perfusion with
limited penetration depth. Finally, insulin resistance and the associated hyperinsulinemia are
multifaceted conditions that threatens the health of millions of people. Understanding the
mechanisms by which insulin resistance induces vascular dysfunction is critically important for

the prevention and/or treatment of cardiometabolic disorders.
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Table 1. Effects of hyperinsulinemia on conduit vessel blood flow in healthy individuals.

Author N Insulin dose Insulin Age (y) BMI (kg/m?) Endpoint QOutcome Method
(mU/kg/min)  duration (min)
Low dose
Coggins, 2001 [50] 10 0.05 240 30+2 24+1 FBF — SGP
Fujita, 2006 [76] 6 0.06 ¢ 240 29+3 252 LBF 1 IDM/ICG
Coggins, 2001 [50] 9 0.10 240 23+1 23+1 FBF 0 SGP
Olsen, 2005 [158] 6 0.17 240 50+4 29+2 FBF&LBF — VUS
Timmerman, 2010 [229] 6 0.19¢ 180 743 272 LBF — IDM/ICG
Fujita, 2006 [76] 7 0.20°¢ 240 252 221 LBF 1 IDM/ICG
Arcaro, 2002 [10] 9 0.23 b 360 24+1 22+1 FBF&LBF ! VUS
Morgantini, 2012 [141] 10 0.25 240 27+1 22+3 FBF o VUS
Fujita, 2006 [76] 6 0.40°¢ 240 28+2 26+2 LBF 1 IDM/ICG
Laakso, 1992 [111] 6 0.502 120° 33+2 2241 LBF 1 IDM/thermal
Moderate dose
de Jongh, 2004 [55] 12 0.83¢ 120 2748 23+1 LBF 1 SGP
Bonadonna, 1998 [28] 10 0.87° 130 19-32 n/a FBF - IDM/ICG
Scherrer, 1993 [192] 6 0.87° 120 29+4 23+1 LBF 1 SGP
Arcaro, 2002 [10] 5 0.94 b 360 24+1 251 FBF&LBF ! VUS
Eggleston, 2007 [65] 14 1.00 120 24+1 23+1 FBF 7 VUS
Clerk, 2006 [47] 11 1.00 120 373 23+1 FBF 1 VUS
Sonne, 2010 [204] 20 1.082 120 251 24+1 FBF 1 SGP
Nystrom, 2004 [156] 10 1.082 120 29+4 24+1 FBF > VUS
Baron, 1995 [16] 6 1.082 240 35+2 22+1 LBF 1 IDM/thermal
Laakso, 1992 [111] 6 1.082 120° 33+2 22+1 LBF 1 IDM/thermal
Cardoso, 2007 [35] 26 1.372 120 51+1 25+1 FBF 0 VUS
Hedman, 2001 [88] 15 1512 110 70+2 26x4 LBF > VUS
Rosdahl, 1998 [178] 10 1512 120 21-32 23+1 FBF&LBF 1 SGP
Tack, 1998 [221] 13 1.622 120 38+ 8 22+ 1 FBF 1 SGP
High dose
Muniyappa, 2006 [143] 20 3.24% 180 4043 2441 FBF 1 VUS
Sjostrand, 2002 [201] 10 3.242 240 404 24+1 FBF 0 SGP
Baron, 1995 [16] 15 3.24% 240 32+2 22+1 LBF 1 IDM/thermal
Bonadonna, 1998 [28] 6 4.35° 130 19-32 n/a FBF 1 IDM/ICG
Lteif, 2007 [120] 9 8.112 240 377 22+3 LBF 0 IDM/thermal
Laakso, 1992 [111] 6 8.112 90" 33+2 22+1 LBF 1 IDM/thermal
Bonadonna, 1998 [28] 4 8.70° 130 19-32 n/a FBF 1 IDM/ICG
Baron, 1993 [16] 19 16.222 200 263 24+1 LBF 1 IDM/thermal
Laakso, 1992 [111] 6 16.222 40°f 33+2 22+1 LBF 1 IDM/thermal

Abbreviations: FBF, forearm blood flow; IDM/ICG, indicator dilution method using indocyanine green ; IDM/thermal, indicator dilution
method using thermodilution; LBF, leg blood flow; N, number of subjects; N/A, not available; SGP, strain gauge plythesmography; VUS,
vascular ultrasound; y, year. @ Converted from (mU/m?/min) to mU/kg/min. ® Converting from pmol to mU. © Converting from
(mU/100ml leg volume/min) to mU/kg/min. @ Converted from hrs to min. f, dose response curve. 1, increase. |, decrease. <>, no change.
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Table 2. Effects of hyperinsulinemia on conduit vessel blood flow in obese, insulin-resistant individuals.

Author

Olsen, 2005 [158]

Bergdahl, 2009 [189]

Clerk, 2006 [47]
Nystrom, 2004 [156]
Laakso, 1992 [111]
Laakso, 1990 [110]

Tack, 1998 [221]

Laakso, 1990 [110]
Laakso, 1992 [111]
Muniyappa, 2006 [143]
Rennings, 2006 [175]
Gudbjornsdottir, 2005 [82]
Sjostrand, 2002 [201]
Lteif, 2007 [120]
Laakso, 1992 [111]
Laakso, 1992 [111]
Laakso, 1990 [110]
Laakso, 1992 [111]

Laakso, 1990 [110]

N

6

10

10

12

6

6

15

Subject

T2DM

T2DM

OB/IR
T2DM
OB/T2DM
OB/IR

OB/IR

OB/IR
OB/T2DM
OB/IR
OB/IR
T2DM
OB/IR
OB/IR
OB/T2DM
OB/T2DM
OB/IR
OB/T2DM

OB/IR

Insulin dose
(mU/m?/min)

0.22

0.32

1.08

40

40

40

60

100

120

120

120

120

120

300

300

600

600

1200

1200

Duration
(min)

240

60

120

120

180"

180"

120

90°

180"

180

120

240

240

240

90"

90"

90"

407

407

Age (y)

58+2

603

43+2

61+3

40+1

37+2

3745

37+2

40+1

4943

46+9

5542

4343

337

40+1

40+1

37+2

40+1

37+2

BMI

(kg/m?)

33+2

32+1

34+1

28+1

33+1

30+1

3243

30+1

33+1

34+1

3243

28+1

32+1

34+5

33+1

33+1

30+1

33+1

30+1

Endpoint

FBF&LBF

FBF

LBF

Outcome

>

1

1

1

Method

IDM, thermal

IDM, thermal

SGP

IDM, thermal

IDM, thermal

IDM, thermal

IDM, thermal

IDM, thermal

IDM, thermal

IDM, thermal

IDM, thermal

Abbreviations: FBF, forearm blood flow; IDM/thermal, indicator dilution method using thermodilution; LBF, leg blood flow; N, number
of subjects; OB/IR, obese insulin resistant; N, size; SGP, strain gauge plythesmography; T2DM, type 2 diabetes mellitus; VUS, vascular

ultrasound; y, year. @ Dose is in mU/kg/min. ¥, dose response curve. 1, increase. <>, no change.



Table 3. Effects of hyperinsulinemia on skeletal muscle microvascular function in lean, healthy and obese,
insulin resistant individuals.

Author N Insulin dose Duration Age (y) BMI (kg/m?) Endpoints & outcome Approach
(mU/kg/min) (min)

Healthy individuals

Coggins, 2001 [50] 10 0.05 240 30+2 24+1 T n/a ! CEU
Coggins, 2001 [50] 9 0.10 240 23+1 23+1 T n/a ! CEU
Timmerman, 2010 [229] 6 0.19° 180 74%3 27+2 - n/a — CEU
[
Mulder, 2008 [142] 22 0.64 120 22+4 22+2 T n/a 1 CEU
Chai, 2011 [36] 11 1.00 120 22+1 23+1 T T - CEU
Meijer, 2012 [135] 18 1.00 150 31+11 2616 T n/a - CEU
Sauder, 2012 [187] 8 1.00 120 23+2 23+1 T T - CEU
Liu, 2011 [117] 22 1.00 120 23+1 23+1 T T ! CEU
Eggleston, 2007 [65] 14 1.00 120 24+1 23+1 1 n/a n/a CEU
Clerk, 2006 [47] 11 1.00 120 3743 23+1 T n/a - CEU
Sjaberg, 2011 [200] 16 1.42 60 25-28 22-25 T n/a n/a CEU

Muniyappa, 2006 [143] 20 3.24° 180 40%3 24+1 1 nla 1 CEU
Sjsberg, 2011 [200] 16 5.00 60 25-28 22-25 1 nla nla CEU
Murdolo, 2008 [145] 8 23.76° 240 46+3 31+1 1 nla nla Microdialysis

Obese insulin-resistant

Clerk, 2006 [47]

Muniyappa, 2006 [143] 20 120.0" 180 49+3 34%1 1 nla 1 CEU

Murdolo, 2008 [145] 7 22.02° 240 465 32+1 1 n/a n/a Microdialysis

Abbreviations: CEU, contrast enhanced ultrasound; LDU, laser Doppler ultrasound; MBF, microvascular blood flow, MBYV,
microvascular blood volume, MFV, microvascular flow velocity. ® Converted from (mU/m%min) to mU/kg/min. ® Converting from
(mU/100ml leg volume/min) to mU/kg/min. © Converting from mg/min to mU/kg assuming 1mg of insulin contains 24mU and the
average weight was 101 kg for healthy subjects and 109 kg for obese insulin-resistant subjects.*, dose is in mU/m2/min. (equivalent to
3.24 mU/kg/min in lean subjects). 1, increase. |, decrease. <>, no change

(o]

9



FIGURE LEGENDS

Fig 1. Physiological action of insulin on the peripheral vascular tree of skeletal muscle.
Insulin causes relaxation of large conduit arteries, terminal resistance arterioles and capillaries in
skeletal muscle resulting in increases in blood flow, capillary perfusion and capillary recruitment,
respectively.

Fig 2. Insulin’s vasoregulatory signaling pathway under normal physiological conditions.
Summary of the signaling pathway by which insulin induces vasodilation. Binding of insulin to
the insulin receptor is followed by activation of PI3K and subsequently AKT, which
phosphorylates eNOS and increases the production of NO. NO diffuses to adjacent smooth muscle
cells and promotes smooth muscle cell relaxation leading to vasodilation. Binding of insulin to the
insulin receptor initiates activation of RAS/RAF, which subsequently induces activation of MEK
and ERK1/2 leading to increased production of ET-1. ET-1 binds to the ET receptor type A on the
surface of adjacent smooth muscle cells promoting their contraction leading to vasoconstriction.
eNOS, endothelial nitric oxide synthase; ERK, extracellular signal-regulated kinase; ET-1,
endothelin-1; MEK, mitogen activated or extracellular protein kinase kinase; NO, nitric oxide;
PI3K, phosphatidylinositol 3 kinase; RAF, rapidly accelerated fibrosarcoma; RAS, rat sarcoma.

Fig 3. ET-1 receptor—mediated actions on endothelial cells and vascular smooth muscle cells.
ET-1binds to ETg1 receptors on the surface of endothelial cells and activates the PI3/AKT pathway
which induces eNOS activity and NO production. NO diffuses to the neighboring smooth muscle
cells and activates the GC enzyme that transforms GTP to C-GMP resulting in a reduction of
intracellular Ca2* levels and vasodilation. ET-1 binds to ETa or ETg2 receptors on the surface of
smooth muscle cells activates the PLC/IP3 pathway which, in turn, increases intracellular Ca?*
levels and activates the PKC pathway resulting in cell contraction and vasoconstriction. AKT,
protein kinase B; C-GMP, cyclic guanosine monophosphate; eNOS, endothelial nitric oxide
synthase; ET-1, endothelin-1; ETa, endothelin receptor type A; ETgy, endothelin receptor type B1;
ETs2, endothelin receptor type B2, GC, guanylate cyclase; GTP, Guanosine triphosphate;
IP3,inositol triphosphate; MAPK, mitogen activated protein kinase; NO, nitric oxide; PI3K,
phosphatidyl insositol 3 kinase; PLC, phospholipase C; RAF, rapidly accelerating fibrosarcoma.

Fig 4. Counterbalance of insulin action through MAPK/ET-1 and PI3K/NO signaling axes.
Insulin sensitivity preserves the balance between vasoconstrictive (MAPK/ET-1) and vasodilatory
(PI3K/NO) pathways downstream of the insulin receptor. With insulin resistance and
compensatory hyperinsulinemia, the PI3K/NO axis is compromised leading to an unopposed
vasoconstrictive action of MAPK/ET-1 pathway. ET-1, endothelin-1; MAPK, mitogen activated
protein kinase; NO, nitric oxide; PI3K, phosphatidylinositol 3 kinase.

Fig 5. Vascular dysfunction caused by hyperinsulinemia-induced ET-1 production.
Schematic illustration of the hyperinsulinemia mediated enhancement of ET-1 production and the
subsequent deleterious actions on vascular endothelial cells and smooth muscle cells. COX,
Cyclooxygenase; DAG, Diacylglycerol; ET-1, endothelin-1; GRB2, Growth Factor Receptor-
Bound Protein-2; ICAMs, Inter-Cellular Adhesion Molecules; IFN, Interferon; IL, Interleukin;
IP3, Inositol 1,4,5 triphosphate; MAPK, Mitogen Activated Protein Kinase; PAF, Platelet
Activating Factor; PAI, plasminogen Activator Inhibitor; PLA2, Phospholipase A2; PLC,
Phospholipase-C; PLD, Phospholipase D; TNF, Tumor Necrosis Factor; TX, Thromboxane;
VCAMs, Vascular Cell Adhesion Molecules; vVWF, von Willebrand Factor.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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