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Insulin resistance is typically defined as a reduced ability of insulin to induce
glucose uptake by target tissues such as fat and skeletal muscle cells. It
accompanies several disease states, including obesity, type 2 diabetes, hepa-
titis C, and polycystic ovary syndrome, and is a primary feature of metabolic
syndrome. Outside of its effects on blood glucose levels, insulin resistance is
also associated with a 2- to 3-fold increased risk of cardiovascular mortality.
In 1996, Alain Baron, Helmut Steinberg, and colleagues demonstrated that
insulin resistance is associated with endothelial dysfunction. This seminal
observation led to significant advances in our understanding of insulin’s

action in health and disease.

In the mid-1990s, our lab produced sem-
inal observations demonstrating that
insulin-mediated augmentation of skele-
tal muscle blood flow was a physiologic
feature of insulin’s action in humans
(1). Moreover, in the insulin-resistant
states of human obesity and type 2 dia-
betes, this vascular action of insulin was
impaired (2). These studies used femo-
ral arterial catheterizations to evaluate
the response to intra-arterial vasodilator
stimuli, comparing control conditions
against euglycemic-hyperinsulinemic
clamp conditions. Obesity was associated
with parallel defects in the vasodilatory
responses to insulin and to methacho-
line, an endothelium-dependent vasodi-
lator. We further demonstrated that the
vasodilatory effects of insulin were medi-
ated by the release of endothelial nitric
oxide, and we and others demonstrated
that blocking nitric oxide production in
vivo could induce insulin resistance and
inhibit glucose uptake by preventing
insulin-mediated vasodilation in skeletal
muscle (3). Finally, we demonstrated that
endothelial dysfunction, characterized
by reduced nitric oxide production and
exaggerated release of endothelin, was a
key feature of human insulin-resistant
states (4). The link between insulin resis-
tance and endothelial dysfunction is now
widely accepted, and there is broad rec-
ognition that insulin’s action to enhance
its own vascular delivery (and that of its
substrates) is integral to its overall action.
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These observations have prompted
much subsequent work, including the
exploration of the cellular and molecu-
lar details of the vascular actions of insu-
lin. Quon and colleagues demonstrated
that the molecular signaling pathways
mediating insulin stimulation of nitric
oxide production in endothelial cells are
similar to signaling pathways mediating
insulin activation of glucose transport in
classical target tissues (i.e., the PI 3-kinase
pathway) (5). Among many experiments
confirming these observations, mice with
defective insulin signaling (IrsI knockourt)
exhibited impaired endothelial function
and insulin resistance (6). While insulin in
endothelial cells also acts via a MAP kinase
pathway independent of impaired insulin
receptor/IRS-1 signaling (5), in the setting
of impaired endothelial IRS-1 function,
insulin preferentially activates the MAP
kinase pathway, resulting in a mitogenic,
proatherosclerotic response in the vascular
wall. These effects are prominently driven
by endothelin. Excess endothelin action
appears to contribute to insulin resistance
in human obesity (4). A current model sug-
gests that endothelial insulin sensitivity
determines a balance between the vasculo-
protective PI 3-kinase and proatherogenic
MAP kinase pathways (Figure 1).

The observation that insulin’s vasodila-
tory actions are impaired in obesity and
insulin resistance has also prompted stud-
ies exploring the location of this action in
the vascular tree. Using a clever microbub-
ble technique, the Barrett and Clark labo-
ratories demonstrated that insulin acts in
a nitric oxide-dependent fashion to regu-
late capillary recruitment and perfusion
by affecting precapillary resistance vessels
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(7). Importantly, this action of insulin pre-
cedes the induction of glucose uptake (8),
demonstrating that the vascular effects of
insulin are primary and do not arise as a
consequence of changes in cellular metab-
olism. These same authors have confirmed
that insulin resistance is associated with
impaired capillary recruitment and altered
skeletal muscle perfusion.

Recognition of impaired vascular actions
of insulin in obesity and insulin resistance
has recast prior observations of the contri-
butions of fatty acids and inflammation
to systemic insulin resistance and the role
of other metabolically active hormones on
the vasculature. Fatty acid excess (partic-
ularly palmitic acid), previously known
to cause insulin resistance, also induces
tissue and vascular insulin resistance (9).
Inflammation is associated with vascular
dysfunction, and fatty acids appear to act
in part by inducing local inflammation.
Fatty acid lowering achieved with nicotinic
acid or with PPARy agonists has proven
beneficial for vascular function and for
insulin sensitivity, but the presence of
multiple concurrent effects prevents sim-
ple assessment of underlying causal rela-
tionships. Therapeutically reducing sys-
temic inflammation has been surprisingly
ineffective at improving vascular function
in diabetes. In general, interventions that
improve insulin action have also been
shown to ameliorate endothelial function.
Whether improved endothelial function
could result in improved insulin action
has not been shown.

The effects of other fuel hormones on
the vasculature have also been evaluated.
Most recently, studies with glucagon-like
peptide 1 (GLP-1) have shown that it can
act similarly to insulin as a microvascular
vasodilator in skeletal muscle (10). Addi-
tionally, GLP-1 appears to regulate myo-
cardial perfusion and fuel selection (obser-
vations that are leading to clinical studies
of GLP-1 in the setting of myocardial ische-
mia). Further study is required to evaluate
the impact of diabetes and obesity on the
vascular effects of GLP-1 and other fuel
hormones, and to evaluate the therapeutic
application of these observations.
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Much remains to be learned regarding
insulin’s vascular effects and the role of
endothelial insulin resistance in the patho-
genesis of atherosclerosis. It is interesting
to speculate that correction of endothelial
vascular resistance, independent of insulin
action in other tissues, may be sufficient to
reduce the risk of insulin resistance-associ-
ated vascular disease.
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