
Abstract

Over the past 10 years it has become clear that intact
vascular function, especially at the level of the endo-
thelium, is paramount in the prevention or delay of
cardiovascular disease. It has also become clear that
insulin itself, in addition to its metabolic actions, di-
rectly effects vascular endothelium and smooth mus-
cle. Insulin, at normal physiologic concentrations,
causes changes in skeletal muscle blood flow in heal-
thy, insulin-sensitive subjects. Insulin’s effect on the
endothelium is mediated through its own receptor and
insulin signalling pathways, resulting in the increased
release of nitric oxide. Insulin’s vascular actions are
impaired in insulin-resistant conditions such as obesi-
ty, Type II (non-insulin-dependent) diabetes mellitus

and hypertension, which could contribute to the exces-
sive rates of cardiovascular disease in these groups.
Insulin-resistant states of obesity and Type II diabetes
show a multitude of metabolic abnormalities that
could cause vascular dysfunction. Non-esterified fatty
acid levels increase long before hyperglycaemia be-
comes present. Raised non-esterified fatty acids im-
pair insulin’s effect on glucose uptake in skeletal mus-
cle and the vascular endothelium and thus could have
detrimental effects on the vasculature, leading to pre-
mature cardiovascular disease. [Diabetologia (2002)
45:623–634]
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restricted to these classic target tissues. Insulin recep-
tors have been described in the brain and in beta cells
of the pancreas where insulin appears to play a role in
energy metabolism and insulin secretion, respectively
[1, 2, 3, 4]. In addition, insulin receptors are found in
endothelial and vascular smooth muscle cells and in-
sulin has been shown to modulate vascular tone and
tissue blood flow [5].

Insulin-resistant states such as obesity, Type II
(non-insulin-dependent) diabetes mellitus and poly-
cystic ovarian syndrome [7] are characterized by im-
pairment of insulin’s classic actions to stimulate glu-
cose uptake in skeletal muscle and fat cells, and inhib-
it lipolysis in adipose tissue resulting in increased sys-
temic free fatty acid concentrations [6, 7]. The mecha-
nisms involved in insulin resistance are not fully un-
derstood but are probably multifactorial. The effects
of insulin resistance on classic insulin actions have
been described at length but the effects of insulin re-

Insulin’s effects are associated with energy metabo-
lism, largely involving the regulation of glucose and
fatty acid metabolism. Indeed, insulin plays a vital
role in the regulation of glucose and fatty acid homeo-
stasis and an important role in amino acid metabolism.
As such, it facilitates the storage of fuels and macro-
molecules in liver, muscle and fat. Over the last 15
years, it has become clear that insulin’s action is not



sistance on non-classical effector systems are less well
known.

While insulin resistance has received a great deal
of attention with respect to its role in the pathogenesis
of Type II diabetes, it is now clear that insulin resis-
tance independent of hyperglycaemia is associated
with a twofold to threefold increase in the risk of car-
diovascular mortality, with only 50% of the excess
mortality being explained by classic cardiovascular
risk factors such as blood pressure and cholesterol in-
creases [8]. In this review, we give evidence suggest-

ing that impairment of insulin action at the level of the
vasculature contributes to the more accelerated and
more severe atherosclerotic process observed in clini-
cal states of insulin resistance [9, 10]. The purpose of
this review is to summarize the current understanding
of vascular endothelial function in relation to insulin
sensitivity with emphasis on the role of fatty acids on
insulin action and vascular reactivity.

Insulin and the vasculature

The first evidence demonstrating that insulin has
vasoactivity independent of its glucose lowering ac-
tion was obtained in anaesthetized dogs [11]. Howev-
er, it took another 10 years before it was recognized
that insulin had a direct effect on the vasculature in
humans. In 1989, Laakso et al. demonstrated a dose-
dependent effect of insulin to increase leg blood flow
in healthy insulin sensitive subjects [12]. Although
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Fig. 1. A Rates of leg blood flow in response to graded hyper-
insulinaemic euglycaemic clamp in lean (■ ), obese (● ) and
Type II diabetic (NIDDM ◆ ) subjects. B Rates of whole body
glucose uptake (mg·m2 min)1 in response to graded hyper-
insulinaemic euglycaemic clamp in lean (■ ), obese (● ) and
Type II diabetic (NIDDM ◆ ) subjects



some groups were able to reproduce the findings, oth-
ers were not able to observe insulin’s effect on aug-
menting blood flow or only after prolonged infusions
[13, 14, 15, 16]. Subsequent studies showed that hy-
perinsulinaemia can increase cardiac output without
changing systemic blood pressure while simultaneous-
ly increasing blood flow to the leg [17]. According to
Ohm’s law (R=P/F), this increment in blood flow (F)
without a change in blood pressure (P) indicates that
vascular resistance (R) in skeletal muscle must fall. In
other words, it appears that insulin preferentially di-
lates skeletal muscle vessels and as such redirects the
increment in cardiac output to insulin sensitive tis-
sues. Figure 1A illustrates the effect of physiological
insulin concentrations which cause an approximately
twofold increase in LBF above baseline in lean insulin
sensitive individuals. These studies were done during
euglycaemic clamp conditions and so it follows that
this insulin effect is independent of changes in glycae-
mia. The magnitude of vasodilation appears related
not only to the insulin concentration but also the rate
of insulin-stimulated glucose metabolism [18]. Fig-
ure 2 illustrates the high degree of correlation between
the rate of insulin-stimulated glucose uptake and the
extent of vasodilation. 

In a separate study, we simultaneously determined
the time course of insulin-mediated vasodilation and
insulin’s effect on tissue glucose extraction [19]. Glu-
cose extraction is assessed by obtaining the arteriove-
nous glucose differences in response to euglycaemic
hyperinsulinaemia and largely reflects the changes in
tissue permeability to glucose. During saline control
studies, the T1/2 (the time to reach the half-maximal
effect) for insulin-mediated vasodilation was 32±
16 min comparable to the T1/2 for glucose extraction

which was 36±4 min in lean healthy subjects. The fact
that T1/2 for insulin-mediated vasodilation and glu-
cose extraction were similar suggests that both effects
are important determinants of rates of glucose uptake
and thus insulin sensitivity. The fact that vasodilation
is temporally related to glucose extraction and metab-
olism and that the magnitude of vasodilation is related
to the absolute rate of whole body glucose metabo-
lism, suggests that glucose metabolism and vasodila-
tion are tightly coupled processes. In the same study
[19], prevention of insulin-mediated vasodilation by
direct intra-arterial infusion of an inhibitor of nitric
oxide synthase, L-NMMA, reduced glucose uptake by
about 35% indicating that changes in blood flow mod-
ulate glucose uptake. Using different vasoconstrictor
drugs such as angiotensin II [20], norepinephrine [21],
or ouabain [22], similar reductions in insulin-mediated
glucose uptake have been shown supporting the no-
tion that changes in blood flow can modulate insulin-
mediated glucose uptake. On the other hand, data
from studies evaluating the effect of pharmacological-
ly-increased blood flow on insulin-mediated glucose
uptake are less clear. Our group demonstrated that
methacholine-induced doubling of leg blood flow in-
creased leg glucose uptake by 40% beyond that
achieved by hyperinsulinaemia alone [23]. However,
increases in blood flow were not observed to augment
insulin-mediated glucose uptake in several studies us-
ing the vasodilator sodium nitroprusside [24], adeno-
sine [25], or bradykinin [26]. More recently, elegant
studies by Clark and co-workers [27, 28, 29, 30] have
indicated that capillary recruitment in response to in-
sulin is more important than bulk flow to determine
rates of tissue insulin-mediated glucose uptake. Thus,
while the role of insulin to modulate glucose metabo-
lism by its vascular effects has been controversial [31,
32], it has been generally accepted that insulin causes
vasodilation through the release of NO from the vas-
cular endothelium.

Mechanism of insulin-mediated vasodilation

Viewed simply, insulin-mediated vasodilation could
be due to a direct effect of insulin on blood vessels or
mediated indirectly, through modulation of sympathet-
ic nervous system or by a mechanism linked to the
rate of skeletal muscle metabolism, or a combination
of these.

The endothelium is a diaphanous cellular monolay-
er lining the lumen of the vasculature throughout the
body. This large organ has been recognized for its bar-
rier and transport functions and was once thought to
be mostly passive in these capacities. This view
changed after the intact endothelium was found to be
required for the relaxation of arterial smooth muscle
by acetylcholine [23]. Other investigators subsequent-
ly demonstrated that nitric oxide (NO) release in re-
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Fig. 2. Relation between rates of leg blood flow (l/min) and
rates of whole body glucose uptake in response to euglycaemic
hyperinsulinaemia (r=0.56, p=0.001, n=88)



sponse to muscarinergic agonists such as acetylcho-
line chiefly accounts for the endothelium-dependent
relaxing activity [34]. Endothelium-derived NO is
now widely recognized as the most potent endogenous
vasodilating substance.

Endothelium-derived NO is a gas that is synthe-
sized from the precursor L-arginine in a reaction cata-
lysed by nitric oxide synthase and continuously re-
leased from the endothelium. NO released from the
endothelium diffuses through the subendothelial space
to the vascular smooth muscle where it binds to the
heme group of guanylate cyclase and stimulates the
generation of cyclic GMP (cGMP) which in turn leads
to a reduction in intracellular Ca++ resulting in
smooth muscle relaxation and vasodilation [35].

One can assess endothelium-dependent vasodila-
tion in vivo as shown in Figure 3. This can be ac-
complished by measuring blood flow increments (or
change in vascular resistance) in response to agents
that cause the release of NO from the endothelium
such as the muscarinergic agonists acetylcholine or
by measuring blood flow reductions in response to
inhibitors of NO synthase such as the arginine ana-
logue L-n-monomethyl-l-arginine (L-NMMA) [36].
The blood flow response to L-NMMA thus provides
an assessment of NO-dependent vascular tone. To
differentiate between endothelium-dependent and en-
dothelium-independent vasodilation, NO donor com-
pounds such as sodium nitroprusside (SNP) can be
utilized to directly activate cGMP in vascular smooth
muscle that ultimately results in vascular smooth
muscle relaxation and vasodilation. Thus, enhanced
or blunted NO action at the level of the vascular
smooth muscle can be determined by measuring
blood flow increases in response to SNP. Together,
these pharmacological manoeuvres allow the assess-
ment of endothelial-dependent and endothelial-inde-

pendent vasodilation as well as NO-dependent vas-
cular tone in humans.

In the early 1990’s, our group and others tested the
hypothesis that insulin causes vasodilation by the
EDNO dependent mechanism [14, 37]. To this end, 
L-NMMA, a specific inhibitor of NO synthase, was
administered directly into the femoral artery while
measuring the LBF response during a systemic infu-
sion of either saline or insulin plus glucose (eu-
glycaemic hyperinsulinaemic clamp) designed to ap-
proximately double LBF. In response to L-NMMA,
LBF decreased by about 20% during saline alone,
suggesting that about 20% of basal vascular tone is
NO-dependent. Importantly, we showed that during
insulin infusion nearly 40% of vascular tone was de-
pendent on NO. L-NMMA completely cancelled the
insulin-induced vasodilation suggesting that insulin-
mediated vasodilation is entirely NO-dependent.
However, because this effect of L-NMMA infusion
was observed after 4 h of hyperinsulinaemia, insulin
could vasodilate primarily by an NO-independent
mechanism and NO could be only secondarily re-
leased as a result of increased shear stress. To explore
this possibility, we did another study in which LBF re-
sponses to hyperinsulinaemia were measured during
either intra-arterial infusion of saline or L-NMMA
over a period of 90 min. L-NMMA was infused at the
onset of the insulin infusion, changes in LBF in re-
sponse to hyperinsulinaemia were completely can-
celled, suggesting that insulin causes vasodilation via
the release of NO (Fig. 4) [19]. A number of studies
by a variety of techniques have now confirmed the
NO dependency of insulin-mediated vasodilation in
other vascular beds such as the forearm [13, 38, 39],
supporting the notion that this effect is probably gen-
eralised in insulin sensitive tissues. These studies con-
firm that NO plays a role in insulin mediated vasodila-
tion but does not distinguish between increased rates
of production or release or both or increased NO ac-
tion (sensitivity or responsiveness) in the vascular
smooth muscle.

To determine whether insulin increases NO synthe-
sis and release or NO action, responses to graded in-
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Fig. 3. Simplified model showing endothelial and vascular
smooth muscle cell interaction and pharmacological tools to
assess different aspects of this interaction in vivo



tra-femoral infusions of the endothelium-dependent
vasodilator methacholine chloride (MCh) and the en-
dothelium-independent vasodilator sodium nitroprus-
side (SNP) were studied in normal subjects during in-
fusion of saline or hyperinsulinaemic euglycaemia
[37]. LBF increased in response to MCh by nearly
50% during hyperinsulinaemia compared to saline
control. In contrast, hyperinsulinaemia had no effect
on endothelium-independent vasodilation, as mea-
sured by the response to SNP. These observations sug-
gest that insulin’s effect of vasodilating skeletal mus-
cle vasculature is not mediated by enhanced NO ac-
tion on the vascular smooth muscle but depends on in-
creased production or release of NO or both.

Although most studies examining insulin’s effects
on the vasculature agree that insulin-mediated vasodi-
lation is achieved by increments in NO production or
release or both, it is still possible that factors other
than hyperinsulinaemia are required to induce vasodi-
lation, as studies were able to detect blood flow in-
creases in response to systemic hyperinsulinaemia but
were not able to reproduce these observations during a
direct intra-arterial infusion of insulin. One mecha-
nism for the discrepant findings in the forearm be-
tween systemic and local insulin administration could
be vasodilation in response to intra-arterial hyperin-
sulinaemia only after blockade of the endothelin A re-
ceptor [40]. Investigators propose that insulin’s direct
vasodilator effect in the forearm is masked by con-
comitant rise in endothelin levels. However, their ob-
servation that insulin does not increase blood flow
during local intra-arterial insulin administration in the
forearm is in contrast to our observation in the leg
[37]. We demonstrated increases in LBF in response
to infusions of insulin directly in the femoral artery.
These discrepant observations could be due to differ-

ences in the behaviour of the skeletal muscle exam-
ined, ie leg compared with forearm, or due to differ-
ences in the sensitivity of the blood flow measurement
methods, plethysmography vs. thermodilution [32].

In vitro studies

Together, these in vivo studies indicate that insulin
vasodilates skeletal muscle vasculature by a net re-
lease of endothelium derived NO (EDNO). Insulin’s
effect of increasing vasodilation has also been ob-
served in isolated organ bath vascular strip prepara-
tions [41] where it increased endothelium-dependent
vascular smooth muscle relaxation. Furthermore, insu-
lin appears to blunt the responses to a number of vaso-
constrictor agents [42, 43, 44]. However, in vivo stud-
ies and vascular preparations are not able to define
whether the NO release represents a direct insulin ef-
fect at the level of the endothelial cell or whether it is
mediated indirectly. In a study of NO production in re-
sponse to insulin in primary cultures of human umbili-
cal vein endothelial cells (HUVEC) insulin was found
to cause a dose-dependent, saturable increase in the
production of NO [45]. This insulin-stimulated pro-
duction of NO was completely blocked by pre-incuba-
tion of cells with L-NAME (an inhibitor of eNOS).
Importantly, they demonstrated that pre-incubation
with genistein (a tyrosine kinase inhibitor) also com-
pletely blocked the production of NO in response to
insulin indicating that the insulin signalling mecha-
nism to effect NO release was mediated by a tyrosine
kinase, most probably the insulin receptor itself.

More direct evidence that the insulin receptor tyro-
sine kinase is necessary to mediate the effect of insu-
lin on production of NO has been obtained using 
HUVEC that were transfected with either wild-type
insulin receptors or kinase-deficient mutant insulin re-
ceptors [46]. Overexpression of wild-type insulin re-
ceptors leads to a threefold increase in NO produced
in response to maximal insulin stimulation while cells
overexpressing kinase-deficient insulin receptors re-
spond like untransfected control cells.

After insulin binds to its receptor and subsequent
activation of the insulin receptor tyrosine kinase sub-
unit, two major pathways are turned on. The first is
the phosphorylation of cellular substrates such as 
IRS-1 and IRS-2, which then activates phosphatidyl 
3-kinase (PI3K) pathway. Activation of PI3K is 
necessary for glucose transport in skeletal muscle.
Wortmannin, an inhibitor of PI3K, blocks the produc-
tion of NO in response to insulin in HUVEC. This in-
dicates that PI3K is necessary for insulin-induced NO
production in the endothelial cell. Furthermore, other
groups have reported that the serine/threonine protein
kinase Akt/PKB, part of the classic insulin signalling
pathway involved in activation of glucose transport,
phosphorylates and activates eNOS leading to in-
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Fig. 4. Leg blood flow (LBF) in response to systemic infusion
of insulin alone (euglycaemic hyperinsulinaemia) and with su-
perimposed intra-femoral artery infusion of L-NMMA



creased NO production [47, 48]. Thus, eNOS is an
Akt substrate linking signal transduction by Akt to the
release of NO (Fig. 5). In contrast to the PI3K insulin
signalling pathway, the mitogen-activated protein ki-
nase pathway which is thought to result in VSMC
growth and migration and in regulation of PAI-1 pro-
duction, does not participate in insulin-mediated NO
release.

Insulin does not only acutely increase NO produc-
tion through the PI3K pathway but also induces e-
NOS gene expression [49]. Endothelial cells exposed
to physiologic concentrations of insulin for 2–8 h in-
creased e-NOS mRNA, protein and activity suggest-
ing that insulin could chronically modulate NO pro-
duction and vascular tone and reactivity.

Insulin resistance and vascular function

So far, we have established that (i) in lean normal sub-
jects, insulin vasodilates in a dose-dependent fashion;
(ii) this insulin-mediated vasodilation is dependent on
NO released from the endothelial cells. Moreover, we
have previously established that (iii) changes in tissue
perfusion modulate rates of glucose uptake under con-
ditions of euglycaemic hyperinsulinaemia [23]. Glu-
cose uptake in skeletal muscle is decreased in insulin-
resistant states such as obesity and Type II diabetes.
Because rates of glucose uptake are determined at
least in part by tissue perfusion, we investigated

whether insulin-mediated vasodilation is impaired in
obesity and Type II diabetes. In other words, we ex-
amined whether insulin resistance was associated with
blunted increments in tissue perfusion rates in re-
sponse to euglycaemic hyperinsulinaemia.

The results of a series of studies have indicated that
insulin-resistant subjects with Type II diabetes had se-
verely impaired increments in LBF [50]. Even at ex-
tremely high prevailing insulin concentrations, LBF
increased by only 40% which was less than half the
increment observed in the lean, more insulin-sensitive
control subjects (Fig. 1A). Obese subjects showed a
LBF response to the graded insulin administration that
was intermediate [12]. Obese subjects were able to
mount the same maximum LBF response to insulin as
subjects. However, to achieve the same LBF response,
much higher insulin concentrations were required in-
dicating that obese subjects had resistance to insulin’s
vasodilating action. Interestingly, the dose-response
curves for insulin-mediated glucose intake (Fig. 1B)
in subjects of varying insulin sensitivity (effect on
glucose uptake) largely parallel those for the dose re-
sponse curves for insulin’s action to vasodilate
(Fig. 1A). That is to say the most insulin-resistant sub-
jects display the greatest impairment in insulin-medi-
ated vasodilation, suggesting a strong association be-
tween insulin-mediated modulation of vascular tone
and glucose metabolism. However, the notion that in-
sulin-mediated glucose uptake and vasodilation could
be associated is not accepted by all [31].

Although the above findings strongly suggest that
obesity and Type II diabetes have decreased NO re-
lease, this conclusion is only inferential. To determine
whether insulin-mediated NO release is impaired in in-
sulin resistance, we measured the effects of maximally
effective doses of insulin to stimulate femoral venous
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Fig. 5. Hypothetical signalling pathway connecting insulin re-
ceptor activation with translocation of Glut 4 and nitric oxide
(NO) release



flux of the stable oxidative products of NO, NO2 and
NO3 (NO2+NO3=NOx) in subjects with a wide range
of insulin sensitivity. NOx flux equals the product of
LBF and NOx (NOx flux=NOx*LBF). Basal NOx flux
rates during saline infusion were not different between
subject groups showing a wide range of rates of insu-
lin-mediated whole body glucose uptake (insulin sensi-
tivity) [51]. In contrast, during maximal insulin stimu-
lation, athletes (the most insulin sensitive group) ex-
hibited a twofold increase in NOx flux above baseline,
while patients with Type II diabetes showed no change
in NOx flux above basal. Lean healthy subjects and
obese subjects showed increases in NOx flux which
were intermediate between those achieved by the most
insulin-sensitive (athletes) and the most insulin-resis-
tant (diabetes) subjects with lean subjects mounting a
stronger NOx flux increment than the obese subjects.
More importantly, changes in NOx flux were propor-
tional to rates of whole-body glucose uptake. Thus, the
data are consistent with the notion that insulin-mediat-
ed NO production occurs as a function of insulin sensi-
tivity with insulin-resistant subjects showing reduced
insulin-stimulated NO production.

Endothelial dysfunction in the insulin-resistant
obese subjects and patients with Type II diabetic sub-
jects might not be limited to the response to insulin
but be more generalised. This notion is important be-
cause cardiovascular risk has been shown to relate to
coronary endothelial dysfunction [52, 53, 54], which
in turn is correlated to endothelial dysfunction in the
peripheral vasculature [55]. Thus, endothelial dys-
function in obesity and Type II diabetes could explain
some of the excess mortality in these insulin-resistant
states [56, 57, 58, 59] which cannot be accounted for
by classic risk factors such as age, cholesterol concen-
trations, blood pressure and smoking etc [8].

Therefore, to further test the notion that obesity and
Type II diabetes are associated with endothelial dys-
function which is not limited to the response to insu-
lin, we measured leg blood flow (LBF) responses to
graded intra-femoral artery infusions of methacholine
chloride (MCh) and sodium nitroprusside (SNP) in
groups of normal lean controls, and subjects with un-
complicated obesity and Type II diabetes (Fig. 6A).
The results of these studies indicated that in males,
obesity was associated with impaired response to the
endothelium-dependent vasodilator MCh [60]. In con-
trast, the response to the endothelium-independent va-
sodilator SNP was not different between healthy obese
and lean males. Importantly, obese patient with Type
II diabetes did not show further reductions in the re-
sponse to MCh over obese non-diabetic males indicat-
ing that in males the effect of obesity in itself is suffi-
cient to induce maximal vascular endothelial dysfunc-
tion. Again, the response to SNP was not different be-
tween lean normal, obese, and patients with diabetes
regardless of gender. Interestingly, we discovered dif-
ferences in the response to MCh between females and

males. Compared to male counterparts, lean and obese
females showed greater increments in LBF in re-
sponse to MCh [60]. Nevertheless, obesity in the
women was also associated with impaired endothelial
function. Interestingly, in obese women, diabetes was
associated with further deterioration of endothelial
function resulting in LBF responses to MCh (Fig. 6B)
comparable to those in obese and diabetic males [60].
These data indicate that premenopausal females have
higher NO production in response to MCh than males
and that this gender difference is cancelled by Type II
diabetes. The mechanism(s) by which obesity and
Type II diabetes affect vascular function are not clear,
but given the overlap in insulin signal transduction
mechanisms between skeletal muscle and endothelial
cells, it is possible that whatever reduces insulin sensi-
tivity in muscle also does so in the endothelium. In
other words, insulin resistance could interfere with the
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Fig. 6. A Changes in leg blood flow (∆%) in response to grad-
ed intra-femoral artery infusions of the endothelium-dependent
vasodilator methacholine chloride in lean normal (–■■ –), obese
(–● –), and Type II diabetic male subjects (–◆ –). B Changes in
leg blood flow (∆%) in response to graded intra-femoral artery
infusions of the endothelium-dependent vasodilator methacho-
line chloride in lean normal (–■■ –), obese (–● –) and Type II
diabetic female subjects (–◆ –)



signalling pathways leading to NO production affect-
ing the same signalling molecules shared by both en-
dothelial and skeletal muscle cells.

One other potential explanation for the combina-
tion of impaired insulin signalling pathways in skele-
tal muscle and endothelial cells might be that this rep-
resents the parallel manifestations of a shared more
proximal disorder. This shared disorder would be then
responsible for the parallel development of both insu-
lin resistance and vascular dysfunction as suggested
by the fetal insulin hypothesis for example [61].

The notion that endothelial function itself is im-
paired in insulin-resistant states such as obesity and
Type II diabetes is further supported by data obtained
in Zucker rats demonstrating that in aorta and micro-
vessels of these animals, there was decreased phos-
phorylation of insulin receptor substrate 1 and 2, and
decreased PI3K and Akt activation [62]. Basal e-NOS
expression was reduced, and insulin’s ability to in-
crease e-NOS expression was blunted [49]. Other rat
models of insulin resistance such as the JCR-La-cp rat
have been reported to exhibit vascular dysfunction
[63]. Furthermore, in vivo experiments applying the
euglycaemic hyperinsulinaemic clamp technique also
revealed reduced activation of the PI3K pathway but
intact insulin signalling through the mitogen-activated
signalling pathway [64], suggesting that obesity and
Type II diabetes induce selective insulin resistance in
the PI3K signalling pathway in vascular tissue.

Taken together, simple obesity and insulin resis-
tance are associated with marked endothelial dysfunc-
tion. This endothelial dysfunction seems to be inde-
pendent of other variables such as cholesterol, age or
blood pressure that are known to modulate endothelial
function. Insulin resistance induces alterations in insu-
lin signalling within the vascular wall, which could
account for reduced NO production. In turn, reduced
NO action could be instrumental in accelerating the
atherosclerotic disease process.

Effects of non-esterified fatty acids 
on the vasculature and insulin sensitivity

The mechanism(s) responsible for endothelial dysfunc-
tion in insulin-resistant states are not well understood.
One of the characteristic metabolic abnormalities of in-
sulin-resistant states is higher circulating non-esterified
fatty acid (NEFA) concentrations. Importantly, under
insulin-resistant conditions, NEFA concentrations are
not only higher under fasting conditions but also fail to
suppress appropriately in response to insulin in the
postprandial state [65]. Thus, the skeletal muscle and
the vasculature of insulin-resistant patients are con-
stantly exposed to higher NEFA concentrations.

A number of groups have shown that higher circu-
lating NEFA concentrations lead to resistance to insu-
lin-mediated glucose uptake [66, 67, 68]. The time

course for higher NEFA concentrations to induce insu-
lin resistance appears somewhat variable but lies be-
tween 3.5 and 8 h [69, 70]. Higher NEFA concentra-
tion is associated with blunted insulin-stimulated in-
creases in intracellular glucose-6-phosphate and lower
intracellular glucose concentrations resulting in re-
duced rates of glycogen storage and glucose oxidation
[67]. The mechanism by which increases in NEFA
concentrations reduce skeletal muscle glucose metab-
olism is not well understood. NEFA did not change in-
sulin receptor autophosphorylation indicating that the
first step in the insulin signalling pathway remains in-
tact [68] and that NEFA increases possibly impaired
other more downstream effects in the insulin signal-
ling cascade. PI3K activity increased nearly fourfold
in response to hyperinsulinaemia [71]. Importantly,
higher FFA concentrations for 5 h blunted the effect of
insulin to activate PI3K by 90%. Thus, the data indi-
cate that NEFA increases interfere with insulin signal-
ling in PI3K in rat skeletal muscle. Because intact
PI3K signalling is required for insulin’s effect to re-
lease endothelial NO, together these results suggest
that higher amounts of NEFA could be, at least in part,
responsible for the vascular abnormalities observed in
clinical states of insulin resistance.

To test the hypothesis that NEFA increases impair
endothelial function, we measured LBF responses to
graded intra-femoral artery infusions of MCh in
groups of lean normal subjects [72]. Under basal con-
ditions, LBF increased by more than 291±36% in re-
sponse to MCh. Subsequently, increases in NEFA con-
centrations were achieved by systemic administration
of Intralipid 20% at 45 cc/h and heparin sulfate
(0.1 mU·kg·min). After 2-h raised NEFA concentra-
tions, the graded intra-arterial infusions of MCh were
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Fig. 7. Changes in leg blood flow (∆%) in response to graded
intra-femoral artery infusions of the endothelium-dependent
vasodilator methacholine chloride before (–■■ –) and after 2 h
of raised non-esterified fatty acid (–■ –)



repeated (Fig. 7). Short-term 2-h increases of NEFA
concentrations resulted in blunting of the LBF re-
sponse to MCh. With NEFA concentrations elevated
twofold to threefold above baseline concentrations,
the maximal LBF response to MCh was only
193±15%. Moreover, two-to threefold increases of
NEFA achieved by suppression of endogenous insulin
secretion using somatostatin (increased lipolysis) re-
sulted in a comparable impairment of endothelial
function. The ability of somatostatin to induce endo-
thelial dysfunction was cancelled by simultaneous ad-
ministration of a low dose insulin (4 mU·m2 min) de-
signed to replace basal insulin concentrations and nor-
malize circulating NEFA concentrations. This system-
ic low dose insulin infusion replaced basal insulin
concentrations and resulted in normalization of NEFA
concentrations. In contrast to this NEFA effect on en-
dothelium-dependent vasodilation, the LBF response
to the endothelium-independent vasodilator SNP re-
mained unchanged. These data suggest that NEFA in-
creases, achieved by increased endogenous lipolysis
or by administration of exogenous fat substrate, im-
pairs endothelial NO release and production but not
NO action. In support of our observations a similar ef-
fect of NEFA increase on forearm blood flow respons-
es to acetylcholine was reported [73]. Other support-
ing evidence that NEFA increases impair vascular
function comes from the effect of FFA on changes of
brachial artery diameter in response to postischaemic
hyperaemia [74]. Clearly, brachial artery diameter in-
creased to a lesser extent after NEFA increases com-
pared to basal conditions. Taken together, these data
indicate that NEFA increases in themselves cause en-
dothelial dysfunction.

To assess whether NEFA increases reduced basal
NO-dependent vascular tone, the LBF response to the
NO synthase inhibitor L-NMMA was measured either
under basal conditions or after 2 h of NEFA increases
in lean healthy volunteers [70]. The fall in LBF in re-
sponse to L-NMMA is believed to represent the 
NO-dependent component of vascular tone. In healthy
control subjects, LBF fell by about 18% in response to
L-NMMA (16 mg/min), whereas after 2 h of raised
NEFA, LBF decreased by only 9% in response to the
same dose of L-NMMA (p<0.05 between groups).
These data indicate that short-term NEFA increase is
sufficient to impair basal (shear stress induced) and
stimulated (MCh induced) NO production.

The mechanism(s) by which raised NEFA impairs
(i) basal NO-dependent blood flow; (ii) response to
MCh; and (iii) postischaemic hyperaemia is not well
characterized. Raised NEFA could cause vascular en-
dothelial dysfunction either indirectly by increased re-
lease of vasoconstrictor substances such as endothelin
1 or through a direct effect on the endothelial NO
system or both. Raised NEFA could also induce for-
mation of oxygen radicals that could quench NO and
thus result in reduced NO action in vascular smooth

muscle. However, short-term NEFA increases do not
impair the blood flow response to endothelium inde-
pendent vasodilator sodium nitroprusside. Because
SNP acts as a direct donor of NO, this suggests simi-
lar NO availability and action under conditions of nor-
mal and short-term raised NEFA. Moreover, short-
term raised NEFA does not impair insulin-mediated
vasodilation which is in large part NO dependent indi-
cating intact endothelial NO production.

Short-term exposure to raised NEFA concentrations
(2 h) causes impairment of endothelial function in
lean normal insulin sensitive subjects and more pro-
longed exposure (8 h) is required to produce reduced
rates of insulin-mediated glucose uptake (insulin resis-
tance). If insulin-mediated vasodilation is tightly relat-
ed to rates of insulin-mediated glucose uptake as pre-
viously suggested, it follows that NEFA increases
which cause insulin resistance should also result in
impaired insulin’s vasodilatory action. To test this
idea, healthy lean insulin-sensitive subjects were ex-
posed to higher circulating NEFA concentrations both
short term and long term. Short-term NEFA infusion
superimposed on euglycaemic hyperinsulinaemia did
not have any significant effect on insulin-mediated va-
sodilation, glucose uptake or NOx flux. In contrast,
longer NEFA exposure resulted in a marked reduction
of whole-body glucose uptake rates. Longer NEFA
exposure not only caused a 35% fall in glucose uptake
but also blunted insulin-mediated increases in LBF,
and nearly completely abolished insulin-induced in-
creases in NO flux. Thus, the results indicate that pro-
longed NEFA exposure results in concomitant and
commensurate impairment of insulin-mediated vaso-
dilation and insulin resistance. Stated differently,
blunting of insulin’s vascular action was observed on-
ly when a fall in insulin-mediated glucose uptake be-
came evident. Importantly, throughout all groups, 
NEFA-induced changes in whole body glucose uptake
correlated with NEFA-induced reductions in insulin-
mediated LBF strongly arguing in favour of a cou-
pling of glucose metabolism and tissue perfusion
(Fig. 8).

The results of our studies suggest that short-term
NEFA exposure is sufficient to cause significant im-
pairment of shear stress (basal NO dependent blood
flow) and MCh-induced vasodilation. However, a
much longer exposure to NEFA increases with con-
comitant induction of insulin resistance is required to
cause impaired insulin-mediated vasodilation. The
mechanism(s) for the different time courses required
to affect endothelial responses to different stimuli are
not clear. To better understand the mechanism(s) re-
sponsible for the difference in the time course effect
of raised NEFA, one must consider that NO release
accounts for only 50% of the vasodilation in response
to MCh, whereas insulin-mediated vasodilation de-
pends almost exclusively on the production or release
of NO or both. Other vasodilator mechanisms such as
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endothelium dependent hyperpolarizing factor or cy-
clooxygenase products could contribute to the increas-
es in shear stress-induced vasodilation. Therefore, im-
pairment of non-NO-dependent vasodilator mecha-
nisms by NEFA could be one explanation for the time
course differences in response to NEFA to MCh and
insulin.

On the other hand, the short-term NEFA increase
inducing blunting of NO release during MCh stimula-
tion with concomitant intact insulin-mediated vasodi-
lation would suggest that short-term raised NEFA
does not interfere with NO synthesis but could inter-
fere with shear stress and muscarinic receptor signal-
ling related to NOS activation. This interpretation is
consistent with our data showing that short-term 
NEFA exposure causes decreased NO-dependent basal
flow. Regardless of the signalling mechanisms by
which NEFA elevation inhibits MCh-mediated vasodi-
lation, it does not involve the rate-limiting step of NO
generation because insulin stimulation induces vasodi-
lation via by increased NO production even after 2-h
and 4-h raised NEFA. In contrast to the effect of 
NEFA on MCh-induced vasodilation, the impaired in-
sulin-mediated vasodilation required prolonged NEFA
exposure and occurred concomitantly with the induc-
tion of insulin resistance. This suggests that NEFA in-
duces insulin resistance simultaneously in skeletal
muscle and vascular endothelium. In the skeletal mus-
cle, the defect is reflected in reductions in glucose up-
take whereas in the vascular endothelium it is reflect-
ed in reduced NO release.

The notion that raised NEFA impairs endothelial
nitric oxide production is supported by studies in en-
dothelial cell cultures. NEFA inhibits NO production
in a dose-dependent fashion [75]. Because endothelial

NOS protein content was not altered by raised NEFA,
they concluded that NEFA impaired NO production
by decreasing endothelial NOS activity. One mecha-
nism proposed is that the inhibition of eNOS is medi-
ated by a PKC-dependent mechanism but studies have
yielded conflicting results.

Raised NEFA has been shown to interfere with in-
sulin signalling in skeletal muscle by reducing the ac-
tivity of PI3K and this could represent the mechanism
for NEFA-induced insulin resistance. Because insulin
resistance is associated with reduced insulin-stimulat-
ed PI3K activation of vascular cells in vivo and in vit-
ro as well as a reduction in its downstream signalling
molecules including the serine and threonine kinase
Akt, this set of findings suggests that shared insulin
signalling pathways in skeletal muscle and vascular
endothelium could be simultaneously affected by
raised NEFA. Specifically, NEFA could impair PI3K
both in skeletal muscle and in endothelium, thus caus-
ing impaired insulin-mediated glucose uptake and va-
sodilation respectively. This proposal is an explana-
tion for the endothelial dysfunction observed in insu-
lin-resistant states and, as such, provides a mechanism
for the increased incidence of hypertension and mac-
rovascular disease observed in these patients.

In summary, NEFA impairs both shear stress-me-
diated and insulin-mediated NO production. Impair-
ment of shear stress-mediated NO production occurs
after a relatively short time period of raised NEFA. In
contrast, reductions in insulin-mediated vasodilation
require prolonged exposure to raised NEFA and is on-
ly observed when rates of insulin-mediated glucose
uptake are simultaneously reduced, indicating that
metabolic coupling exists between insulin’s effect to
dilate skeletal muscle vasculature and its effect to
promote glucose uptake in that tissue. The notion that
vascular and metabolic effects of insulin could be
coupled is supported by a strong correlation between
NEFA-induced changes in glucose metabolism and
blood flow increments (Fig. 8). Given that NEFA
concentrations are constantly higher in insulin-resis-
tant states of obesity and Type II diabetes, dysregula-
tion of fatty acid metabolism could represent a shared
and instrumental step leading to impairment of vascu-
lar reactivity and endothelial function and insulin-me-
diated glucose metabolism. The understanding of
common and tissue specific effects of raised NEFA
on insulin-receptor signalling events could identify
targets for drug treatment that improve both glucose
metabolism and vascular function. Improved vascular
function should result in increased insulin sensitivity
and decreased rates of macrovascular disease in these
high-risk subjects.
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Fig. 8. Relation between non-esterified fatty acid induced
changes in rates of leg blood flow (∆ leg blood flow, l/min)
and rates of whole body glucose uptake (∆ glucose disposal
rate) in response to raised non-esterified fatty acid superim-
posed on euglycaemic hyperinsulinaemia. (r=0.706, p<0.001)
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