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Ever since the pioneering studies performed by An-
dres, Rabinowitz and Zierler 40 years ago [1-4], in-
vestigators interested in insulin action considered in-
sulin resistance in obesity [3], hypertension [5], insu-
lin-dependent (IDDM) [6] and non-insulin-depen-
dent diabetes mellitus (NIDDM) [7] to be primarily
a problem of glucose utilization in peripheral tissues,
which was independent of glucose delivery. However,
a series of studies published since 1990, notably by
Alain Baron and his associates, demonstrated that
under certain conditions insulin increased leg blood
flow [8], and that defects in this action of insulin
were likely to contribute significantly to insulin resis-
tance of glucose uptake caused by obesity [8], hyper-
tension [9], IDDM [10] and NIDDM [11]. These lat-
ter findings contradicted the vast majority of earlier
data and created a controversy regarding the role, or
lack thereof, of defects in insulin stimulated blood
flow in the pathogenesis of insulin resistance of glu-
cose uptake. It is the purpose of the ensuing review
to try to discuss the reasons for the discrepant find-
ings. We will first review a series of studies performed
in our own laboratory, which were designed to resolve
the “flow controversy”. These studies examined
whether the blood flow response to insulin is influ-
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enced by: i) the method used to quantitate blood
flow; ii) the anatomical location of the flow measure-
ment; iii) dose and duration of the insulin exposure;
iv) individual factors such as limb muscularity, physi-
cal fitness and endothelial function, defined as the
ability to vasodilate in response to nitric oxide (NO)
synthesis-dependent vasodilatators. We will try to es-
tablish whether this physiological knowledge helps
to explain the discrepancies observed in the studies
performed in various insulin resistant conditions. We
will then review the studies directly testing the hy-
pothesis that an increase in blood flow enhances glu-
cose uptake, and discuss the possibility that various
vasoactive agents may change total flow similarly but
have distinct effects on flow distribution. Finally, we
will review studies relating insulin’s vascular effects
to endothelial function, which have opened up an en-
tirely new perspective for understanding how insulin
resistance might predispose to vascular disease.

Determinants of insulin-induced vasodilatation

Methodological aspects. Increases in blood flow by in-
sulin have been reported under intravenously main-
tained normoglycaemic hyperinsulinaemic condi-
tions using methods such as thermodilution [8, 12],
dye dilution [13], venous occlusion plethysmography
[14-16] and positron emission tomography (PET)
combined with ["H,0] [17]. Doppler ultrasound ap-
pears to be clearly less sensitive in detecting changes
in flow. In our hands, 6 h of supraphysiological hyper-
insulinaemia increased blood flow on average by
113 % when measured by venous occlusion plethys-
mography but only by 27% when measured with
Doppler ultrasound. The latter change was due to a
10% increase in systolic peak flow velocity and an
18 % increase in heart rate. The insensitivity of the
Doppler ultrasound technique may explain why Bu-
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Fig.1. Glucose arteriovenous difference (glucose extraction)
and forearm blood flow plotted as a function of time during
three sequential intravenous insulin infusions (-@-) (2 h each,
serum insulin 61, 139 and 462 mU/1). Open circles (-O-) de-
note flow during a saline control study. Adapted with permis-
sion from reference [19]. “p < 0.05; “p < 0.01; *p < 0.001 for
flow vs 0-1 h (basal)

chanan et al. [18] failed to detect any increase in
blood flow after 4 h of maximal hyperinsulinaemia
(serum insulin ~ 5000 mU/I) in normal subjects. Flow
has also failed to increase by insulin in many studies,
regardless of the technique used (vide infra). These
data imply that factors other than the method used
to measure blood flow, with the exception of the
Doppler ultrasound technique, are unlikely to ex-
plain the variable results.

Dose and duration of insulin exposure, site of insulin
administration. In normal subjects, infusion of a fixed
physiological dose of insulin (1 mU/kg - min), in-
creases the glucose arteriovenous difference (glucose
extraction) more rapidly than it increases blood flow
across both leg [8] and the forearm [19] tissues.
When measured across forearm tissues, an intrave-
nous infusion of insulin (1 mU/kg - min) increases
glucose extraction over 10-fold ( > 1000 % ) in 60 min
in normal subjects [19]. Within this time period, there
is no change in blood flow (Fig.1). When the insulin
infusion is continued, blood flow increases continu-
ously, while glucose extraction plateaus (Fig.1). A
similar pattern was observed by Laakso etal. [8]
across the leg, in which glucose extraction also in-
creased over 10-fold (>1000%) during the first
hour of insulin infusion, and in which leg blood flow
increased continuously. These data suggest that the
ability of insulin to increase blood flow is critically
dependent upon the duration of insulin exposure.
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Fig.2. Summary of studies (n = 75) examining the effect of in-
travenous insulin infusions on forearm or leg blood flow under
normoglycaemic conditions in normal subjects. Individual
studies in which the flow increased significantly (@); studies
in which the change in flow was not significant (O). A list of
studies identifying each point can be obtained from the au-
thors. An insulin exposure index was calculated by multiplying
the dose of insulin (mU/kg body weight - min) by the duration
of the insulin infusion (h), and plotted against the percent
change in blood flow (usually measured during the last hour
of the insulin infusion). The insulin exposure index was signifi-
cantly correlated (r = 0.50, p < 0.0001) with the percent change
in blood flow, when all studies were pooled

The dose of insulin also appears to contribute to the
blood flow response, but appears less important than
time. Yki-Jarvinen et al. [20] and Bonadonna et al.
[13] measured forearm glucose uptake on separate
days using different doses of insulin. At the highest
concentrations of insulin (1600-1800 mU/1), blood
flow increased by 25 % during 130 min in the study
by Bonadonna et al. [13] and by 15% during 120 min
in the study of Yki-Jarvinen et al. [20]. These increas-
es in blood flow were again trivial compared to the in-
crease in forearm glucose uptake, which increased
more than 10-fold in both studies [13, 20].

To examine, based on the numerous studies avail-
able in the literature, whether the dose of insulin or
the duration of the insulin infusion explains any of
the contradictory findings regarding the effect of in-
sulin on blood flow under normoglycaemic hyperin-
sulinaemic conditions, we plotted the percent in-
crease in flow against an insulin exposure index,
which was defined as the product of the insulin dose
(in mU/kg - min) times the duration of the infusion
(h). A significant correlation was observed both in
studies where intravenous (Fig.2, n = 75 studies) and
local (Fig.3, n = 23 studies) intraarterial insulin infu-
sions were used, between the insulin exposure index
and the percent change in blood flow. While this
cross-sectional analysis demonstrates that either the
duration of the insulin infusion or the insulin dose ex-
plains part of the variation between the various stud-
ies, additional factors are likely to contribute. For ex-
ample, even the mean flow responses to a 2-h infusion
of insulin (insulin infusion rate 1 mU/kg - min) have
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Fig.3. Summary of studies (n = 23) examining the effect of lo-
cal intra-arterial insulin infusions on either forearm or leg
blood flow under normoglycaemic conditions in normal sub-
jects (@ significant increase in flow, O no significant change
in flow). A list of studies identifying each point can be obtained
from the authors. An insulin exposure index was calculated by
multiplying the dose of insulin (mU/kg forearm - min) by the
duration of the insulin infusion (h), and plotted against the per-
cent change in blood flow (usually measured during the last
hour of the insulin infusion). The shaded (@) and open (O)
circles denote the individual studies where blood flow changed
significantly and where it remained unchanged. The insulin ex-
posure index was significantly correlated (r = 0.62, p < 0.0001)
with the percent change in blood flow when all studies were
pooled

varied considerably from study to study and ranged
from -1 to 87 % (Fig.2).

Flow response to insulin in forearm and leg tissues.
Histological analysis of different human muscles has
revealed that the proportions of slow-twitch, insulin-
sensitive (type I) and fast-twitch, less insulin-sensitive
(type Ila and IIb) muscle fibres are remarkably simi-
lar in vastus lateralis, upper arm muscles such as the
biceps and triceps brachii muscles and forearm mus-
cles such as the brachioradialis, extensor and flexor
digitorum muscles [21, 22]. Measurement of insulin-
stimulated glucose uptake rates using PET and
[*®F]fluoro-deoxy-glucose (*FDG) in the same sub-
jects have shown similar rates of glucose uptake in
arm and leg muscles in normal subjects as well as
competitive runners [23]. Direct comparison of blood
flow responses in the same subjects in cross-sections
of the most muscular portions of the forearm and
the calf demonstrated similar increases in blood flow
in both regions (Fig.4) [19]. Finally, analysis of the
studies shown in Figure 2 after subdivision according
to the site of the blood flow measurement, is consis-
tent with the conclusion that the relative and absolute
blood flow responses are comparable in forearm and
leg tissues (data not shown).

Individual factors. Direct measurements of blood
flow in skeletal muscle using PET combined with
["OJH,O have demonstrated that variation in basal
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Fig.4. Direct comparison of blood flow responses to insulin
under normoglycaemic conditions in the same subjects in the
forearm and the calf, using venous occlusion plethysmography
to record blood flow. The experimental conditions were as de-
scribed in the legend to Figure 1. From reference [19] with per-
mission. The forearm and calf blood flow responses to insulin
were not significantly different at any time point

flow between individuals can be attributed to varia-
tion in blood flow in skeletal muscle [24], and that
skeletal muscle is the quantitatively predominant lo-
cation for insulin stimulation of blood flow. Interindi-
vidual variation in limb muscularity could therefore
influence the ability of insulin to stimulate blood
flow. This is true at least in the forearm, in which mus-
cle content varies almost fourfold (from 24 to 81 % in
[19]) even among healthy non-obese untrained men
and women. In the latter study, a maximal insulin
concentration increased blood flow, measured with
venous occlusion plethysmography, almost fourfold
more in individuals with the most muscular forearms
than in those with the least muscular forearms
(Fig.5). Forearm muscularity is closely correlated
with physical fitness, as judged from maximal aerobic
power (VO,max) [25]. Variation in skeletal muscle
capillarization, measured from the ratio of capillaries
to muscle fibres, is yet another parameter which cor-
relates with the ability of insulin to stimulate blood
flow [26]. Since control of capillary perfusion resides
in terminal arterioles and proximal arteriolar seg-
ments [27], it is unlikely that vascular resistance at-
tributable to capillaries explains the association be-
tween insulin-stimulated blood flow and the capillar-
ies per fibre ratio. Although it is difficult, if not phys-
iologically impossible to distinguish between the rela-
tive importance of closely related phenomena such as
limb muscularity, physical fitness and the capillaries
per fibre ratio, it is clear that these factors do play a
role in modulating the blood flow response to insulin.
These parameters could explain some of the varia-
tion, not attributable to the experimental conditions,
in the flow response to insulin in the studies sum-
marized in Figures 2 and 3.
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Fig.5. Cross-sectional images of blood flow in the femoral re-
gion of a normal subject as seen during PET scanning. The
top panel shows a parametric flow image obtained using
["O]H,0 and PET, and the bottom panel glucose uptake mea-
sured with [®F]JFDG and PET under euglycaemic hyperinsu-
linaemic conditions. The bradykinin-infused leg (BK) is shown
on the right and the control leg (Cont) is shown on the left

Mechanism of the insulin’s effects on blood flow in
skeletal muscle

Effects of insulin on NO synthesis and Na/K ATPase
activity. Independent observations by Scherrer et al.
[15] and Steinberg et al. [28] showed that the insulin-
induced increase in blood flow could be abolished by
inhibiting NO synthesis-dependent vasodilatation us-
ing L-N-monomethylarginine (L-NMMA) but not by
other vasoconstrictors such as norepinephrine [15].
These in vivo observations are supported by recent
studies performed in isolated skeletal muscle arteri-
oles [29] and vascular endothelial cells [30]. In first-
order arterioles isolated from rat cremaster muscle,
insulin-induced vasodilatation can be completely
abolished by removal of the endothelium and by N¢-
nitro-L-arginine (L-NNA, another inhibitor of ec-
NOS) but not by indomethacin [29]. Insulin also in-
creases NO production in cultured human umbilical
vein endothelial cells [30]. Inhibition of ecNOS, and
inhibition of tyrosine kinases by genestein, both
block insulin-induced NO release totally while wort-
mannin, an inhibitor of phosphatidylinositol 3-kinase,
partly, blocks NO-release, suggesting that insulin-
stimulated NO release and glucose transport share
common signalling elements in endothelial cells.
Another substance capable of blocking insulin-in-
duced vasodilation in vivo is ouabain, a specific inhib-
itor of Na*K*-ATPase [16]. After ouabain pretreat-
ment, L-NMMA has no effect on insulin-stimulated
blood flow in human forearm vessels, suggesting that
activation of endothelial cell Na*K*-ATPase and
NO synthase are both essential steps in the signal
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transduction pathway ultimately leading to relax-
ation of vascular smooth muscle cells. Exactly how
these steps are coupled is uncertain at present. One
possibility is that the hyperpolarization, which fol-
lows insulin stimulation of Na*K* ATPase [31, 32],
decreases intracellular Ca** concentrations in vascu-
lar smooth muscle cells leading to vasorelaxation
[33]. On the other hand, hyperpolarization of the en-
dothelial cells increases intracellular Ca** concen-
trations, which stimulates endothelial synthesis and
release of NO [34, 35]. Interestingly, in hamster cre-
master muscle, adenosine receptor antagonism and
blockade of ATP-sensitive potassium channels pre-
vent insulin-induced vasodilatation [36]. The signifi-
cance of these observations for insulin regulation of
blood flow in humans is, however, unclear as inhibi-
tion of NO synthesis has no effect on insulin-induced
vasodilatation in this preparation [36].

Since local intra-arterial infusions of insulin also
appear to increase blood flow (Fig.3), the vasodilato-
ry effect of insulin seems local rather than systemic.
On the other hand, Scherrer et al. [37] showed that
the flow response to insulin could also be blocked by
treating normal subjects for 48 h with dexamethasone
[37]. Given that it is difficult to exclude non-specific
increases in blood flow, when catheters are inserted
into the artery for local insulin administration, it re-
mains somewhat uncertain whether insulin stimulates
flow via a local or a central mechanism. However, the
ability of insulin to stimulate flow seems specific to
insulin and not mediated by an increase in glucose
metabolism such as that induced by hyperglycaemia
or fructose [38]. Infusion of a fat emulsion decreases
glucose oxidation but has no effect on insulin’s vaso-
dilatory effect [39]. Normalization of glucose flux by
glucose mass-action in insulin-resistant patients with
IDDM also has no effect on insulin-stimulated blood
flow [40].

Effects of insulin on the activity of the sympathetic ner-
vous system. Under normoglycaemic conditions,
physiological concentrations of insulin increase the
activity of the sympathetic nervous system, as judged
from increases in plasma norepinephrine [14, 41-44]
but not epinephrine [14, 41] concentrations. Circulat-
ing norepinephrine under such conditions does not
originate from the adrenal medulla but represents
spillover from sympathetic nerve terminals [42, 45].
Physiological insulin concentrations, lower than
those needed for vasodilation [46], also markedly in-
crease in muscle sympathetic nerve activity, as mea-
sured directly using microneurography recording of
multifibre sympathetic postganglionic nerve activity
in the peroneal nerve [14, 38]. The increases in mus-
cle sympathetic nerve activity and plasma norepi-
nephrine concentrations would be expected to induce
vasoconstriction, via stimulation of a-adrenergic re-
ceptors in blood vessels, rather than vasodilation.
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The latter possibility is supported by the occurrence
of exaggerated vasodilatation after subcutaneous in-
sulin in IDDM patients with autonomic neuropathy
[47]. These data suggest that insulin has dual effects
on blood flow, a vasodilatory effect mediated via
NO-release, which becomes the dominating compo-
nent at supraphysiological insulin concentrations,
and a vasoconstrictive effect mediated via activation
of the sympathetic nervous system at low physiologi-
cal concentrations of insulin. Alterations in either
sympathetic nervous system function or endotheli-
um-dependent vasodilatation can therefore be pre-
dicted to modulate blood flow responses to insulin.

Defects or lack thereof, of insulin-induced
vasodilatation in insulin-resistant conditions

Obesity. Rabinowitz and Zierler [3] were the first to
examine the integrity of blood flow responses to insu-
lin in obese subjects. In this study, the dose of insulin
and duration of the intraarterial insulin infusion
were physiological. Both basal and insulin-stimulated
rates of forearm blood flow, measured using the indi-
cator dilution technique, were comparable between
obese and non-obese subjects [3]. However, it was in
obese subjects in whom defective insulin-induced va-
sodilation was first observed and suggested to con-
tribute to insulin resistance [8]. Laakso et al. [8] stud-
ied six obese and six normal men using stepwise se-
quential insulin infusions at rates varying between 10
and 1200 mU/m? - min (0.25-30 mU/kg - min). The
total duration of the insulin infusions exceeded 6 h.
Both glucose extraction and insulin stimulation of
blood flow were reduced in the obese compared to
the non-obese subjects. Although the flow defect
was observed at a physiological insulin concentration,
this interpretation is confounded by the use of se-
quential insulin infusions to create the dose-response
curve for insulin stimulation of blood flow [8]. Thus,
insulin had been infused for 3 h before blood flow
was measured. Since then, however, a blunted blood
flow response to insulin has been found under more
physiological conditions (insulin infusion 1mU/
kg - min for 2 h) in obese subjects [44]. Importantly,
in the latter study, the flow defect in obese subjects
was not explained by exaggerated muscle sympathet-
ic nerve discharge response to insulin [44]. Of note, in
both of the above studies total flow rather than mus-
cle flow was quantitated. Since limbs of obese sub-
jects contain more fat than those of lean subjects,
the flow defect may have been overestimated. In
keeping with this, direct measurement of blood flow
in skeletal muscle of obese individuals using a physio-
logical insulin dose (1 mU/kg - min for 1.5 h) did not
reveal a defect in insulin-stimulated blood flow. This
does not exclude the presence of a defect in skeletal
muscle vasodilatation at higher insulin concentra-
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tions. If so, as suggested by flow measurements in
the entire leg [8], this defect could reflect endothelial
dysfunction since defects in vasodilatory responses to
endothelium-dependent vasoactive agents have been
found both across leg tissues [48] and in femoral mus-
cle (Laine et al, unpublished data) in obese subjects.
The flow defect does not, however, explain cellular
insulin resistance since obese subjects have markedly
diminished rates of glucose uptake, despite having in-
creased interstitial insulin concentrations under stea-
dy-state normoglycaemic hyperinsulinaemic condi-
tions [49].

Hypertension. Ferrannini et al. [50] was the first to
convincingly demonstrate, in non-obese, young pa-
tients, that essential hypertension is associated with
impaired insulin-mediated glucose uptake. This ob-
servation has been confirmed by several investigators
both in patients with established [51-53] and border-
line [54] hypertension, and in subjects prone to devel-
op hypertension [55]. The insulin resistance is local-
ized to peripheral tissues [5, 45, 51, 56]. The contribu-
tion of defects in insulin-stimulated blood flow vs glu-
cose extraction to reduced glucose uptake in hyper-
tension has been examined in a total of seven studies
[5, 45, 51, 56-59]. With the exception of a subgroup
of hypertensive patients characterized by high rates
of erythrocyte Na*Li* countertransport [56], both
basal and insulin-stimulated blood flows have been
uniformly normal [5, 45, 51, 57-59] in patients with
essential hypertension. These data are seemingly
contradictory to those reported by Baron et al. [9],
who found an inverse correlation between mean arte-
rial blood pressure and leg blood flow using a phar-
macological insulin infusion rate of 15 mU/kg - min
in normotensive subjects. Whether this defect can be
attributed to one or several of the abnormalities
found in patients with essential hypertension such as
excessive sympathetic activation [60], capillary rar-
efaction [61] or impaired endothelium-dependent va-
sodilatation [58, 62, 63], is currently unclear. Of inter-
est in this respect is the study of Taddei et al. [S8] who
measured both insulin-stimulated glucose uptake and
endothelial function in patients with essential hyper-
tension. Insulin resistance characterized the hyper-
tensive patients and could be attributed to a defect
in glucose extraction. In addition, the hypertensive
patients also had a defect in endothelial function, as
judged from the blood flow response to ACh [58]. A
similar lack of a relationship between insulin-mediat-
ed glucose uptake and endothelial function was re-
cently also reported by Natali et al. [64]. These data
imply that insulin resistance of glucose uptake in es-
sential hypertension is caused by a glucose extraction
defect distinct from that responsible for impaired en-
dothelium-dependent vasodilatation. This interpreta-
tion is in keeping with in vitro evidence showing that
in skeletal muscle glucose transport is not coupled to
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active Na*K™* transport [65] or insulin-induced hy-
perpolarization [66].

IDDM. In a total of 50 patients with IDDM and 40
normal subjects, in which we [6, 40, 67] and others
[68] have quantitated insulin-stimulated glucose up-
take across a limb, insulin resistance has been local-
ized to a defect in glucose extraction rather than
blood flow. Furthermore, chronic hyperglycaemia,
which is a major cause of insulin resistance in these
patients (see [69] for review), causes insulin resis-
tance by inducing a defect in glucose extraction rath-
er than blood flow [70]. These studies were all per-
formed using physiological concentrations of insulin.
In contrast to these data, Baron et al. [10], studied
five patients with IDDM and seven normal subjects,
and found no difference in glucose extraction but a
significant defect in insulin-stimulated blood flow be-
tween IDDM patients and normal subjects, at a su-
praphysiological insulin concentration [10]. The rea-
son for this contradictory finding is unclear but again,
as in the obese and the hypertensive subjects, could
be explained by the experimental conditions, and by
the patient characteristics. Defects in endothelium-
dependent vasodilatation have been found in patients
with IDDM, and this impairment has been related to
the degree of glycaemic control [67]. The patients
studied by Baron et al. [10] were poorly controlled
(HbA, 14 %, normal range 4-8 %) and were studied
using a supraphysiological long-lasting insulin infu-
sion, i.e. under conditions where defects in blood
flow rather than those in glucose extraction are likely
to be detected (Fig.1).

NIDDM. As in patients with IDDM, studies in which
insulin stimulation of glucose extraction and blood
flow have been measured under physiological insulin
concentrations using either venous occlusion plethys-
mography [71, 72], impedance plethysmography [73],
indicator dilution [7, 74, 75] or PET and [PO]H,O
[76] across leg [7, 72, 73, 76] and forearm [71, 74, 75]
tissues have localized insulin resistance to glucose ex-
traction. Even in studies in which limb blood flow has
increased moderately in response to insulin infusion,
no differences in blood flow responses to insulin
have been found between normal subjects and pa-
tients with NIDDM [12, 77, 78]. Dela et al. [12, 77] in-
fused insulin in a sequential step-wise sequential
manner at rates 0.7, 2.2 and 12 mU/kg - min for 2 h
each, while plasma glucose concentration was kept
at its fasting value. Under these conditions, leg blood
flow increased similarly in both normal subjects and
obese patients with NIDDM [12, 77]. Tack et al. [78]
measured forearm blood flow using venous occlusion
plethysmography during a 90 min euglycaemic hyper-
insulinaemic clamp study (insulin infusion 1.5 mU/
kg - min), and found 30-40% increases in flow in
both NIDDM patients and in normal subjects, but
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no differences between the groups. Results from
these 10 negative studies contrast the findings of
Laakso et al. [79], who studied six obese poorly con-
trolled NIDDM patients using sequential insulin in-
fusions at rates varying between 3 to 30 mU/kg -
min, and lasting a total of 7-9 h [79]. At the highest
insulin concentrations employed, leg blood flow was
lower in the patients with NIDDM than in their mat-
ched control subjects, suggesting that the flow defect
was due to the diabetic state per se [79]. At least three
factors could explain this contradictory finding. First,
and as has been the case in all other insulin resistant
conditions reviewed above, use of much longer
(6.5 h) insulin infusions or higher doses of insulin (se-
quential infusions of 3,7.5, 15 and 30 mU/kg - min) by
Laakso et al. [79] compared to the 10 other studies [7,
12, 71-78] may have been responsible. Second, the
NIDDM patients studied by Laakso et al. [79] were
more obese (BMI 33 kg/m?) than the obese non-dia-
betic control subjects (30 kg/m?), and more obese
than the patients studied by Dela et al. (BMI 29 kg/
m?) [12, 77] and Tack etal. (BMI 24 kg/m?) [78].
Third, the patients studied by Laakso et al. [12, 77,
78] also had worse glycaemic control than those in
the other studies using higher insulin doses.

Effects or lack thereof, of changes in blood flow on
insulin-stimulated glucose uptake

One approach to establish whether blood flow is a
regulator of insulin action is to change blood flow by
some intervention and then determine whether glu-
cose uptake changes. These studies are complicated
by at least two factors. First, the agent which is used
to stimulate blood flow should not have flow-inde-
pendent effects on glucose uptake. Second, the drug
should ideally be administered intra-arterially rather
than systemically to avoid secondary effects on glu-
cose uptake such as those resulting from changes in
systemic haemodynamics and accompanying counter-
regulatory responses. Third, the drug should not in-
crease oxygen consumption, i.e. both glucose and ox-
ygen consumption should be measured in these stud-
ies. The reasoning underlying the last requirement is
that alteration in insulin sensitivity involves merely a
shift in fuel preference, i.e. an insulin-resistant per-
son utilizes roughly the same amount of oxygen as
an insulin-insensitive person but the fuel mixture
used for energy production contains more fat than
carbohydrate. It is obvious from the studies reviewed
below and summarized in Table 1 that no study has
fulfilled all these requirements.

Natali et al. [80] measured both oxygen consump-
tion and glucose uptake in patients with mild essen-
tial hypertension during infusion of insulin/glucose
alone or in combination with adenosine (Table 1).
Adenosine doubled blood flow but had no effect on
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Table 1. Summary of interventions studies testing the hypothesis that glucose uptake can be modified by altering blood flow in hu-

mans
Vasoactive agent Local vs systemic % change in blood % change in glucose  Serum insulin First author [ref.]
flow? uptake® (mUN)
Adenosine Local 100 NS 62 Natali [80]
Bradykinin Local 58 NS 78 Nuutila [82]
Angiotensin II Local -38 NS 100 Jamerson [83]
Methacholine Local 79 47 950 Baron [107]
224 116 23
L-NMMA Local —48 -23 81 Baron [86]
=51 -28 224

2 All changes not denoted NS were statistically significant compared to the appropriate control study

glucose uptake. The ratio of glucose to oxygen up-
take was also not altered by adenosine. Similarly, a
significant increase in blood flow with an intrafemor-
al artery infusion of bradykinin, which does not have
any effect on glucose uptake in isolated myocytes
[81], does not change glucose uptake in either normal
[82] or obese (Laine et al. unpublished data) subjects
(Fig.5). Intraarterial infusion of angiotensin II de-
creases blood flow and increases glucose extraction
but does not change glucose uptake [83]. The latter
result contrasts those observed during systemic an-
giotensin II infusions, where glucose uptake was
found to increase in all three studies where flow was
also measured [18, 84, 85]. Two of these studies were
not controlled with respect to time [18, 85], and in
the study of Buchanan et al. [18], the insulin concen-
tration was significantly higher during angiotensin
and insulin infusions compared to insulin alone, due
to a decrease in renal blood flow and insulin clear-
ance. Regardless, the increase in glucose uptake was
associated with an increase in blood flow in two of
the studies [18, 84] and with a decrease in one [85].
In contrast to the lack of effect of vasodilatation
with adenosine [80] and bradykinin [82], Baron et al.
[86] has reported that a decrease in blood flow by an
intrafemoral artery infusion of L-NMMA decreases
glucose uptake, and that an increase in blood flow by
a local infusion of methacholine increases leg glucose
uptake. These data are confounded by the ability of
L-NMMA to decrease glucose uptake in isolated ex-
tensor digitorum longus muscle [87]. There are, to
our knowledge, no data available regarding effects
of methacholine on glucose uptake in vitro. Taken to-
gether the data available support the view that glu-
cose uptake cannot be altered by changing blood
flow when agents which do not themselves have ef-
fects on glucose uptake in muscle cells are used to
modulate blood flow.

Nutritive compared to non-nutritive flow. Studies per-
formed in the constant flow rat hindlimb preparation
have suggested that vasoactive agents may increase
or decrease metabolism depending on their site of ac-

tion [88]. Clark et al. [88] have proposed to classify
vasoconstrictors into Type A and Type B agents.
Type A agents include agents such as angiotensins
which increase oxygen uptake, while type B agents
decrease oxygen uptake [88]. Insulin was recently
found to increase the metabolism of 1-methylxan-
thine, an exogenously added substrate for xanthine
oxidase and an indicator of capillary recruitment
[89]. In the latter study, a pharmacological insulin
dose (10 mU/kg - min) was infused for 2 h in the rat.
Blood flow increased, as measured by ultrasound
probes, by 80% [89]. This would imply that insulin,
at least at high doses, increases capillary recruitment
and oxygen consumption. The latter was not, howev-
er, measured [89]. The observation that high doses of
insulin increase blood volume in human skeletal mus-
cle is consistent with the idea that capillary recruit-
ment occurs [90]. Thus, not only total flow but also
flow distribution should be quantitated in studies ad-
dressing effects of a vasoactive agent on insulin ac-
tion. There are, at least at present no methods suit-
able for human use to measure distribution of blood
flow in nutritive compared to non-nutritive vessels.
Analysis of flow heterogeneity using analysis of rela-
tive and absolute dispersion of flow within human
skeletal muscle using PET and ['*H,O] does not ad-
dress this question but provides a tool to quantitate
flow in 9 mm? areas in insulin-sensitive and resistant
individuals [91]. Such analysis revealed that insulin
increases absolute but not relative dispersion of flow
in human skeletal muscle and that flow distribution
is unaltered in patients with NIDDM [76].

Beyond glucose uptake: insulin’s vascular effects and
cardiovascular disease

From the above it is obvious that defects in insulin-in-
duced vasodilatation do not explain or contribute to
insulin resistance of glucose uptake under physiologi-
cal conditions. However, defects in insulin-stimulated
blood flow can be detected under extreme conditions,
i.e. under very long-lasting and high dose insulin infu-
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sions, in both obese and hypertensive subjects and in
patients with IDDM and NIDDM. Since insulin va-
sodilates via an endothelium-dependent mechanism,
the latter data might be of some relevance for the un-
derstanding of the association between insulin resis-
tance and vascular disease.

Insulin and endothelium-dependent vasodilatation. In
familial or essential hypercholesterolaemia, the
blood flow response to endothelium-dependent vaso-
active agents such as acetylcholine, but not to endo-
thelium-independent agents such as sodium nitro-
prusside has repeatedly been found to be impaired
in direct proportion to the increase in serum LDL
cholesterol concentration [92-97]. This contrasts
data showing unaltered insulin stimulated glucose up-
take in these patients [98-100] and is consistent with
the contention that endothelium-dependent vasodila-
tation and insulin sensitivity of glucose uptake are
distinct phenomena. In other conditions, such as obe-
sity [48], hypertension [62, 63], IDDM [67, 101] and
NIDDM (see [102] for review), endothelial dysfunc-
tion and insulin resistance frequently coexist. Since
the ability of pharmacological doses of insulin to va-
sodilate is also impaired in all these conditions (vide
supra), at least two possibilities arise. First, endothe-
lial dysfunction caused by whatever mechanism
(chronic hyperglycaemia and associated modifica-
tions in plasma lipids and lipoproteins [67, 102], obe-
sity [48], hypertension [62, 63]), also impairs the abil-
ity of insulin to vasodilate in an endothelium-depen-
dent fashion. According to this interpretation, once
NO synthesis or destruction is altered by one factor,
this will impede upon the ability of all other NO-de-
pendent vasodilatators to act properly. For example,
in obese subjects, both insulin-induced potentiation
of endothelium-dependent vasodilatation to metha-
choline and methacholine-induced vasodilatation
are impaired [67]. Second, endothelium-dependent
vasodilatation could be impaired secondary to al-
tered insulin action in blood vessels but there are no
data to directly support this possibility at present.

Other vascular effects of insulin. Endogenous hyper-
insulinaemia, a marker of insulin resistance, or some
or many of the consequences of insulin resistance, is
associated with increased atherosclerosis [103-105].
Among several potential candidates, hyperinsulin-
aemia itself still is one. Interestingly, recent advances
in the understanding of insulin signalling events have
enabled study of insulin signalling events directly in
vascular stroma [106]. Preliminary data showed
blunted stimulation of insulin receptor substrate
(IRS-2) associated phosphoinositol (PI3)-kinase ac-
tivity, but normal stimulation of mitogen activated
protein (MAP) kinase (P42/44) tyrosine phosphory-
lation in aorta and mesenteric blood vessels in obese
as compared to lean Zucker (fa/fa) rats [106]. As
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mentioned above, activation of PI3-kinase by insulin
appears coupled with production of NO in human en-
dothelial cells [30]. These data raise the intriguing
possibility that atherogenic actions of insulin, such as
stimulation of vascular growth via the MAP kinase
pathway, may not become insulin-resistant and will
therefore be excessively activated in insulin-resistant
animals, while anti-atherogenic actions, such as pro-
duction of NO in endothelial cells, may be blunted.

Conclusions

To conclude, insulin, at physiological concentrations,
which stimulate glucose extraction over 10-fold, has
trivial if any effects on blood flow. However, pro-
longed infusions of insulin increase flow continuous-
ly. A doubling of flow with a high physiological insu-
lin concentration takes approximately 4 to 6h [8,
19]. The magnitude of this increase is dependent on
individual factors such as limb muscularity and physi-
cal fitness rather than the technique or site of blood
flow measurement. This physiological knowledge
combined with lack of finding of flow defects in all
common insulin-resistant states under physiological
conditions, and negative results in intervention stud-
ies where the vasoactive agent has no flow-indepen-
dent effects on glucose uptake, implies that insulin-
induced vasodilatation is a pharmacologic phenome-
non from the point of view of glucose uptake. On
the other hand, the interaction of insulin with blood
vessels at various levels such as production of NO
and stimulation of vascular smooth muscle cell
growth is an exciting and potentially important new
avenue of research worth pursuing — after all, from a
clinical point of view, NIDDM is a disease of blood
vessels, not muscle.
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