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Insulin resistance is characterized by the diminished ability of insulin to initiate intracellular
signaling. It is a common manifestation of obesity and a prelude to type 2 diabetes. The primary
targets of insulin are skeletal muscle, adipose, and the liver. Impaired insulin signaling in these
tissues reduces glucose uptake and promotes a metabolic syndrome that is characterized by
elevated levels of insulin, inappropriate synthesis of glucose, and dyslipidemia.1 However,
insulin receptors and insulin signaling are not exclusively restricted to metabolically active
tissue and can be observed in most cell types including vascular cells.

Individuals with insulin resistance have compromised endothelial cell function and increased
frequency and severity of cardiovascular disease.2 Although it is clear that the metabolic
consequences of insulin resistance are sufficient in themselves to induce cardiovascular
dysfunction, the local actions of insulin on blood vessels are also thought to be of significance.
Insulin directly stimulates nitric oxide (NO) release from the vascular endothelium in a
phosphatidylinositol 3-kinase (PI3K)-dependent manner that involves the Akt-mediated
phosphorylation of endothelial NO synthase (eNOS).3 Alternatively, insulin can stimulate the
mitogen-activated protein kinase (MAPK) pathway to promote cellular proliferation.3
Selective or “pathway-specific” insulin resistance has also been described in blood vessels.4
This refers to the selective reduction in the ability of insulin to stimulate PI3K signaling while
permitting or even enhancing MAPK activation (see the Figure). These effects are further
magnified in insulin-resistant states where there is increased pancreatic secretion of insulin and
by angiotensin II, which promotes MAPK signaling at the expense of the PI3K pathway. The
reduction in PI3K signaling is proposed to attenuate eNOS activity and thus diminish the
buffering and antiinflammatory actions of NO, and these events in conjunction with increased
MAPK activity set the stage for increased vascular disease.5 Despite these observations, the
local actions of insulin are not without controversy because insulin receptors are ubiquitous
and insulin is a comparatively poor stimulus for both NO release and vasodilation.

Direct evidence for a vascular role of insulin comes from genetic studies in which the insulin
receptor has been selectively deleted from the endothelium. These mice (VENIRKO) have
normal blood pressure and glucose tolerance but diminished eNOS and endothelin-1 mRNA,
which predisposes them to atherosclerosis.6,7 However, the vascular phenotype of these mice,
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in particular alterations in the regulation of eNOS, does not exactly replicate that seen in mice
with metabolic insulin resistance.8-10 In addition, the phenotypes of the muscle-specific
(MIRKO), liver-specific (LIRKO), or fat-specific (FIRKO) insulin receptor knockout mice
indicates that the severity or type of insulin resistance is unlikely to be uniform in different
tissues.11-13 Therefore, the extent to which local insulin resistance contributes to the vascular
dysfunction and cardiovascular disease observed in states of metabolic insulin resistance
remains unclear.

In this issue of Circulation Research, a study by Symons et al14 adds a new twist to what we
know about roles of vascular insulin resistance and selective insulin resistance in cardio-
vascular function. To test whether vascular insulin receptors can modify endothelial and
vascular function, Symons et al used a relatively novel insulin receptor– deficient mouse. The
TTr-IR is a global insulin receptor knockout that normally results in perinatal lethality.
However, these mice have been rescued by transgenic reexpression of the insulin receptor in
the brain, pancreas, and liver, which results in mild metabolic insulin resistance, as evidenced
by normoglycemia and hy-perinsulinemia.15 Aside from the brain, pancreas, and liver, TTr-
IR mice do not express the insulin receptor in other tissues including the endothelium and
vascular smooth muscle. This is an important distinction from the VENIRKO mouse, which
has intact insulin receptors in vascular smooth muscle and probably other vascular cells.
Symons et al report that whereas the ability of insulin to induce vascular signaling and
relaxation is impaired because of the loss of the insulin receptor, endothelial function in
response to acetylcholine and mean blood pressure are unchanged in TTr-IR mice. The loss of
insulin-dependent responses is not an unexpected finding, but the preservation of eNOS
expression, endothelial function, and blood pressure is surprising. Although it can be argued
that deletion of the insulin receptor would inhibit both arms of the opposing downstream PI3K
and MAPK pathways to produce no net change in vascular function (see the Figure), results
in mice with a more severe form of dietary-induced insulin resistance suggest otherwise.

In mice fed a high fat diet, Symons et al14 find that in contrast to the concept of pathway
selective insulin resistance described above, both Erk1/2 and Akt phosphorylation are slightly
diminished, whereas eNOS phosphorylation at S1177 is abolished. In addition, the high fat–
fed mice have compromised endothelial function and elevated blood pressure. Why this model
of insulin resistance produces a more severe phenotype compared to the TTr-IR mouse is not
clear but may be because of a greater level of adiposity or a greater degree of insulin resistance.
Also of significance in this model is the ability of insulin to robustly stimulate Akt
phosphorylation in blood vessels, despite clear evidence for metabolic insulin resistance in
other tissues. The mechanisms uncoupling Akt from eNOS phosphorylation are not known,
and it would be interesting to see whether other Akt sub-strates are also hypophosphorylated.

To test the concept of pathway-selective vascular insulin resistance, the ability of insulin to
stimulate eNOS phosphorylation in Akt-1 knockout mice was also studied. There are 3 isoforms
of Akt (Akt-1, Akt-2, and Akt-3), and blood vessels express primarily Akt-1 and -2. Previously,
it was reported that Akt-1, but not Akt-2, is important for basal and vascular endothelial growth
factor–stimulated eNOS activity/NO release.16 However, the study by Symons et al14 identifies
an important role for Akt-2 in insulin-stimulated eNOS phosphorylation that warrants further
investigation. In Akt-1 knockout mice, both eNOS and Akt phosphorylation remain intact, and
this was later shown to be attributable to the compensatory or perhaps primary actions of Akt-2.
This finding is significant because the loss of Akt-1 does not impair the actions of insulin,17

whereas Akt-2 is enriched in insulin-responsive tissue and genetic deletion results in insulin
resistance and diabetes.18 Along these lines, it would be interesting to see whether Akt-2 can
phosphorylate eNOS and whether it is selectively affected by insulin resistance versus Akt-1.
Blood pressure and endothelium-dependent relaxation are also unmodified in Akt-1 knockout
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mice, and this might be simply attributable to the fact that these animals do not have insulin
resistance.17

The phosphorylation of S1177 is commonly reported as the major index of eNOS activation,
but eNOS can also be regulated by the phosphorylation of other sites.19 In particular, Y657
was recently identified as a major insulin-sensitive phosphorylation site.20 The increased
phosphorylation of Y657, which inhibits eNOS activity, may explain the reduced ability of
insulin to stimulate NO release from blood vessels versus cultured endothelium. Although this
may represent another mechanism of vascular insulin resistance, Symons et al14 did not
investigate this site, and it is presently unknown whether Y657 phosphorylation is altered in
models of insulin resistance. However, other sites of eNOS phosphorylation, S617 and T495,
were unchanged in mice fed a high fat diet.

In summary, the mechanisms by which insulin resistance influences vascular function are
many, complex, and poorly understood. The recent observations by Symons et al14 suggest
that it is unlikely that vascular insulin receptors contribute directly to the vascular pathology
of metabolic insulin resistance. However, this should also be confirmed in a more pronounced
model of insulin resistance. It is also clear from these studies that the concept of selective
insulin resistance is more complex and variable than previously thought, particularly as we
become more aware that the participating signaling molecules are not always the ones we think
they are. A good example of this is the putative role of Akt-2 in the regulation of eNOS function.
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Figure.
Schematic diagram illustrating the major signaling pathways affected by insulin resistance in
vascular cells. Hyperstimulation of the insulin receptor reduces the activation of the PI3K-Akt
signaling axis, thus limiting the phosphorylation and activation of eNOS. Contemporaneously,
insulin signaling to MAPK is unimpeded or enhanced.
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